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ABSTRACT

The multi-component pylon transducer has been used
for several years for prosthetic loading measurements
for the assessment of many tasks during various amputee
activities with a corresponding number of important
results.

The project work presented in this thesis was
undertaken in order to improve the existing calibration
equipment and techniques as well as the methods of
analysis relating to the use of the transducer in
various prosthetic research applications.

The use of an Instron materials testing machine for
the calibration of the transducer is reported . The
problems encountered during these tests showed that
standard dead-weights methods are more appropriate for
this purpose, because they rely on fewer components and
the introduced unwanted friction can be more readily
quantified. Moreover , dead-weights methods followed by
former researchers were shown to provide sensitivity
coefficients which compared closely to theoretically
derived values.

Experimental work conducted on the transducer and
reported in this thesis showed that the transducer is
practically free of second-order effects which may
generally affect transducers due to the presence of
elastic deformations during actual loading.

The alignment of a prosthesis , ie the relative
position and orientation of its constituent parts in
space is important for the function of the artificial
leg and the comfort of the amputee. The knowledge
established by former researchers on the subject of
prosthetic alignment was used in the current project to
develop a method for the determination of alignment,
based on 3-D modelling of the alignment adaptors
adjustability. The new method is reported in this thesis

.



as well as its implementation by a computer program,
which calculates the geometrical configuration during
fitting and following each adjustment on the limb. This
method was used during amputee level walking tests in
association with the pylon transducer for measurement of
the prosthetic loading.

This thesis also reports the development and use of
a method for the determination of prosthetic 1loading
during amputee kneeling. This "highly-loaded" position
was studied and the first ever amputee tests were
conducted involving the simultaneous use of the pylon
transducer and two Kistler force platforms. The reported
results were subsequently used for reviewing the values
in the standards for the structural testing of lower
limb prostheses.
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CHAPTER 1

INTRODUCTION



Studies involving pylon transducers have been the
subject of a considerable number of projects in the
Bioengineering Unit since the late 1960s ( eg Lowe
1969 ; Berme et al., 1976).

These projects were related to 1lower 1limb

I

prosthetics and their objectives were oriented towards
the development of new pylon transducer designs and
related recording equipment as well as towards the
expansion of the transducers’ experimental use for
various prosthetic purposes. Thus, not only pylon
transducers have become shorter and the related
equipment more versatile, but they have also been used
through the vyears for the formulation of testing
standards for prostheses , investigations into the
kinetics of amputee locomotion, the evaluation of
various types of modular prostheses and in other
projects.

The short pylon transducer in particular (Berme et
al., 1976) is the transducer which has offered the most
of the contribution described above. The reason for
this was its short 1length, which allowed many more
amputees to be fitted with such a measuring device
for the first time. This pylon transducer was the basis
of the newly developed portable recording systems which
have been used in the Unit to test amputees during
outdoor activities ( Lovely, 1981 and Tilford, 1985 ).

For several years, prosthetic research covered the
field of prosthetic alignment. The term "alignment"
signifies the relative position and orientation of the
prosthetic parts in space. Since very early (Thomas,
1944) , alignment was recognised as a major determinant
in the quality of the amputee’s walking pattern and
many projects were carried out in order to investigate
its effect on gait, its mathematical description, the
existence of optimum configurations and other
considerations (eg Arcan et al., 1981; Seliktar et al.,
1982; Mizrahi et al.,1985).

Various studies on prosthetic alignment resulted



in a series of important conclusions which highlighted
many aspects of the subject. Among other significant
contributions, these thorough studies proved for the
first time ( Zahedi et al., 1986 ) that no single
alignment configuration exists for a certain patient
and that optimum ranges of alignment should be
considered instead.

The progress achieved in the above fields resulted
not only in a substantial contribution in the study of
lower limb prosthetics, but also in the identification
of new research tasks.

When the current project was initiated, it was
considered that further investigations were needed in
order to determine the behaviour of the short pylon
transducer and develop additional equipment and methods
for its calibration and evaluation and its use in the
determination of prosthetic loading in wvarious
prosthetic applications. It must be pointed out that
the presentation of the project work in this thesis
follows a sequence that the author considered as the
most appropriate and does not necessarily reflect the
actual succession of the various stages. The important
references from the force measurement literature for
example (eg Dubois, 1974 ; Bray,1981 ; Bray et al.1990),
were discovered by the author of this thesis after the
work on the Instron machine was carried out and had
proved to have disadvantages . Having recognised the
technical problems encountered during these tests , the
author initiated an investigation in the force
measurement literature and eventually cross-checked the
conclusion that dead-weight methods provide more
reliable means for calibration and evaluation of force

transducers.

Initially however, the objectives of the current

project work were set-out as follows :



1) To provide further information on the pylon
transducer’s behaviour in static loading.

2) To develop a new series of set-ups for the pylon
transducer’s calibration.

3) To develop a system for the evaluation of the
calibration matrix of the pylon transducer.

4) To investigate the possibility of using a second-
order model for the <calibration of the pylon
transducer.

5) To develop a method, which would allow a quicker
assessment of prosthetic alignment and which could be
used in association with the pylon transducer in
studies combining prosthetic loading and alignment.

6) To develop a method for the evaluation of prosthetic
loading during the kneeling position of the
amputee, which had been estimated to be a

highly loaded configuration.

The presentation of the work carried out during
this project follows the same order as the objectives
described above :

Chapter 2 presents a literature review on
prosthetic loading and alignment studies as well as a
detailed reference to the development of criteria for
the structural testing of lower 1limb prostheses and
pylon transducer calibration techniques.

Chapter 3 presents the theoretical work carried
out on the stress analysis and for predicting the
strain gauge response of the pylon transducer for all
six load components monitored by the device.

Chapter 4 presents the work carried out on the
calibration of the pylon transducer. It describes a new
attempt to calibrate the transducer using a materials
testing machine (Instron).

Chapter 5 presents a newly developed method for
the evaluation of the calibration matrix, using again a

materials testing machine.



Chapter 6 presents the investigation on the
possibility of calibrating the pylon transducer using a
different approach, viz modelling the device’s
behaviour using second-order polynomials techniques,
used in other scientific fields.

Chapter 7 presents the work carried out on the
mathematical modelling of the alignment adjustability
of lower limb prostheses. The main subject of this
chapter is the development of 3-D modelling of the
adaptors and the structure of an Otto Bock modular
prosthesis.

Chapter 8 presents an alignment assessment method
based on the work presented in chapter 7 and
demonstrates its use in detail.

Chapter 9 presents the results of the patient
tests carried out using the pylon transducer and the
new method for the assessment of the alignment. These
tests involved level walking and the results were also
used, as a first approach to the testing standards of
lower limb prostheses.

Chapter 10 highlights another aspect of prosthetic
loading. Using the pylon transducer and two force
platforms,tests were carried out for the first time, in
order to monitor the ©prosthetic 1loading during
kneeling , for above-knee patients wearing Blatchford
Endolite prostheses.

Chapter 11 presents the general discussion and
the conclusions drawn from the project work. This
chapter also presents a series of relevant future
recommendations.
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2.1 Introduction

One of the major 1issues in rehabilitation
engineering, is the study of amputees’ locomotion from
the kinematic and kinetic points of view.

Kinematics and kinetics are complementary fields
and , as far as human locomotion is concerned , are
defined as follows :

kinematics : the study of displacement, velocity, and
acceleration of the various landmarks of the body

segments and,

Kinetics : the study of the forces acting upon the
various segments, as a result of gravity and inertia
effects ( external causes ) or muscles and ligaments
( internal causes ) and their effect on the motion of
the body.

The thorough studies on human locomotion carried
out in California ( University of California, Berkeley,
1947 ) highlighted the major aspects in the field and
emphasised the importance of kinematic and kinetic
analysis in the understanding of normal and amputee
locomotion.

In the field of amputee rehabilitation and of
prosthetics , the understanding of the mechanics of
amputee locomotion is of major importance. Conducting
research on the kinematics and kinetics of amputee
activities, particularly gait, allows comparisons with
normals to be made and eventually leads to improvements
in amputee management and rehabilitation.

The study of loading of the prosthetic side in
particular is of major interest , for it provides the
information for the formulation of criteria for the
design of the prostheses themselves . Since an
artificial leg has to satisfy both weight and strength
requirements, the data acquired from such studies, are

very useful in establishing the optimum compromise



between these two requirements. Special equipment has
been designed and built , through the years , for the
measurement of prosthetic loading for this purpose.

Satisfactory amputee rehabilitation also relies
upon the function of the artificial leg , which depends
considerably on the relative position and orientation
of the various components to each other. As will be
explained 1later , these geometrical relations are
referred to by the term "alignment"

It current prosthetic practice, the alignment of a
prosthesis is based on the prosthetist’s subjective
judgement and feedback from the comments made by the
patient. Researchers in recent years have tried to
establish more objective criteria which could be used
by the prosthetist in the achievement of the best
possible alignment configuration.

The literature review focused on the following :
, the
development of loading standards and design criteria ,

the development of loading measurement equipment

the various studies carried out for the determination
of +the optimum alignment and the methods for
measurement of alignment . The most recently developed
devices for the assessment of prosthetic loading are
the pylon transducers and therefore the review also
focuses on the various approaches and techniques
adopted for the calibration of such devices . The
presentation of the review starts with a general

discussion on normal and pathological gait.

2,2 Normal Gait

Since gait is a very personal and unique feature
of all subjects, the term n o r m a 1 describes that
population which exhibits a commonly acceptable gait
pattern.

In order to establish the definitions needed for
the gait cycle, the feet of a walking subject are
considered , by referring to figure 2.1 .
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Fig 2.1 The gait cycle for normal walking



There is, however, a particular phase of the gait
cycle, where there is an overlap between the stance
phases of both feet. This phase, as shown, is called
the double support and is defined between
the heel strike and foot-flat on the leading side and

heel-off and toe-off on the contralateral one.
Two lengths can be defined within a gait cycle :

the stride 1length,6 which is the distance
between the point of heel strike and the corresponding
point of the ipsilateral heel strike , representing the
distance covered by the corresponding foot within a
gait cycle and,

the step 1length , which is the distance
between the point of heel strike and the corresponding
peint of the contralateral heel strike.

Both these lengths are measured along the direction of
walking. The stride length is equal to the sum of the
two contralateral step lengths.

The gait of a subject can be described by the
cadence of the gait . The cadence 1is the total
number of steps taken by both legs per unit time (70 to
130 steps/min depending on the walking speed). In the
ideal case of equal step lengths the following formulae
can be written :

(stride length) 2 ¢+ (step length)
(walking speed) = (cadence) - (step length)

i

The time distribution within a gait cycle, for
normal walking speeds , is : approximately 60 % of the
time is spent in stance and 40 % of the time is spent
in swing, with an overlap time during double support
approximately equal to 10 % of the gait cycle.

10



Increase in the cadence <causes a relative ( ie.
expressed as a percentage ) increase of the time spent
in swing and a decrease in the cadence causes a
, with
opposite results on the stance respectively. Increase

relative decrease of the time spent in swing

in the cadence, though, causes relative decrease of the
time spent on double support and decrease in the
cadence causes a relative increase of the time spent in
double support. A consideration of the 1latter
relationship to the limits, would result in no double
support at all, when cadence is very high(running),
and to double support only, when cadence 1is zero
(standing).

In terms of kinematics and kinetics the gait cycle
could be divided into several phases considering the
accelerations occurring and the ground reaction forces.
Considering the leading limb again, one can distinguish
the following phases :

Early stance, during which the ground force
develops its action on the leading foot and the trunk
is decelerating. This phase 1is defined from heel
strike to foot-flat.

Midstance , during which the body progresses
over the stationary foot. The single limb support is
established and the foot is flat on the ground. This
phase is defined between foot-flat and heel-off.

Late stance , during which the body is
accelerated forwarad and finally falls to the
contralateral limb. This phase is defined between heel-
off and toe-off.

Leg acceleration phas e, during which
the leg must be accelerated to lead the body to the
next heel strike. This phase 1is initiated after
toe-off.

11



Midswing , during which the leg gradually
crosses through the midcoronal plane of the body , with
the knee flexed to allow the foot to clear the ground.
This phase ends with a vertical tibial position.

Leg deceleration phase , during
which the leg decelerates forward in order to control
the correct landing of the foot at heel strike. This
phase ends with full knee extension, creating step
length. In this phase the deceleration of the foot has
its maximum value during the gait cycle ( approximately
4g at the ankle joint ).

2.3 Pathological Gait

The type of ©pathological gait with which
prosthetics are related 1is that of the amputees.
Amputee locomotion has important differences, in

comparison to the normal, resulting from the following:

a) the presence of their artificial leg, which is a
passive limb , with no musculature and reduced
proprioceptive capability,

b) the imbalance caused by mass and mass moment of
inertia differences , between the sound and
artificial sides,

c) problems regarding comfort, fitting or alignment,

d) clinical condition of the stump mainly in terms of
the residual musculature.

Therefore, the amputee’s walking performance
depends largely on the condition of the body, the
quality of the limb substitute and of course on the
man-machine matching at the stump-socket interface.

The next sections cover a literature review on the
relevant subjects involved in the work presented in
this thesis.

12



2.4 Force Measuring Systems
2.4.1 Introduction

For the acquisition of kinetic data, concerning
the loads applied during locomotion, several devices
have been used since the 1last century. The first
approaches mainly concentrated on the vertical
component of the force applied on the body by the
ground during a particular step and in the beginning of
this century the first force platforms were designed.
These devices provided, for the first time, the
possibility of simultaneous measurement of more than
one component of the ground reaction force . Later,
pylon transducers were introduced, which expanded the
multi-component measurements to a larger number of
steps. A detailed review of the evolution in this field
follows.

2.4.2 Force Platforms

Cunningham and Brown (1952) , presenting a review
of force measurement on human locomotion, mention
some of the earliest contributions in this field. Those
first approaches involved mainly the measurement of the
vertical component of the ground reaction force. Carlet
in 1872 and Marey in 1873 used a pneumatic cell in the
sole of the shoe and monitored the variations of the
vertical load. Beeley (1882) investigated the pressure
distribution on the plantar surface of the foot, by
studying the indentations caused during gait on plaster
of Paris.

These first approaches, although significant,
provided poor kinetic data because neither other
components nor the position of the resultant ground
reaction force could be derived.

As Cunningham and Brown (1952) report, the first
use of force platform was reported by Amar in 1916. The
design of Amar was mainly based on a platform supported
by springs in three directions : vertical, lateral and

fore-and-aft. The deflections on the springs were meant

13
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Fig 2.2 The force platform designed by Elftman
(addpted from Elftman, 1938)




to reflect the loads applied on them. Amar was, thus,
able to monitor the three independent components of the
ground reaction force (Pashalides, 1989).

The same principle was also used by Elftman
(1938). As shown in figure 2.2 , the upper platform (1)
was supported by means of ball bearings and horizontal
springs on the 1lower platform (2). Everything was
mounted on the base shown (3) . Displacements in the
vertical springs reflected the vertical component and
displacements in the horizontal springs reflected
the anterio-posterior and medio-lateral shear
components of the reaction force. The position of
the reaction force could be derived by calculations
involving the individual displacements of the vertical
springs. The three components and the position were
then used to derive the applied torque . For better
monitoring of the displacements, properly designed
linkages were used (not shown).

This type of design that Elftman reported was an
improved version of an earlier design they had
developed together with Manter ( cited in Elftman,
1938 ). It was a very important contribution to the
study of kinetics of human locomotion but as Amar’s
design was considered not very reliable, mainly because
of the large amount of deflection on the springs, the
inertia effect on the platforms themselves and the high
level of friction at the 1linkage systems used for
recording.

The first version of the modern force platforms
was reported by Cunningham and Brown (1952) and
referred to the platform designed and used for the
studies on human locomotion carried out in the
University of cCalifornia, Berkeley (1947). The new
force platform provided the possibility of measuring
the three components of the reaction force as well as
the torque applied by the ground to the foot. The new
device could also provide the user with the location of
the centre of pressure. As shown in figure 2.3 , the

14
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Fig 2.3 The force platform developed by Cunningham and
: Brown (extracted : Cunningham and Brown, 1952)
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principle used consisted of the use of four
electrical resistance strain gauged tubular columns.
These columns were bolted to the top platform and to
the steel base. Any 1load applied onto the platform
resulted in the generation of corresponding
electrical signals from the gauges. These signals were
monitored and recorded. Calibration of the device
allowed the derivation of the forces and torque from
the output signals.

With this design Cunningham and Brown (1952)
eliminated the problems which existed in the previous
designs induced by friction and large displacements.
However, having solved the previous problems, a new
concern arose during those years for the first time:
the frequency response of the measuring and recording
system.

A iforce measuring device, meant to work under
dynamic conditions (eg. human locomotion), must have a
response rapid enough to follow the monitored
phenomenon. In other words, if the output signals of a
force platform, for example, are meant to reflect the
strains which generate them, then both the electrical
network and the mechanical system must have oscillatory
characteristics which allow them to follow the rates of
change of these strains.

Cunningham and Brown (1952) reported that the
electrical circuitry had a very high natural frequency
and could accurately follow rates of change of strain
much higher than those encountered. However, the force
platform did not respond as well to high frequencies,
due to the mass of the top plate. Unwanted oscillations
were thus affecting the quality of the output signals
mainly in the shear and torque directions. This problem
was solved with viscous damping and the response of the
force platform was thus considerably improved.

The force platform that Cunningham and Brown
designed had a natural frequency of 105 Hz for shear
and 140 Hz for torque.

15
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When T applied, force ptatform detects:Fx, Fy, Fz,Mx,My,Mz.
Location of centre of pressure, then, is calculated, using:
Mz +(Fx-0040) - Mx +(Fz -0040)
Zcp=
Fy Fy

Xcp=

Fig 2.4 Diagram of the Kistler force platform




Later it was discovered that ©piezoelectric
crystals would be better, if used instead of the strain
gauged pillars. The advantages were considered to be
the higher rigidity, natural frequency and sensitivity
of this system, together with a lower cross sensitivity
between different channels. Thus, in 1975 Kistler
Instrument AG of Switzerland introduced a force
platform using the piezoelectric principle for its
transducers.

As shown in figure 2.4 ,two cast aluminium plates
were separated by four 3-force component quartz
transducers. The system allowed the measurement of all
loads, as well as the calculation of the position of
the centre of pressure , providing a natural frequency
greater than 200 Hz and a maximum cross effect between
channels of less than 3% .This type of force platform
is used in the Bioengineering Unit. Figure 2.4 also
shows the reference frames and the conventions used in
the Unit.

The disadvantages of this type of force measuring
device in human locomotion studies are that they allow
data acquisition for one step only and also, because
the subject must hit the platform, it is difficult, due
to psychological reasons, to obtain unbiased readings.

Force platforms have been used for several years
in load data acquisition and are still used, but the
two problems mentioned above were understood since very
early on.

2.4.3 Pylon Transducers

One of the main tasks of the studies carried out
in the University of California, Berkeley ( UCB, 1947 )
was the understanding and measurement of the
differences in walking patterns adopted by amputees
when carrying loads , using different sockets , walking
on different surfaces and slopes etc.

Since the platforms could not provide such a broad
range of data, pylon transducers were developed, which

16
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although not usable for normals, were considered very
satisfactory for amputees.

Cunnigham and Brown (1952) reported their own
design (fig 2.5) . It was a 12 inch ( & 305 mm) 1long
strain gauged aluminium alloy column with an external
diameter of 1.5 inches (= 37 mm) and a wall thickness
of 0.049 inch (1.2 mm).

The pylon transducer of Cunningham and Brown was
meant to replace the shank of the artificial limbs and
record loads applied on it. The gauges were placed at
two levels along the tubular surface and monitored the
axial load, the torque and the bending moments at the
anteroposterior and mediolateral directions at both
levels. Those moments allowed the calculation of the
shear forces in both directions.

Cunningham and Brown reported that the response of
the new device in dynamic loads was acceptable. The
only limitations to such a response were considered to
be the length of time required for a shock wave to
travel along the pylon and the damping capacity of the
material.

Besides, the frequency response, which was always
considered an important gquality of the measuring
systemn, the development of the pylon transducer
introduced another concern for the researchers, namely
the overall length of the device. It was obvious since
the beginning that, if a large population of amputees
was to be tested, the pylon length should be decreased.
This was necessary so that the transducer could be
fitted to a large number of'amputees , regardless of
whether they were above the knee amputees (AKs) or
below the knee amputees (BKs) and whether, in the case
of BKs , the stump was long or short. Nevertheless, the
pylon length was also critical in the AK case where
swing phase control mechanisms were mounted in the knee
units.

An effort was therefore initiated in the 60s, for

designing shorter pylon transducers. The development of
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modular prostheses facilitated the wuse of pylon
transducers in the biomechanics studies of locomotion
and new designs started appearing.

Lowe (1969) reported the development of a pylon
transducer with a length shorter than Cunningham and
Brown’s design. Lowe developed the pylon transducer
in order to study the performance of various
knee mechanisms . Similarly to Cunningham and Brown ,
Lowe used the principle of two-level gauging (fig 2.6).

Obviously the problem in reducing the 1length
further, had two aspects related to the following : the
allowed overall 1length of the pylon, the accuracy in
calculating shear forces and the elimination of
end-effects. The individual importance of each one of
these three factors is highlighted below.

The overall length of the pylon, as explained
earlier, had to be kept to a minimum , in order to fit
more amputees (1lst factor). Within this overall length,
the two series of gauges should be accommodated ,
achieving a balance between the other two factors. This
means that the two series of gauges should be not too
close to each other so that the shear forces could
accurately be calculated as the ratio of the moment
difference to the distance between the two gauging
levels (2nd factor) , but also not too far apart , so
that the two series of gauges would not be close to the
end flanges , thus introducing undesired end-effects
(3rd factor). A compromise led Lowe to adopt a total
length of 5 inches (= 122 mm) and a separation distance
between gauging levels of 1.75 inches ( = 43 mm ).

The design adopted by Lowe was later considered
not very reliable, mainly because the performance of
the transducer involved many unwanted cross-—-effects
between the various channels. The strain gauge bridges
of the transducer did not only respond to the 1load
components meant to be monitored but also to other load
components. Researchers ’ who used this pylon

transducer to investigate hip disarticulation

18



V6]

A

L L jO' 45° 90 135° 180 225 270 Jl?
1 v ; i R C SXI\“@;'SH ' ]c, , I Sya\?;
Y AN o g (Y
' = ﬁﬁ};'sw.-itfsﬂ EAEOCT B
r,J___sj 1 o
F2.2 BYF-VERE  (RRED

Fig 2.7 The pylon transducer designed by Nishihara et al

{extracted from the japanese manual)




prosthetic loading and to produce data for the
formulation of loading standards, found that the method
used for mounting the two flanges (they were glued) on
the main cylinder as well as the bonding of the gauges
were the source of those cross - effects (Solomonidis,
1989). Thus, the design of a new pylon transducer was
decided (Berme et al., 1976).

Overcoming the problem of two-level gauging, Berme
et al. (1976) reported the development of a pylon
transducer which was shorter , because it had been
gauged in a single area , introducing direct shear
measurement , in prosthetics , for the first time. This
device measured all six components directly by means of
six full bridges bonded on an aluminium alloy tube ,
which had a total length of 70 mm , just over half of
Lowe’s design. This pylon transducer is described in
detail in section 2.4.5 .

An even more recent design is the one reported by
Nishihara et al. (1989) (see fig 2.7). According to
these authors , this pylon transducer "..... can be
described as a 30 mm long pylon load cell .....".
Although experimental results have not been published
to date, the authors suggested that the new design
would be of major importance in the acquisition of
prosthetic loading data, since it allows for an even
broader amputee population to be tested. In the same
publication, the authors reported having designed an
effectively zero-length pylon transducer, which does
not disrupt the mechanical continuity of the prosthetic
shank.

Research workers having successively solved the
problem introduced by the restrictive nature of force
platforms and then the problem regarding the pylon
transducer length, turned their attention to signal
transmission and recording. In the late 70s researchers
considered the possibility of solving the problem of
the umbilical cable needed for transmission of the

power supply and output signals. If the subject was to
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be tested in conditions of daily life , outdoors tests
should also be considered and the acquisition system
had to be portable.

2.4.4 Methods of Data Acquisition and Processing

After the introduction of pylon transducers in the
study of prosthetic loading, a major concern of the
scientists was the development of techniques which
would allow the acquisition of data for various
prosthetic applications both indoors and outdoors. A
critical parameter in this field was again the
frequency response of the system.

The output signals of the pylon transducer
reported by Cunningham and Brown (1952) were amplified
and recorded on an oscillograph.

Another development was performed by Lowe (1969),
who recorded the output signals of the pylon transducer
in a hard copy form on an oscillograph U/V recorder and
then sampled the continuous traces by means of a trace
analyser, providing a sampling frequency of 100 Hz.
Thus, Lowe obtained digitized signals with time
intervals of 10 ms, achieving (theoretically) a maximum
resolvable signal frequency of 50 Hz.

Judge and Murray (1973) used a pylon transducer
similar to that of Lowe (1969) in order to record
signals of prosthetic loading during various walking
activities. They recorded the data on an analogue
magnetic tape, together with synchronized foot - ground
contact signals from foot switches and cine -~
synchronization pulses. Analogue processing was further
performed and resulted to the desirable 1loads. The
system’ s frequency bandwidth was 0-200 Hz. One major
drawback of this system was the 1limited possible
testing area, due to the umbilical cable connecting the
transducer to the rest of the equipment.

Mason (Department of Health and Social Security ,
1974) tried to clarify some aspects of the problem of

the frequency response by investigating results
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obtained by the testing of an amputee. Thus, the
conclusion was drawn that for level walking a 0-100Hz
bandwidth is sufficient to accurately record the data.
However, Mason suggested that for other activities
wider bandwidths would be required (0-250 Hz).

Jones (1976) used the pylon transducer developed
by Berme et al. (1976) and worked on the data handling
of the amputee performance. After amplifying the
signals, Jones recorded the data on a magnetic tape and
then sampled them wusing a PDP-12 computer. No
significant components were reported to exist above 15
Hz (spectral components above 15 Hz were all at least
50 dB down on the fundamental) and it was therefore
suggested that an analogue signal processor with a
bandwidth of 20 Hz would be adequate for normal 1level
walking. As with previous methods the method used by
Jones had the drawback of the umbilical cable.

Similarly, Solomonidis (1980) conducted studies
for the evaluation of modular above the knee prosthetic
systems. A sampling frequency of 200 Hz was used. The
considerable amount of prosthetic loading data produced
by these studies were later used for the development of
structural testing of prostheses.

Mc Court (1977) who also used a pylon transducer
system, tested amputees for various walking speeds and
for various walking conditions (level and up/down
ramp). This researcher conducted the data handling by
an analogue computer, a U/V recorder and a tape-
recorder. This system’s bandwidth was determined by the
pre-amplifiers used and was 0-120 Hz.

Dewar (1977) developed a single channel monitor

device using solid state techniques to monitor the

anterio-posterior bending moment in terms of the
number of times that this single load reached
several preset 1levels, during an amputee’s daily

activity. The set-up consisted of a strain gauge bonded
on the shin of the prosthesis and a set of counters
recording the number of times the load on the shank
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reached the preset thresholds. For these studies Dewar
enrolled two BK amputees . The author of this
thesis believes that despite the fact that this system
was the first published portable equipment, the results
did not allow for valid conclusions, but only for
indications; the reason being that the system reported
by Dewar (1977) did not have the facility to record
results at regular intervals, but only when it was
convenient for the amputee.

A new recording approach was attempted by Boenick
et al. (1978) who used an 8-channel telemetry system to
transmit the six pylon transducer signals and the
signals of foot switches. An 8-channel recorder stored
the analogue signals after demodulation. It was the
first attempt at building a system, providing a
solution to the problem of the restrictions imposed by
the umbilical cable in the laboratory. Several walking
terrains were tried in normal outdoor environment but
only two subjects were tested ( one AK and one BK ) and
therefore it was suggested that the confidence level in
the reported figures needed to be increased with
further work.

Another technique was developed by Lovely (1981)
in order to record prosthetic loading from amputee
outdoor activities. BAn 8-channel portable cassette
recorder was used for recording the loads developed on
the pylon transducer, which was of the design that
Berme et al. (1976) had introduced. The recording system
had its own battery power supply and was fitted into a
back pack suspended on the waist of the subject by a
belt. The pylon transducer signals were amplified,
filtered with a cut-off frequency of 40 Hz, then
multiplexed with a signal from a goniometer and an
eighth signal, which was a pulse intended to indicate
the type of terrain. The two resulting multiplexed
outputs were then modulated using frequency modulation
to obtain a 0-40 Hz bandwidth for each channel.

For the playback procedure , Lovely used a tape
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player. The analogue output signals, already in a
demultiplexed form from the playback unit , were
recorded on an U/V sensitive paper, using an
oscillograph recorder and then fed into a microcomputer
and processed. However, Lovely suggested later, that
direct connection to PDP-12 computer would be
preferable avoiding the errors and the delay caused by
the U/V recorder (Solomonidis, 1989). This system was
used for several outdoor tests (Tilford, 1985).

Pashalides (1989) developed a new system for
recording and playback of the data (fig 2.8). As shown,
the portable system consisted of the pylon transducer
(shown as PT) mounted on the prosthesis , the strain
gauge amplifiers (shown as SGAs) also mounted on the
prosthesis , the recording unit ( with its installed
batteries ), suspended on the subject’s waist belt and
the tape recorder/player carried on the same belt.

The recorded data could be played back, using the
playback unit, resulting in analogue signals, which
could then be fed into a computer (PDP-11) for further
processing. Pashalides’ design incorporated a direct
monitoring facility which enabled the monitoring of the
system’s performance on an oscilloscope, before leaving
the 1laboratory for outdoor tests. The succession of
signal processing stages that the design of Pashalides
adopted was as follows :

the output signals from the pylon transducer
were first amplified in the strain gauge amplifiers,
then fed into the recording unit where they
were filtered, normalised, joined by another two
signals ( foot - switch , goniometer or others ) and
multiplexed resulting in four analogue multiplexed
signals, which were digitized by an A/D Converter and
then recorded onto the tape 1in a digital form. For the
playback procedure the inverse steps were followed
resulting , after demultiplexing , in eight analogue
outputs.

Some improvements of the system, regarding the

23



) N
‘\t %1///j | 4?//%/
%ﬁ :
. 206
| |
< 7 -V
ey AY /( I
25R /" 1/ 2
23_1 %
U D >
o 7 é
/ 7
RN/ | // /Ti//
No10UNC .
8each en d‘ | V T //
T , I
W v
3/8"UNC_ »
Fig 2.9 The pylon transducer designed by Berme et al,l;ié



strain gauge amplifiers, have been carried out and
actual outdoor tests have been undertaken by Ainscough
(1991) . The short pylon transducer designed by Berme et
al. (1976) was used in the above system. A detailed

presentation of this device follows in the next
section.

2.4.5 The short Pylon Transducer designed
by Berme et al. (1976)

The short pylon transducer consists of a
tubular piece made of aluminium alloy ( BS 6082 T4 * ).
The dimensions are shown in figure 2.9 with the
frame configuration adopted. When the top and bottom
covers shown are fixed on the tubular part, the overall
length is 70 mm. The two covers allow connection with
adaptors and hence with the prosthesis.

The gauging is performed on a single area with two
series of full bridges, each responsible for one single
component of the load acting upon the device : there is
a bridge for AP shear force Fx, for axial load Fy , for
ML shear force Fz, for ML bending moment Mx, for torque
My and for AP bending moment Mz.

The two series of gauges are as close as the
dimensions of the gauges permitted and the gauges are
bonded using a heat curing epoxy adhesive (M-BOND 610).

The gauges responsible for monitoring bending
moments and axial load are placed on the upper level
and the gauges responsible for monitoring torque and
shear forces are placed on the lower level (fig 2.10).

The axial load is obtained using four 90-degree
120 Q rosettes equi-spaced around the periphery.

The torque and shear loads are monitored using two
90-degree 120 Q rosettes for each quantity, each
aligned at 45° inclination from the longitudinal axis.

* Before the introduction of the four-digit designation
in June 1980, this alloy was designated as HE 30 WP
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The bending moments are monitored using two
standard bending-application rosettes for each quantity
placed at 180° intervals around the periphery. Each
full bridge consists of four resistances of 120 Q.

The wiring of all strain gauges is shown in figure
2.11 . The response of the transducer to all individual
load components is presented in detail in chapter 3.

Berme et al. (1976) reported that when fitted in
the prosthesis of a walking amputee, the transducer
experiences 1loads of the following order: 100 N for
shear loads, 1500 N for axial load
moments and 20 Nm for torque.

, 150 Nm for bending

2.5 Standards for Structural Testing of Prostheses and
Design Criteria

As has been already pointed out, the reason for
research in prosthetic loading data acquisition, is the
need for identification of the loads applied onto
the artificial 1legs and the production of design
criteria for further improvements of the amputees’ limb
substitutes.

Several international meetings were convened for
the presentation, grouping and publication of the
international knowledge and experience in the field;
the main task being the development of standards and
criteria for the design and testing of modular
prostheses.

The Committee on Prosthetic Research and
Development (1971) reported the results of the first
such meeting which was held in San Francisco under the
title "Cosmesis and the Modular Prostheses". The
necessity of international standards for wvarious
amputee populations was emphasised and the first
definitions regarding the terms "cosmesis" and "modular
prosthesis" were introduced.

It must be appreciated that at those early days of
the introduction of modular endoskeletal prostheses , a

certain controversy existed on whether the exoskeletal
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designs could also be considered as modular or not. One
important result of the above mentioned conference was
the development of definitions for various terms used
in prosthetics. Thus, having distinguished between
modular systems and conventional systems the following
definition was adopted for the term "modular" : modular
is the prosthesis which has accessible a number of
interchangeable components which can be assembled
easily and quickly into +the prosthesis. The term
"cosmesis" was defined as follows : cosmesis is the
combined quality of static and dynamic appearance,
feel, odour and sound which enhance the acceptance of a
prosthesis by an amputee.

The recognition of the need for the international
use of the metric system was another important outcome.

The Department of Health and Social Security
(1972) reported on the Conference held in Ascot under
the title " Lower Limb Modular Prostheses ". It is
reported that during this conference scientists
realised that the loading data acquired in former times
were not sufficient and further tests should be
performed to obtain statistically better data. It was
also agreed that the amputee population should be
divided into various categories regarding the activity
level of the subject and data for each category should
be distinguishable. During this meeting the necessity
to set standards for the mechanical testing of
artificial 1limbs was recognised , since modular
prostheses had started being more broadly adopted.

A first attempt to derive conclusions from
experimental results was reported by the International
Society for Prosthetics and Orthotics and the
Department for Health and Social Security (1973). As
reported, in a conference held in Dundee under the
title : " Design Criteria in Lower Limb Prostheses /
Amputee Performance Measurement " , three definitions
were established for strength values of artificial limb

design :
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The static stren g t h , relating to the
most severe 1loading activity, excluding overloading
conditions, for which no permanent deformation occurs.
The dynamic strength, relating to the
anticipated repetitive loading of the artificial leg.
The ultimate strength, which should
be set such as to allow permanent deformation without
failure.

Scientists also recognised two loading conditions:
the static 1o0oada which is the value of
the maximum load experienced during laboratory tests
and describes the range of locomotor activities that
the prosthesis should be able to sustain without
permanent deformation and the cyclic load
which is the value of the maximum load exhibited during
level walking in the 1laboratory under comfortable
speed.

It was considered important to determine
quantities such as the life span of a prosthesis in
order to derive data concerning the frequency and the
magnitude of cyclic loads resulting in fatigue effects.
Although the data were not considered to be sufficient
and the statistical confidence was not still high , a
first attempt for the description of proof and dynamic
tests loads was performed based on 100 kg-body-mass
active amputees.

It has already been mentioned earlier in this
chapter , that the issue of frequency response of the
recording systems had remained unresolved for several
years. ISPO and DHSS (1973) however, report that the
above problem was pointed out and it was agreed that
frequency response 1is a most critical factor in
affecting data of the more unusual type of activity.

The Conference " Physical Testing of Prostheses "
in Heathrow ( DHSS , ISPO , 1974 ) provided a final
recommendation on the issue of frequency response of
the recording systems. It was suggested that between
100 and 1000 Hz , there are not significant components
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during walking and a bandwidth of 250 Hz was considered
as adequate for all walking activities.

Another two important outcomes reported by DHSS
and ISPO (1974) were the following : the 100-kg-body-
mass amputee for production of design criteria was
excessive and that an 80-kg-body-mass subject should
be considered as the reference with all other results
derived by appropriate factors in order to cover a
range between 70 and 105 kg ; with no extrapolation
allowed outside this range. It was also agreed that the
ultimate strength of prostheses should also be taken
into account , for reasons of amputee safety under
overloading conditions and that even more data had to
be acquired.

ISPO (1978) reported the important outcome of a
conference held in ©Philadelphia under the title
" Standards of Lower Limb Prostheses ". The reported
work 1includes minimum standards for the manufacture
of prosthetic components and complete prostheses as
well as values for static and cyclic configurations for
various loads, various categories of amputees and for
the mass range of 80 to 105 kg set by DHSS and ISPO
(1974). These standards have been in existence since,
as guidelines in amputee locomotion testing and modular
prostheses manufacture. Table 2.1 shows the evolution
of the load values.

In recent years an effort has been initiated in
order to include the standards for modular prostheses
in the international standards. The International
Standards Organisation (ISO) have nominated certain
groups of scientists who meet and discuss in order to
update the values proposed by the Philadelphia
Standards. The documentation is not readily available.
However, since the Bioengineering Unit of the
University of Strathclyde was and currently is involved
in most of the experimental work carried out for this

purpose, the author of this thesis was able to acquire
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the loading values recommended after two meetings of
the international committee.

These meetings took place in Kobe, Japan in
November 1989 and in Ottawa, Canada in June 1991 (Paul,
1991) and the results are herein referred to as the
"Kobe II" and "oOttawa" wvalues.

At the former meeting the scientists presented a
testing protocol and suggested loading values and
configuration for the cyclic testing of prostheses (as
shown in figure 2.12) . The frequency of the applied
load was suggested to be initially 1 Hz and then 3 Hz.
For the static tests the applied load was suggested to
reach the value of 1800 N . The loading values and
configuration recommended after the Ottawa meeting are
shown in figure 2.13 .

From table 2.1 and figures 2.12 and 2.13 it can be
appreciated that the Kobe II values are considerably
lower in comparison to the Philadelphia values and that
the Ottawa values are only slightly increased in
comparison to the Kobe II values. The above of course
applies to both static and dynamic configurations and
is indicative of the following (Paul, 1991 and Krieger,
1991 ) :

In the conference reported by ISPO ( 1978 )
researchers produced standards derived by the maximum
values of 1load components encountered during amputee
walking activities ; these values not occurring
simultaneously. The standards produced during later
meetings however, were derived by a compromise between
simultaneous load values and were therefore lower, in
comparison to the Philadelphia standards. The reason,
such a change took place, was the fact that the first
testing standard values were so high that prostheses
failed during testing while no such failures were
reported 1in practice. Therefore the concept of
compromise between simultaneous load values was adopted

from then on.
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2.6 Prosthetic Alignment
2,6.1 Introduction

Even before the development of modular
endoskeletal lower limb prostheses, when the
exoskeletal type of artificial leg was still widely
used, the relative positioning of the parts comprising
the limb substitute was found to be very important for
its functional behaviour. Both the mechanical behaviour
of the prosthesis and the amputee’s comfort were
considerably affected by alterations of the geometrical
configuration adopted, even when the same components
were used. '

After the development of modular endoskeletal
prostheses separated the two main functions of a
prosthesis ( namely to function and to loock 1like a
normal leg ), the subject of alignment entered into a
process of standardisation.

2.6.2 Terminology

The process of finally verifying that all aspects
of the prosthesis ( including fit , function and
appearance) are satisfactory at delivery is referred to
as the check-out

The term £ i t t i n g 1is used for the shaping
and contouring of the inner surfaces of the socket to
the outer surfaces of the stump ( Haddan, 1968 ).

The term a l ignment , as already
mentioned, refers to the inclination and position in
space of the components of the prosthesis relative to
each other.

In common prosthetic practice and particularly at
the early stageé of an amputee’s rehabilitation
procedure, all these terms could be used to describe
the prosthetist’s effort in achieving the Dbest
functional result and comfort. The terms alignment,
fitting and check-out are not separate but form part
of a single complex procedure, consisting of initial

formation and adjustments and alterations based on
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assessment made from observations of patient
performance and feedback of comments.

However, once a good fit of the socket has been
achieved ’ the prosthetist can concentrate on
establishing a functional alignment and can direct the
prosthetic efforts to achieving the most suitable
geometrical configuration of the prosthesis. Taylor
(1979) draws attention to the fact that alignment must
not be used to compensate for ill-fitting sockets but
that a correct stump-socket interface contact must
always be established first. In such a case, one can
then refer to the term alignment alone, and for
practical reasons distinguish three different stages
of alignment : the bench alignment, the static
alignment and the dynamic alignment. As presented by
British Standards ( BS 7313, 1990 ) these terms are
defined as follows :

The term bench alignment refers to
the initial assembly and alignment of the components
of a prosthesis in accordance with their
characteristics and with previously acquired data
regarding the patient.

The term s tatic alignment refers
to the process whereby the bench alignment is refined
while the prosthesis is being worn by the statutory
patient.

The term dynamic alignment refers
to the process whereby the alignment of the prosthesis
is optimized by using observations of the movement
pattern of the patient.

The term a l i gnment also means the actual
configuration of the prosthesis itself, after the
alignment procedure has been carried out . In this case
the term alignment parameters can
be used to refer to the parameters necessary for the
qualitative description and gquantitative assessment of
this configuration (for definitions see section 2.7.4).
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2.6.3 Studies on Optimum Alignment

The achievement of the optimum alignment for the
lower limb prostheses has been studied with particular
reference to the kinetics and kinematics of amputee
locomotion, in order to determine criteria for the
establishment of optimum alignment.

Seliktar et al. (1982) recognised that the
alignment of an artificial leg depends considerably on
the skills and the intuition of the prosthetist, even
though some established routines do exist for this
purpose. The objective of the reported work, therefore,
was to produce an adequate monitoring technique which
would enable the systematic alignment of the prosthesis
and eventually the establishment of an optimum
alignment.

Two force platforms were used for the monitoring
of ground reaction force, connected to a minicomputer
and closed circuit TV system for the acquisition of
kinematic data. The patient was a BK amputee who worn
an Otto-Bock modular prosthesis. The research team
performed alignment changes on the prosthesis, in a
controlled fashion, separating the effects of tilts and
translations.

The recorded kinetic and kinematic data were
processed and the variation of the impulses of the AP
and ML reactions were studied. Figure 2.14 shows a
typical output that these researchers obtained for the
AP component of the ground reaction force. Thus, the
braking, the pushing and the overall impulse were
calculated. Seliktar et al. (1982) also reported that
the alignment changes performed were reflected on the
obtained impulse values, but unfortunately it was
suggested that no conclusions could be drawn because
of the 1limited amount of tests in that preliminary
study. However, the researchers observed that the
perturbations occurring in the pattern of the three
components of the ground reaction force were highly

dependent on the alignment changes (fig 2.15). It was
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suggested that the observed perturbations were
indicative of the stability of the prosthesis. The
author of this thesis noticed that the two diagrams
shown displayed different conventions for the sign of
the anterio-posterior force.

Seliktar et al. (1982) also reported that an
optimal state of alignment could be achieved by
reducing the perturbation to a minimal size; this
usually occurring when brought as close as possible to
the time axis.

The work and results presented by these
researchers is a positive experimental contribution.
However, the evaluation of the gait is a problem which
involves many aspects and could not be concluded with
the study of one or two parameters. For instance, a
particular perturbation could be the result of either a
poor alignment, either a poor socket fit or both and
the reported  work does not comment on their
distinction. A possible answer to the above comment
could be the change of the socket which would allow
comparative studies and thus conclusions; leading,
however, to a procedure too long for clinical purposes.

Arcan et al. (1982) reported another approach.
According to their theory, the quality of the alignment
would be reflected on various parameters related to the
centre of pressure at the foot-to-ground interface.

The reported method called the Foot-Ground-Pattern
(FGP) involved a 15-meter-long modular test track
which in some areas incorporated an FGP system, based
on an optical pressure-sensitive sandwich. When exposed
to monochromatic 1light the system gives an optical
measurement of the local forces over a large amount of
points. The output of the FGP system could be both
immediately displayed and filmed.

Arcan et al. (1982) initially developed the
following criteria (see fig 2.16): a) the trajectory of
the centre of pressure was centered on the total FGP

area, b) its shape was close to a straight 1line,
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deviating medially during push-off in some cases, and
c) its general direction was approximately parallel to
the sagittal plane.

The services of twelve AK amputees were then
enrolled and data were acquired before and after
alignment changes. By comparisons of the results to
the criteria , the alignment could be improved until
the obtained patterns met the criteria, for both sound
and prosthetic sides. Typical output patterns are shown
in figures 2.17 and 2.18 .

The results were considered encouraging and
further experimental work was recommended. The
presented method is a positive contribution at the
understanding of the effect of alignment on the
foot-to-ground contact mechanics, mainly because both
sides of the patient are studied under the same
criteria. However, until further results are acquired,
the clinical usefulness of the method cannot be
established and, as reported, further investigations
were planned. It was also suggested that further
development of the FGP system was also required
because the system relied on a calibration graph which
was linear in a limited range only.

Ishai et al.(1983) suggested that the major source
of discomfort for the AK amputee during the swing phase
of walking, is the thigh axial torque (TAT) developed
at the stump-socket interface.

These researchers based the development of the

method in the hypothesis that the best possible
alignment should be the one resulting to minimal TAT
peaks. For the evaluation of TAT, a mathematical model
was developed, based on three sets of quantities :
a) the mass, inertia and geometry of the shank, b) the
knee and thigh absolute kinematics and knee flexion-
extension angle and <c¢) a set of six alignment
adjustments that they defined at the knee/socket
interface ( 3 shifts and 3 tilts ) .

For the evaluation of the method a series of
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simulated gait patterns was used, based on already
published kinematic data from normal subjects. Applying
optimization techniques to the developed model and
imposing the requirement of TAT-peak minimization,
Ishai et al. (1983) obtained the values of the
alignment parameters they had defined and introduced in
the model.

The researchers suggest that TAT, instead of being
calculated could be measured by a pylon transducer
and that the kinematic data should be, in future work,
acquired by actual clinical tests. They also draw
attention to the fact that because of 1lack of a
rigorous definition of the interaction between TAT and
patient comfort, they had to use the criterion of the
TAT-peak minimization. Once established, such a
definition would, as reported, allow for more complex
criteria to be developed. On the other hand the
optimization of the alignment would then be expanded to
include other swing and stance phase considerations.

From the reported conclusions it can be
appreciated that, despite the quality of the developed
model, the method had to be enriched with more
criteria.

A new approach to the problem was reported by
Hannah et al. (1986) . The approach adopted involved
kinematic data and was based on the hypothesis that
optimum alignment should be the one resulting in the
best kinematic symmetry between the two legs of the
patient. Tests were carried out on five BK amputees one
of whom was bilateral. The patients were fitted with
Patellar Tendon Bearing (PTB) prostheses and during
tests a set of goniometers was used to record 3-D
angular data of the hips and knees on both sides.
Alignment changes were performed as deviations from
the initially established optimum alignment and the
patients were asked to walk at their own pace on a
10-meter walkway. Data were used for the calculation of

a symmetry index that had already been defined.
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Hannah et al. (1986) reported that generally the
hypothesis was supported and any deviation from the
pre-set optimum alignment resulted in an increased
asymetry between the two sides. The most positively
reported outcome of this work was that the foot
dorsiflexion was found to be the most important
alignment change and that the hip flexion / extension
motion was the most sensitive kinematic parameter to
alignment changes.

It was also suggested that further work was needed
in order to investigate the importance of maintaining
symmetries in some planes and joints in preference to
others. ‘

Saleh and Bostock (1988) reported a different
approach. They investigated the influence of alignment
changes on the ground reaction force using Kistler
force platforms and created loop-diagrams of the
vertical component versus the AP component.

The results obtained by five BK amputees indicated
a very strong relationship between the obtained pattern
and the alignment deviations from the initially pre-set
optimum configuration. The authors suggested that this
method could be clinically used for the achievement of
the most suitable alignment by the prosthetists. ’

The loop-diagrams were reported to be almost as
characteristic for a patient as a fingerprint. The
author of this thesis believes, therefore, that no
reliable reference exists for the prosthetist, unless
the desirablé pattern is already known. On the other
hand the loop-diagram of the sound side cannot be
considered as the desired pattern, since it is not
independent from the performance on the artificial
side. The published paper did not present any
quantitative results and thus any further conclusions
were disabled.

It was noted, through the literature review, that
the presented works were based on the assumption that

there is indeed an alignment configuration, which can
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be considered as the optimum one . However, this
assumption could only be based on strong indications
that the amputees really preferred a particular
alignment configuration to all other configurations ;
and such published data were not available. Therefore,
the assumption that an optimum alignment existed was
based rather on scientific intuition than on any
established feedback from amputees and prosthetists.

The first indications that an optimum alignment
does not exist were obtained from the work of
Solomonidis (1980) who evaluated AK modular systems.
Lawes (1982) tested BK and AK amputees and also
reported that there was no evidence of existence of a
single and well defined optimum alignment.

Furthermore Zahedi et al. ( 1986, 1987 ) having
carried out tests cn twenty active BK and AK amputees,
finally confirmed that a very broad range of alignment
configuration (for some parameters 148 mm in
shifts and 17° in tilts) was considered satisfactory
and acceptable by the amputees.

The services of three prosthetists were enrolled
and a total amount of 183 BK and 100 AK fittings were
tried. The effect of each different prosthetist on the
established range of alignment for each patient was
found significant . Zahedi et al. ( 1986, 1987 ) also
investigated the ©possibility of the ©prosthetist
achieving an alignment repeatedly at will and
reported that there was no indication for such a
consideration ( typical results from these studies are
shown in fig 2.19 and 2.20 ).

Therefore, it was suggested that the task in
alignment studies should be the achievement of an
acceptable alignment, within the ranges considered
optimum and recognised the need for an assessment
method, which could assist the prosthetist in having a
quantitative estimate of the alignment configuration
imposed throughout the process.

The assessment of the alignment of the lower 1limb
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prostheses is of major importance , in any studies
involving the investigation of the effects of alignment
on various quantities. The work of Solomonidis (1980),
Lawes (1982) and Zzahedi ‘et al. (1986,1987) 1led to the
development of the alignment rig
measurement of alignment.

, a device for the

2.6.4 The Alignment Rig

Zahedi et al (1983) describe the alignment rig as
follows : it is a cast-iron baseplate fitted with a
120 by 50 cm horizontal perspex plate accurately marked
with a grid of ( 1 cm x 1 cm ) squares.

The prosthesis to be measured is mounted on a
bracket, rigidly fixed to the baseplate (fig 2.21). The
alignment parameters can be evaluated from results
obtained by measurements of coordinates of all major
landmarks relative to the rig frame. All points needed
to describe the socket frame should be already marked
onto the inner surface of the socket, having first been
identified using the Socket Axis Locator ( detailed
description in section 2.7.2 ) . A specially designed
device (1 in fig 2.21) can provide access to the marks
and their coordinates can be measured by means of a
square (2 in fig 2.21) with readings directly from the
horizontal grid and a height gauge (3 in fig 2.21). The
latter instruments are also used to determine the
coordinates of the medial and lateral points of the
knee axis on the Xknee unit. For the definitions of
frames of reference and alignment parameters see
section 2.7.4 of this chapter.

The rig measurement technique was reported (Zahedi
et al, 1986) to provide a precision of #0.5 mm and the
alignment parameters could be assessed with an overall

accuracy of ¢ 1° for tilts and * 1 mm for shifts.
2.7 Definitions and Conventions used in this Thesis

2.7.1 Introduction

The term alignment parameters
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refers to the parameters selected to represent the
angular tilts and linear shifts that most alignment
units implement, providing the prosthetist with the
ability to perform various adjustments on the
prosthesis.

For these alignment parameters to be defined , a
set of frames must be allocated to each one of the
major landmarks of the prosthesis. These frames are
also used in order to calculate the components of the

prosthetic loads at the associated landmarks ( ankle,
knee and hip ).

Note : As will be noted, the author of this thesis has
generally adopted the right hand rule for right leg

prostheses and the 1left hand rule for 1left leg
prostheses.

2.7.2 Frames of Reference

The frames used are all cartesian X-Y-Z frames ,
with the X-axis being positive towards the anterior
side , the Y-axis positive upwards and the Z-axis
perpendicular to the other two and positive to the
lateral side ( the direction of the Z-axis depends on
whether the prosthesis is a right or a left side one,
for reasons due to symmetry and explained later ).

The definition of frames of reference for the
parts of a prosthesis is generally easy to make, mainly
because the components are mechanical parts with well
defined dimensions and axes. The major problem in
defining axes on a prosthesis 1is the socket. However,
a method was gradually developed for the accurate

determination of a socket frame of reference :

Socket

During the project for the evaluation of BK and AK
prostheses a method for defining the frame of reference
of the socket was conceived Lawes et al. (1976).
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These researchers determined a frame for the
sockets of the BK and AK amputees as follows ( see fig
2.22). Two parallel planes were considered
perpendicular to the longitudinal axis of the socket
under study. The 1lower one was located at 25 mm
proximal to the distal end of the inner socket surface
and the upper at a distance of 25 mm distal to ,
either the ©patellar bar for PTB sockets ( for BK
prostheses ) or to the posterior brim for quadrilateral
sockets ( for AK prostheses ). Each plane was initially
defined by four marks on the inner surface of the
socket and their coordinates were properly measured
with respect to a reference system. Then the centre
point of each set of four marks was determined. The
centre points of the two planes were meant to represent
the Y-axis, whereas the posterior and anterior top
marks represented the X-axis and the medial and lateral
top marks represented the Z-axis ( fig 2.22a ). By an
iterative procedure, the set of marks and centre points
was brought to an orthonormal configuration and the
three axes were uniquely defined.

Purdey (1977), using the principles of this method
developed a device which could easily and accurately
- define the socket frame, overcoming the time consuming
iterative method. Berme et al. (1978) developed this
device further and reported it as the Socket Axis
Locator (SAL) shown in figure 2.22b . The SAL device
was later further developed by Szulc (1984) and
could accurately define the Y-axis of the socket . At
the same time it allowed the identification of the two
sets of four points on the socket , because it was
designed to be an orthonormal structure itself. Thus
the XYZ frame of the socket could easily be defined,
by the measurement of the coordinates of the marks,
with respect to a predefined common reference ( ie the
frame of reference of the alignment rig).

The top centre point is taken to be the origin of
the socket frame. Whereas, for a PTB socket, this point
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is a good approximation of the anatomical joint centre
(knee), for a quadrilateral socket it is distal to the
anatomical Jjoint centre (hip) and this has to be
considered when the hip joint is involved in studies.
This frame configuration is adopted, in this thesis,
for the sockets of prostheses (fig 2.23).

Foot/Ankle

Using the point at the top surface of the SACH
foot at the bolt centre, as an origin , two frames can
be defined : the frame of the foot and the frame of
the ankle, both sharing the same vertical Y-axis
(fig 2.24) . The foot X-axis has the direction of the
mid-toe, with the Z-axis being mutually perpendicular
to the X and the Y axes. The ankle X-axis has the
direction of progression of the gait, with the Z-axis
being, again ’ mutually perpendicular to  the
corresponding X and Y ankle axes.

Knee Joint
The knee joint frame (for AK prostheses) is
defined as follows : the Z-axis of the joint is the

axis of the hinge, with its origin at the knee centre.
The X axis is perpendicular to the Z-axis , parallel to
the ground and positive forwards. The Y-axis is
mutually perpendicular to the other two, positive

upwards.

All frames are thus defined and using them it is
possible to identify the position and orientation of
any prosthetic component with respect to another. For
this purpose, two different approaches can be adopted :
a) considering the socket frame as the wuniversal
reference for the prosthesis everything can be
described with respect to it, or b) considering the
foot frame as the universal reference for the
prosthesis everything can be described with respect
to it.
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It is obvious, that the same quantities, may
appear with two different names, depending on which
approach 1is wused. For example, the angle shown in
figure 2.24 could be referred to as toe-out angle, if
the first approach is used, or as shank rotation, if
the second approach is used. The reason, for these two
approaches existing is that, from a medical point of
view, the prosthesis has to be defined relative to the
residual 1limb (first approach), whereas from a
engineering point of view, the prosthesis, and thus the
stump and the amputee’s body , have to be defined
relative to the foot, which is the contact through
which the ground forces are transmitted to the body.

In this thesis, the second approach is adopted and
the alignment parameters, described 1later in this
chapter, are considered with the foot frame being the
universal reference of the prosthesis.

2.7.3 Forces and Moments

During locomotion, or any other activity, both in
normals and amputees, there are gravity, muscle and
inertia forces acting on and within the body.

For loads of the same nature to have the same
algebraic sign, independently of the side, two axes
systems have been adopted ( fig 2.25 ) : a right hand
system for the right side and a left hand system for
the 1left side. With the subject in the upright
position, positive x-axes point forwards, positive
y-axes point upwards and positive z-axes point
laterally, with all positive rotational directions as
shown.

As far as the loads are concerned, the following
convention is important: the directions shown in figure
2.25, apply for the positive loads, when considered
acting from the distal to the proximal side of a free
body , and the section which 1is the free body’s
boundary could be the ground-to-foot interface, or any

other transverse section along the limb.
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2.7.4 Alignment Parameters

Three different projections of the prosthesis are

used to identify and evaluate the alignment parameters:
an AP view, an ML view and a plan view.

Below the knee prostheses

Figure 2.26 shows the three views for a right side
BK prosthesis. The origins of the socket frame and of
the foot frame are shown. The following alignment
parameters can be identified :

the socket height (SH)

the socket anterio-posterior shift (SAPS)
the socket anterio-posterior tilt (SAPT)
the socket medio-lateral shift (SMLS)

the socket medio-lateral tilt (SMLT)

the socket rotation (SR)

Since between the socket and the foot there is only the
shank, the parameter SR could be also considered as a
shank rotation (ie a toe-out angle, by, the medical
reference approach).

Above the knee prostheses

Figure 2.27 shows the three projections for a
right side AK prostheses, the plan view being shown
twice (ie through the knee and through the socket
origins, respectively). The origins of the socket
frame, of the knee frame and of the foot frame are

shown. The following parameters can be identified :

the knee height (KH)

the knee anterio-posterior shift (KAPS)
the knee medio-lateral shift (KMLS)

the knee medio-lateral tilt (KMLT)

the knee rotation (KR)

the socket height (SH)

the socket anterio-posterior shift (SAPS)
the socket anterio-posterior tilt (SAPT)
the socket medio-lateral shift (SMLS)
the socket medio-lateral tilt (SMLT)

the socket rotation (SR)

43



SMLS

KAPS

KH




Since between the knee unit and the foot there is only
the shank and no AP tilt is used on the knee unit, the
parameter KR could be also considered as a shank
rotation ( ie a toe-out angle, by the medical reference
approach).

All alignment parameters follow the sign
conventions of the frames mentioned for forces and
moments ( fig 2.25 ) .

The alignment parameters can be calculated by
measurements of the coordinates of the marked points of
the prosthesis on the alignment rig.

2.8 The Calibration of the Pylon Transducer
2.8.1 Introduction

The short pylon transducer used throughout this
study monitors all six components of the applied load.
As far as calibration of transducers is concerned, two
mathematical approaches, one linear and the other
non-linear are advocated. The choice depends on the
accuracy required for the particular application and it
has been proved that the non-linear models contribute
to the accuracy rather marginally (Bray et al, 1990).

A more detailed discussion on these two different
approaches follows in the next sections.

2.8.2 Linear Approach
The first of the approaches described above simply
assumes that each signal can be expressed as a linear

combination of the components of the applied load :

e o

(51gna1)i =

m.,. * (load). (2.1)
3 J

1 3

where the coefficients are the quantities to be

m, .

1]
determined . When i = j the coefficient corresponds to
a main effect and in all other cases the coefficients
correspond to the five cross-effects and ideally should

be zero. If the six load components are given the form
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of a vector [ L ) and the six output signals are

given the form of a vector [ S ] :

Fx — SFx |
Fy SFy
_ Fz SFz
L - =
[ ] My [ ] SMx
My SMy
| Mz ] | SMz |
(2.2) (2.3)

then using equation (2.1) the whole set of equations
is the following :

SFx = mllFx + mley + m13Fz + m14Mx + mlSMy + mlGMz
SFy = m21Fx + m22Fy + m23Fz + m24Mx + m25My + m26Mz
SFz = m3lFx + m32Fy + m33Fz + m34Mx + m35My + m36Mz
SMx = m41Fx + m42Fy + m43Fz + m44Mx + m45My + m46Mz
SMy = m51Fx + m52Fy + m53Fz + m54Mx + m55My + m56Mz
SMz = m61Fx + m62Fy + m63Fz + m64Mx + m65My + m66Mz
(2.4)

which can also be written in the simpler form

..

(s1=[M]-[L] (2.5)

with matrix [ M ] being the ( 6 x 6 ) matrix of the

desired coefficients mij :
—m m m m m m T
11 12 13 14 15 16
Moy May  Myy My Myg Mg
M) = 231 232 233 $34 235 236 (2.6)
41 42 43 44 45 46
Mgy Mgy, Mgz Mgy Mgy Mg
| 61 Me2  Me3  Mea  Mes  TMes _

If the output signals are recorded in mV , after
the amplification performed by the strain gauge
amplifiers , and the loads applied are measured
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in N ( the 3 forces ) and Nm ( the 3 moments ) then :
mij have units (mV) i / (N or Nm)j (2.7)

In general practice, during amputee testing, the
given quantities are the output signals recorded during
the amputee’s activity and the quantities required for
the analysis are the six components of the 1load
applied onto the transducer for every particular
moment. It is therefore necessary that equation (2.5)
be solved for [ L ] and applied for every vector [ S ]
recorded. Multiplying (2.5) by [ M ]~ % , the inverse of

[ M ] , the equation results in :

[ M ] [ s1=1[M] - [M] - [ L] or
(M1 5 [s)=[L] or
(L]l=[0C]1--[S8] (2.8)
where [ C ] =M 1! and is called the calibration

matrix for the pylon transducer. This matrix [ C ] is
of the form:

-
€17 ©12 €13  C12  C15 Cis
€1 S22 C23 ©C34 S35 C26
3 €33 ©C32 ©33 C34 S35 C36
[C] = c c c c c c (2.9)
41 42 43 44 a5 Su6
C51 S52 ©s53 ©C54 Cs55 Cs6
| %61 62 %63 64 65 Ces |

the elements having the units of matrix [ M ] inverted.
Since the units of [ M ] were (mV)i / (N or Nm)j , the
units of the elements of [ C ] are ( N or Nm)j / (mV)i.
At this stage the index notation for i and j can be

interchanged without any risk of confusion and thus :

cij have units (N or Nm)i / (mV)]Jj (2.10)
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The 1linear model approach does not take into
account any elastic deformations of the device as being
the reason for cross-effects and therefore is not
attempting to estimate higher order terms.

If this cross-effect was to be studied, the model
should consider not only single load components, but

also combinations of 1load components, which would

reveal effects due to elastic deformations. Such
effects are proportional to the loads which develop
them (Dubois, 1976). Therefore, if the effects

mentioned above were to be studied, quadratic and
rectangular terms should have been introduced in the
calibration procedure and analysis. This is the
principle of the non-linear approach which is discussed
in the next section.

The researchers who calibrated pylon transducers
( Lowe 1969 , Berme et al. 1976 , Jones 1976 , Grant -
Thompson 1977, Lovely 1981, Lawes 1982, Pashalides
1989 ) all followed the 1linear approach for the
calibration of the devices.

When 1linear regression is performed on the
calibration data, for example, when the acquired output
signals for an applied Fx load component are regressed
against this load, six coefficients may generally be

determined : m i =1 to 6). The question then arises

o (
about which ttefficients should be retained. The
decision must be made on statistical grounds, without
however ignoring any metrological aspects of the
problem.

One approach is to ignore any cross-effects with
relatively low values ( Grant-Thompson, 1977). Another
approach is to study the statistical results of the
calibration data. Such a study was performed by Lovely
(1981) who also followed a linear approach. This
researcher applied a statistical approach to the
calibration data acquired and derived all coefficients

m from linear regressions, using an r-square value of

ij
95% as the threshold between acceptable and
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non-acceptable coefficients miso- As a result of this
matrix [ M ] was derived using only those of the
cross-effect coefficients that were related to strongly
linear graphs, assuming the rest to be zero.

The approach followed by Lovely (1981) was based
on the following consideration : if one load component
is only applied onto the transducer and all effects are
expected to exhibit a 1linear behaviour, then any
effects that do not meet this condition should be
omitted. However, the author of this thesis expresses
the following criticism to this approach: it is
possible for cross-effects to have a poor linear fit
but of significant magnitude. It is suggested here that
a t-ratio or a p-value , derived from the regression of
the data, would constitute a better criterion for the
same decision.

The r-square value only gives information on the
amount of the output signal variation explained by the
applied load component (in the linear model) , whereas
the t-ratio or the p-value give information on the
statistical significance of the calculated regression
coefficient. Therefore, it is considered statistically
more sound to base any decisions on either of the last
two quantities (preferably on the p-value), than on the
r-square value of the regression model.

The calibration techniques, related to the
assumption of 1linear relationships between output
signals and applied load components, seek to determine

the coefficients m , by either applying one load

component at a time ég by applying two load components
simultaneously.

In the first case by applying one load component
only, all six output signals can be recorded resulting
in six 1linear regressions, which provide the six
coefficients of the corresponding column of matrix [M].
One of the coefficients is the main effect and the
other five are the cross-effects. The individual setups

designed and built have been reported as follows :
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For the axial load Fy, for example, the device
shown in figure 2.28, reported by Lowe (1969), was
built. Loads were applied by means of weights on the
top disc, resulting in compression of the transducer.
The point loading was guaranteed by the use of steel
balls at the interface between pylon transducer and
device.

For the torque, My, the transducer was fitted on a
base attached to a table as shown in figure 2.29a and a
specially machined bar applied the torque by means of a
system of pulleys and cables. The weights (W) should be
equal in order to provide a zero shear load . The pure
torque applied was, thus, equal to ( 2:R*W ). This
device was developed and used by Grant-Thompson (1977)
as well as Lawes (1982). Another version of the same
device used in more recent work ( Pashalides, 1989 ) is
shown in figure 2.29b.

In the work presented by Lawes (1982) and Grant-
Thompson (1977) one device for the application of pure
shear force is reported, which uses the principle shown
in figure 2.30. The pure shear force was applied by
means of suspended weights around a drum properly
fitted at one side of the pylon transducer. The
positioning of the cable on the plane crossing through
the instrumented periphery of the transducer attempts
to eliminate any bending moment within this section.

Grant-Thompson also reported a device for the
application of pure bending moment, using an Instron
machine . As shown in figure 2.31 , two bars were
symmetrically positioned about the transducer
contacting with their properly prepared ends the two
tubes fitted onto the transducer at both sides. With
this method a pure bending moment ( W - d / 2 ) was
effectively applied on the transducer.

For the case of simultaneous application of more
than two load components, two devices were reported :
one for combined shear force and bending moment (Lawes,
1982 and Grant-Thompson, 1977) and one for combined
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axial load and bending moment (Lawés, 1982).

For the first device the cantilever configuration
shown in figure 2.32 was used. The weight was suspended
at a distance d from the centre of the transducer. Thus
except from the shear force W , a bending moment (W-d)
was also applied. The procedure just described results
in the determination of the two corresponding columns
of matrix [ M ], ie. first and sixth or third and
fourth . Due to linear dependence between applied
shear force and bending moment, two distinct loading
configurations must be tried ( by change of the
lever-arm of the applied load ) , in order to create
two 1linearly independent equations for each pair of
coefficients to be calculated.

As an example to the above a case could be
considered where the dead weight is applied along the
positive x - axis of the transducer ( Fx = + W , from
distal to proximal), also producing a positive Mz.
Writing the first of equations (2.4) for SFx :

SFx = myq° Fx + m, et Mz = mi,° Fx + m, et (Fx-d)

but also for another value of dead weight, say W :

’ ’

SFx = myq° Fx + my e Mz = myq° Fx + mye° (Fx-d)

the system of m, 4 and m, e has a singular matrix
(determinant is zero) and is therefore not solvable.
Using, however, a second position at a different
distance dl and repeating the tests would result in two
sets of 1linearly independent equations and thus

solvable (even with the same weight W):

SFx = my,° FX + my o+ Mz = mp,- Fx + m,° (Fx-dl)
m

SFx = 11° Fx + m, e Mz = m,,c Fx + m, e (Fx-d )

The same applies for all other output signals under

this load configuration.
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The principle for the device for combined axial
load and bending moment is shown in figure 2.33 . The
off-axis compressive load W results in a bending moment
(W-d) simultaneously with an axial load W . Here again

two independent equations must be compiled using two
different leverarms.

2.8.3 Non-linear Approach

Various researchers have carried out and reported
calibrations for force measurement transducers assuming
a non-linear relationship between output signals and
applied 1loads, suggesting that this is the approach
providing the highest possible accuracy in the results.
The transducers they used were multicomponent balances
designed to measure loads in various non - biomedical
applications. These researchers considered the effect
of elastic deformations on the cross-effects and
therefore introduced quadratic and rectangular terms in
their analysis.

Dubois (1982) having designed a sting balance able
to directly monitor the six components of a load (in an
application related to force measurement for wind
tunnels in aerospatial studies) suggests that not only
the effect of each load component to the signals must
be studied, but also the effect of the interaction of
every two load components. Dubois therefore suggests
that a second order model should be used , which for

the (signal)i would result in the following equation:

. 6 6
J PY
my (1oad)i + g g ny (load)p (load)r
1 p=1 r=p

Il ™~ oy

(signal)i =
J
(2.11)

where coefficients m, and nir are called sensitivity
coefficients ( Bray et al, 1990 ). The above expression
implies that each signal output can actually be
considered as the result of each one .of the 1load

components individually ( coefficients mg for linear
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terms), but also of each one of all the second order
load interactions ( coefficients ngr for second order
terms ).

Expanding the series for the output signal SFx
(channel 1), for example. The full development is

- 1 2 3 4 5 6
SFx (m1 Fx + my Fy + my Fz + m, Mx + my My + m, Mz) +
( nil FxFx + niz FxFy + ni3 FxFz + ni4 FxMx + nis

6
FxMy + nl FxMz ) + ( niz FyFy + n23 FyFz + n24

1 1 1
FyMx + nis FyMy + ni6 FyMz ) + (ni3 FzFz + ni4
FzMx + nis FzMy + nie FzMz ) + ni4 MxMx + nis
MxMy + niG MxMz ) + ( nis MyMy + niG MyMz ) +
( niG MzMz) (2.12)

According to Dubois the first set of terms is
uniquely due to constructive causes 1like insufficient
structural coupling , asymetries of the machining or
differences in the gauge positioning. However the
second set of terms is due to the elastic deformations
of the device under a particular loading configuration.
It is therefore understood that the introduction of
quadratic and rectangular terms attempts to approach
the real strain field as much as possible.

Dubois also suggests that higher than second order
terms should be included in the model, for an even
better approximation , but are generally negligible,
except in cases where there is either assembly play or
in cases where the gauges are bonded very close to
fitting parts.

The objective of a calibration procedure, in the
case of this approach, is the exact determination of

coefficients mg and ngr .This task demands that all
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the individual load components are applied separately
as Wwell as every two load components applied
separately at a time. This is an overall of twenty one
( 6 +6! s/ (214!) ) distinct 1loading configurations ,
which demand specially designed rigs. Besides the
accuracy by which the 1loads are applied, the rig
according to Dubois, should be able to apply the load
configurations in the same way as the loads, expected
during actual experimental use, are applied.

The final objective of a calibration is to
determine the relationship between the signals acquired
during tests, and the loads which must be estimated.
From this point of view equation (2.11) must be written
in the following form

. 6 6
cg (signal)i + ¥ Y d?r(signal) (signal)r
1 p=1 r=p p

™~ o

(load) ; =3
(2.13)
from which the loads producing the output signals can
be predicted. Coefficients cg and d?r are called
exploitation coefficients (Bray et al, 1990).

The coefficients of the linear terms of equations
(2.11) and (2.13) are 6 X 6 = 36 , the same total as in
the case of a simple linear approach. The additional
coefficients of the second order terms are 6 x 21 =
126 ( 6 quadratic and 15 rectangular for each channel).
Thus, the overall total of coefficients to be
calculated is 36 + 126 = 162 .

The difficulties may arise on how to isolate some
of the load components simultaneously, but also on how
to process the calibration data in order to accurately
derive cg ' dgr and mg ’ n?r.

Levi (1972) used a non-linear mathematical model
for calibration of machine-tool dynamometers under
multi-component loading and investigated the
possibilities of deriving equation (2.13) for each

channel from the corresponding equation (2.11) of the
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same channel. It was suggested that for the former
equation to be derived the measuring device must have
six channels each measuring one load component ( like
the short pylon transducer ) . In case the device
monitors less than six channels then a solution exists
only if coefficients derived under non-monitored 1load
components are zero.

This consideration brings back the distinction
between pylon transducers 1like the short pylon
transducer and transducers of the former designs, which
do not detect shear forces directly.

The device used by Levi (1972) was meant to
monitor only the three forces, and the performed
analysis was initially based on a preliminary factorial
experiment, which revealed all the significant
interactions. Multiple regression was used to determine
the coefficients mg and ngr for the loading
configurations, which had been proved influential to
the output signals. Levi suggests that for the non-
linear model to be successfull the operational range of
the expected loads must be known ( an upper boundary at
least).

However , a critisism was expressed to the
mathematical approach under study and reported in the
same publication : although all the six individual
components are independent variables, their
interactions are not, because they are dependent on the
first variables. In other words, the question is
whether it is correct or not to consider the influence
of the interactions as occuring from an independent
variable. Levi (1972) claims that as far as their
influence to the output signal is concerned, the second
order interactions can be considered as independent
variables and they can be introduced as a computational
arrangement despite the fact that each product of two
load components is uniquely defined by its two
constituents from a mathematical point of view. This in

fact 1is 1in accordance with what was stated earlier
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-about the effect of the elastic deformations on the
output signals.

Besides the factorial design and analysis of the
calibration, other methods are also suggested for the
determination of the sensitivity and exploitation
coefficients (Bray et al, 1990). These include multiple
regression and linear algebra techniques.

It can be appreciated from the above discussion
that non-linear calibration approaches provide with
highly reliable results and predict the applied 1loads
very successfully. However they are considered
demanding in terms of time and equipment which may
generally be very expensive and the question may arise
on whether the contribution of second-order effects is

such so as to justify the adoption of a non-linear
model.

2.9 Summary

The measurement of prosthetic 1loading during
various activities of the amputee is of major
importance for the understanding of amputee locomotion
and the development of the loading standards and design
criteria for the manufacturing of modular prostheses.
The intensive work carried out by several research
teams, in the field, resulted in the acquisition
processing and presentation of the data reported by
ISPO (1978) providing an excellent reference for
further work on this particular subject. These
standards are occasionally updated by the IS0, who
suggest new loading values for the structural testing
of the prostheses.

Amcng the equipment produced for data acquisition,
an outstanding contribution was the development of the
pylon transducers, which provided for the first time,
the possibility of free range measurements. An even
more recent contribution was the development of the
portable recording equipment for pylon transducer data,
which allowed outdoor tests to take place.
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The research is focusing at the moment , on
further improvement of acquisition methods and
reproduction of the pylon transducer signals and also
on the development of new pylon transducer designs,
allowing for an even broader amputee population to be
tested.

The calibration of the pylon transducers has been
performed by various researchers using dead-weight
methods ( eg Grant-Thompson , 1977 ; Lawes, 1982 ) and
linear mathematical models. Second-order models have
never been adopted in the field of prosthetics.

Throughout the studies carried out on prosthetic
loading another aspect was also highlighted. As shown
during the presented review, several researchers have
concluded that the alignment of a prosthesis has major
effect on amputee locomotion. The study on AK modular
prostheses , in particular , which was carried by
Solomonidis (1980) highlighted the interaction between
the geometrical configuration of the artificial 1leg,
the amputee’s comfort and the 1loading patterns
exhibited. Following this study , various researchers
investigated the existence of <criteria for the
establishment of an optimum alignment.

However, it was later proved ( Zahedi et al, 1986)
that no uniquely defined optimum alignment existed and
that patients and prosthetists were satisfied with a
range of alignments rather than with a single one.

In prosthetic practice the prosthetist must
achieve, by use of skills, intuition and feedback from
the amputee, a suitable alignment. The criteria
developed by researchers for the establishment of what
they considered as optimum alignment can be used in the
development of methods to assist the prosthetist in the
acconplishment of this difficult task. The definition
of alignment parameters for the quantitative assessment
of the alignment configuration of a prosthesis, has
facilitated the development of a methodical and

mathematical approach to the subject of alignment and
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also provided the basis for a common language between
different disciplines. Using the defined frames of
reference of a prosthesis, on the other hand, an easier
and more comprehensive description of geometrical
relationships of the various parts can be achieved.
Thus, there is a considerable amount of knowledge and
techniques that could be used for the development of
methods which could assist prosthetic work.

The author of this thesis believes that since the
alignment of a prosthesis is a procedure consisting of
various steps, any method meant to assist the
prosthetist should really be able to provide
results of each particular step throughout the whole
procedure ; while the prosthesis is still being worn by
the subject and more prosthetic adjustments are still
meant to take place.

The following chapters present the work carried
out during this project. The presentation will start
with a theoretical analysis required to provide a first
approximation of the strain gauge response of the short
pylon transducer.
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CHAPTER 3

THEORETICAL ANALYSIS FOR A FIRST APPROXIMATION OF THE
STRAIN GAUGE RESPONSE OF THE SHORT PYLON TRANSDUCER
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3.2 Initial Considerations and Assumptions
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3.2.2 Load Components, Stresses and Strains
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7 Quantitative Results of the Analysis

Discussion
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3.1 Introduction

Strain gauges used to measure loads ( forces and
moments ) on a particular body are able to provide
quantitative information about every single 1load
component ( for a detailed discussion see appendix I ).

The short pylon transducer discussed 1in chapter 2
( Berme et al. 1976 ) is instrumented with six full
bridges of strain gauges, each bridge being responsible
for measuring one of the six components of a general
load acting upon the pylon transducer, expressed in the
pylon transducer reference frame.

In order to make decisions about the positioning
and the wiring of the gauges, a qualitative analysis is
an important prerequisite. Such an analysis is
presented below.

3.2 1Initial Considerations and Assumptions.

When the study ©presented in this chapter
commenced, various considerations had to be made
regarding three aspects of the problem : the actual
pylon, the loading configurations meant to be studied
and the gauging.

3.2.1 The Pylon

As stated in chapter 2 the aluminium alloy the
pylon is made of 6082 T4 aluminium alloy (BS1474:1987).
The mechanical properties of this material can be
obtained by tables ( Roark, 1954 ) :

modulus of elasticity E = 68.9 MPa ( = 10 X 106 psi )

Poisson’s ratio v = 0.26 and
_ E -
shear modulus G = —Z_(T*’T/—)— = 27.3 MPa

The following assumptions about the pylon were made :

a) the pylon is considered to be machined to exactly
its nominal dimensions without any discrepancies in
the transverse plane (ie. all cylindrical surfaces

are co-axial about the device’s axis),
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b) as a first approximation and recognising the
limitations, the Ggauging area under study is
considered far enough away from the ends of the

device and therefore not subjected to any end-
effects.

Various geometrical properties of a cross - section of
the pylon transducer will be used in this study. This
cross—- section is considered through an instrumented

periphery of the transducer. These properties are the
following :

1) area A = m - ( Ro® - RiZ ) = 204.5 x 107 n?

2) second moment of inertia I ( about x or z axes ) =

— rRo? - ri%* ) = 20.6 x 107° n*

3) polar moment of inertia J ( about y axis ) =

= -2+ (ro® -Rri*) = 41.2 x 1077 n*

3.2.2 Load Components, Stresses and Strains

The loads acting upon the pylon transducer in this
analysis are considered to be applied on a cross-
section of the body from a lower (distal) to an upper
(proximal) direction being the positive sense,
éccording to the 1loading conventions discussed in
chapter 2. The section was considered passing through a
periphery of the pylon transducer which is instrumented
with strain gauges.

For each 1loading <configuration infinitesimal
elements were considered at the boundary of each
section. The stresses developed on the elements were
then studied in order to derive the corresponding
strains. These strains were then used to derive the
strains in any other direction on the elements, if

necessary, using the following equation (fig.3.1) :
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for strains on a

a unit

strain gauge type

grid area

C mmED

for bridges A and B

for bridge C

for bridges D, E, F

EA-13-1285-MK-120
EA-12-052-TT-120
EA-13-062-TH-120

2. 41883
2.9987
2.1880

Table 3.1

The gauges tvypes

for the pylon

Lransducer.

strain gauge type grid area power supply
C mmab range (Volts)
EA-13-1285-MK-120 2. 4168 3.0 to 4.0
EA-13-082-TT-120 2. e9a’7 3.3 to 4.5
EA-13-082-TH-~120 2.1880 .8 to 2.8 |
Ta

ble 3.2 The power supply ranges for the strain

gauge bridges of the pylon transducer.
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strain at an angle 8 = g(8) = (3.1)

= £(x) cos®(8) + e(y) sinZ(e) + 7 cos(6) sin(e)

One load component only was considered at a time
applied as described above. The top end of the pylon
transducer was assumed rigidly fixed. The loaded body
was assumed to experience practically no elastic
deformations, which could distort the initial geometry
of the loading configuration. ’

3.2.3 The Gauging

The gauging was considered ideally positioned,
each gauge being exactly at the particular location and
orientation it was meant to be ( see figure 3.2 ) .

The gauges* were of the types shown in table 3.1 ,
with a nominal gauge factor XK = 2 and resistance of
R=120 Q.

One of the objectives of the analysis was to study
the status of each bridge under each 1loading
configuration. Thus, having derived all the required
strains, for a particular loading configuration the
status of each bridge was studied. Ideally the only
bridge being unbalanced during the application of a
particular load component should be the one meant to
monitoxr and measure this component ; all the other
bridges being balanced.

As shown in figure 3.3 the recommended range for
heat sink conditions for aluminium is 7.8 - 16 kWatt/m2
for high accuracy of the gauges in dynamic conditions .
For this range and for the grid areas shown in table
3.1 , power supply ranges were determined ( see table
3.2).

In order to avoid any drifts of the output signals
due to increase of the temperature and therefore

* The gauges were supplied by Measurement Group UK Ltd
and are described in Catalog 500/part A of the Company
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decrease of the accuracy level, a 3 Volt power supply
was used for the excitation of the bridges ; using ,
however 6 Volts for bridge ¢ which has double the

resistance. The power supply for each bridge in Volts
is denoted by Vs .

3.3 Study of transducer for applied Shear forces

Figure 3.4 shows the 1loading configuration for
which a pure shear force F is applied through a cross-
section of the pylon transducer. Despite the fact that
all other cross-sections of the device are subjected to
bending moments and shear force simultaneously, section
A-A is only subjected to the pure shear force F.

The shear stress T on the surface of the pylon
transducer is given by the following equations, which

are derived in appendix VIII :

for 0 = %0 = Ri :

. — F RO [(ROZ_XOZ )3/2 _ (Riz_xoz )3/2]
3-t-1 'v/Ro2 - x02
(3.2a)
where : t = \/Ro2 - xo2 - V/Ri2 - xo2
for Ri < x0 = Ro :
T =——§;:1;—°- v Ro? - x0° (3.2b)

In this configuration there are no normal stresses
and therefore all longitudinally positioned gauges as
well as all Poisson’s gauges cannot (theoretically)
be affected. Therefore it can be deduced from figure
(3.2) that bridges A, B and C are balanced.
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It is also noted that the shear stress varies with
the position xo . This stress is :

3 .3
F Ro™ - .
T = . Ri”) (maximum) (3.3)
3-I (Ro - Ri)
at position xo = 0 and is zero at positions xo = * Ro.

Therefore the gauges corresponding to the 1latter
positions are not affected either. If load F is applied
along the x-axis of the transducer frame bridge D is
balanced and if load F is applied along the z-axis of
the transducer frame, bridge E is balanced.

From the above considerations it is deduced that
the only bridges which could be unbalanced under this
loading configuration are : bridge F monitoring torque
and the bridge monitoring the applied shear force.
The gauges of bridge F are subjected to equal and
opposite strains which cause resistance changes dRF
as following :

gauges Fl1 and F4 are subjected to a change —dRF and
gauges F2 and F3 are subjected to a change +dRF

The gauges of bridge E ( consider F = Fx ) are
subjected to equal and opposite strains which cause
resistance changes dR as following :

gauges E1 and E3 are subjected to a change -dRE and

gauges E2 and E4 are subjected to a change +dRE

From the wiring diagrams of figure 3.2, it follows
that bridge F is able to compensate for the changes and
remain eventually balanced, whereas bridge E is not

balanced and provides an output signal Vo :

<
(0]
[}
<
0
It

Vs « K+ ¢ (3.4)
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Strain € 1is related to the shear stress =T by the
following equation :

€ = —— = (3.5)

Thus, it is proven that for a particular shear
load component applied, the only bridge which responds
is the one meant to monitor it. From equations (3.3),

(3.4) and (3.5) the output voltage of this bridge can
be derived.

3.4 Study of transducer for applied Axial force

The axial force Fy 1is now considered applied as
shown in figure 3.5 . In this case there is only one
stress configuration and consists, as shown, of the

axial normal stress oy - This stress causes the strains

€4 (compression) and g€, = -V £ (tension) shown .
The predominant compressive strain €, on its turn
imposes a compressive strain €4 along both of the

inclined directions shown :

compressive €, = %;- €,° (1-v) (3.6)

The gauges of bridges A and B are all subjected to
the same decrease of their resistance values ( see
figure 3.2 ) , due to «¢_ . Similarly , the gauges of
bridges D, E and F are also all subjected to the same
decrease of their resistance values , due to £,
Therefore, all these five bridges cannot
(theoretically) respond to the application of the axial
load.

The only bridge which does so is bridge C , the
gauges of which are subjected to resistance changes as

following :

gauges C1, C3, C5 and C7 are subjected to - dRC and

gauges C2, C4, C6 and C8 are subjected to + v-dRc
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Thus, bridge C is eventually unbalanced and provides an
output signal given by :

dR

C
X (1+v) dRC
Vo = Vs - g Vs — + (1+v) or
dRC 2R
2 -mg ()
Vo = Vs - (l+v). —X . ¢ (3.7)
2 a :

Note that the fractional term at the denominator of the
first equation, as explained in appendix I, can be
neglected, resulting in a simple linear relationship.

Strain €4 is related to the applied 1load Fy
by equation :

o Fy
e = = (3.8)
E AE

Thus, it is proven that for a particular axial
load component applied, the only bridge which responds
is the one meant to monitor it.

3.5 Study of transducer for applied Bending moments
The configurations regarding purely applied

bending moments will be studied separately for moments

Mx and Mz, for reasons due to their influence on the

various bridges.

3.5.1 Bending moment Mx

Figure 3.6 shows a bending moment Mx purely
applied onto the distal end of the pylon transducer.
The effect of this moment is twofold : moment Mx causes
compression in the top half of the transducer ( from 0°
to 180° ) and tension in the bottom half of the
transducer ( from 180° to 360° ) .

Two elements have been chosen to demonstrate the
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stresses and strains developed ; one in the area

subjected to compression , the other in the area

subjected to tension. Stress o in the axial direction

causes the strains shown , in the axial, the transverse

and the two inclined directions under study. Strain ¢

1
and €, are in any case equal to :
€
£, = £, = 2. (1-v) (3.9)
1 2 5 )

All gauges bonded on the surface of the top half are
subjected to the stress / strain configurations similar
to the ones presented for the first element. All gauges
bonded on the surface of the bottom half are subjected
to stress / strain configurations similar to the ones
presented for the second element.

However, the stresses and therefore the strains
depend on the distance from the neutral plane and since
the various gauges are bonded in different positions
the individual stresses and strains must be considered.
The individual axial stresses are all expressed in
terms of the maximum value ( the various locations are

given here in terms of their angular position as

shown) :
for 90° : compression o© ?x Ro
for 150° : compression Oap =0 ° (sin 300)
for 60° : compression Oco =0 * (sin 60°)
for 270° : tension ) = ?x Ro
for 330° : tension Capg =0 ° (sin 300)
for 240° : tension Oep =0 ° (sin 600)

(3.10)
From figure (3.2) it is appreciated that bridges A
and D cannot (theoretically) respond to the applied
load because their gauges are 1lying on the neutral
plane.
However, all other bridges are affected and it

must be determined which of these can compensate and
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remain balanced and which cannot. Considering equations

(3.9) and (3.10) and the position of the gauges of

bridges E and F , the following resistance changes can
be deduced:

gauges Fl and F2 are subjected to a change =dR_ and
gauges F3 and F4 are subjected to a change +dR

4

where : dR, = K - R - 60 , (1-v)
2

and

gauges El1 and E2 are subjected to a change -dR_ and

txi

gauges E3 and E4 are subjected to a change +dRE

4 = . . € . -
where : dRE K R 3 (1-v)
In the above expressions € and €¢o are the strains
corresponding to the stresses o and Teo respectively

Consulting figure 3.2 it is proved that these two
bridges <can compensate for the changes and are
therefore balanced.

However, the gauges of bridge B are subjected to
the following resistance changes :

gauges Bl and B2 are subjected to a change -dRB and
gauges B3 and B4 are subjected to a change +dRB

where : dRB = K+ R * ¢

which proves that this bridge is not balanced and
provides an output signal Vo :

dRB
Vo = Vs - = Vs - K- ¢ (3.11)
R .
The strain € is related to the axial stress by

equation : € =0 / E .
The gauges of bridge C are considered next. Theses

gauges are subjected to the following resistance
changes :
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gauge Cl is subjected to change

a K R 60
gauge C3 is subjected to a change : = K *+ R - €30
gauge C5 is subjected to a change : + K + R - €eo
gauge C7 is subjected to a change : + K - R - €30
similarly,
gauge C2 is subjected to a change : + K + R = Ve,
gauge C4 is subjected to a change : + K + R - Vel
gauge C6 is subjected to a change : = K * R - Ve,
gauge C8 is subjected to a change : - K - R Vea,

From the above expressions it is proven that the
longitudinal gauges of bridge C are not all subjected
to stresses of equal absolute values; the same applying
for the Poisson’s gauges. Writing the equation for the
output signal Vo , it is shown that this bridge is not
eventually balanced :

2
ety [ )

Vo Vs -

dr* )2
R

16 - (1+v)2. [

or because the squared fractional term in the

denominator can be considered negligible :

2

(1 -v") % 12
Vo = Vs - . [ dg ] (3.12a)
16
dR
where : dR* = (Vv 3 + 1) —5 and (3.12b)
R _ x.e = -2
——‘:R——K C—KE

It is, therefore, proven that for a purely applied
bending moment Mx, besides the corresponding bridge B,
bridge C ( monitoring axial load ) is also unbalanced.

3.5.2 Bending moment Mz
The analysis is similar for a purely applied

69



il

I

llllllll

E.
€a ‘ WP/ 1
|

180°

i




bending moment Mz. As shown in figure 3.7, in this case
the neutral plane passes through the angular positions
of 90° and 270°.

Bridges B and E cannot (theoretically), therefore,
respond to the applied load. Bridges D and F are,
however, affected but can compensate for the effects

and remain eventually balanced.

Bridge A meant to monitor the applied bending
moment is not balanced and provides an output
signal Vo :

— dR
Vo = Vs + —2 = ys.K-.e (3.13)
R
The strain € is related to the applied 1load by

equation : € = (Mz*Ro) / EI .

Like 1in the previous configuration, here again

bridge € 1is not balanced. However, there 1is a

difference due to the resistance changes that occur

this time on the gauges.

changes can be expressed,

follows:

gauge
gauge
gauge
gauge
gauge
gauge
gauge
gauge

Cl
C3
C5
Cc7
c2
C4
Cé6
Ccs8

is
is
is
is
is

is

is

subjected
subjected
subjected
subjected
subjected
subjected
subjected
subjected

to
to
to
to
to
to
to
to

using the same notation,

PP oy P e

The individual resistance

change
change
change
change
change
change
change
change

RARAR RN R AR

W™ W P W R

as

€30

60
30
60
veq,
60
Ves,
60

£
£
€
ve

ve

Writing again the equation for the output signal Vo, as
provided in appendix I, it is shown that this bridge is
not eventually balanced for this configuration either.
The output voltage is given again Dby equation (3.12a),

where :
drR

> (3.14)

dR* = (V 3 - 1)

70



Ay

. ; N
s.\ PR A

1A




In this case the value dR* is different (in fact lower)
than the one derived for bending moment Mx.

It is, therefore, proven that for a purely applied
bending moment Mz, besides the corresponding bridge A,

bridge C (monitoring axial load) is also unbalanced.

3.6 Study of transducer for applied Torque
In this the

consists of the shear stress T .

case, stress configuration purely

Therefore, all gauges
in longitudinal and transverse directions are
(theoretically) subjected to any stress at all.
A, B and C

As shown in figure 3.8 only the gauges oriented at
an angle from the y-axis are subjected to strain and
therefore the gauges under study for this case are the

gauges of bridges D, E and F.

not
Thus,

bridges are balanced.

The shear stress T applied on the element produces
a shear strain 7

the strains are equal and opposite and their value is

as shown. At the inclined directions

(compression)

]
I

1 7T/ 2

(tension) €, ¥/ 2

(3.15)

The gauges of bridges D, E and F are subjected to
the following changes of their resistance :

gauges D1 and D4 are subjected to a change +dRD and
gauges D2 and D3 are subjected to a change —dRD
gauges E1 and E4 are subjected to a change +dRE and
gauges E2 and E3 are subjected to a change —dRE
gauges F1 and F3 are subjected to a change +dRF and
gauges F2 and F4 are subjected to a change —dRF
where : dRD = dRE = dRF =K-+*R* (7 / 2)

T _ My-Ro
and ¥ = g~ TG (3.16)
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From the wiring diagrams shown in figure (3.2) it
is appreciated that bridges D and E compensate for the
effect of the developed strain, and are eventually
balanced. However , bridge F results to an output
signal Vo, given by the familiar formula :

Vo = vs » —f = vys .+« K. —L (3.17)

Thus, it is proven that for a purely applied
torque the only bridge which responds is bridge F.

3.7 Quantitative Results of the Analysis

In the study presented in the previous sections
equations were derived relating the o/p signal of each
bridge to the load component applied onto the pylon
transducer. These equations will here be used to
quantify the effect of various load components on the
bridges, namely to determine the sensitivity of the
bridges to the applied loads.

1) applied shear force F (along X or z axes ) = 100 N

shear stress t ( from eq. 3.3 ) = 0.974 MPa
strain e, ( from eg. 3.5 ) = 17.839 X 107°
for the corresponding channel only :

output signal Vo ( from eq. 3.4 ) = 107.0 uVolts
sensitivity = 1.070 uvVolts / N
sensitivity for unit power supply = 0.357 uvolts / N

2) applied axial load Fy = 1000 N
stress oy ( from eqg. 3.8 ) = 4.890 MPa
70.972 x 10

6

strain €4 ( from eqg. 3.8 )
for the corresponding channel only :

output signal Vo ( from eq. 3.7 ) = 536.5 uVolts
sensitivity = 0.537 uvVolts / N
sensitivity for unit power supply = 0.090 uVolts / N
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3)

and for channel 2 ( Fy )

4)

applied bending moment Mx = 100 Nm

stress o ( from eq. 3.10 ) = 74.27
strain € = 1077.968 x 10 _°

for the corresponding channel :
output signal Vo ( from eq.3.11 )
sensitivity = 64.678 uvolts / Nm
sensitivity for unit power supply

.
.

relative change dR*/R (from eq. 3.
output signal Vo ( from eqg.3.12 )
sensitivity = 0.030 pvolts / Nm

sensitivity for unit power supply

2 MPa

6467.8 uvolts

21.559 pvolts/Nm

12) = 2945 x 10°°

3.033 uVolts

= 0.0051 uvVolts/Nm

applied bending moment Mz = 100 Nm

stress o = 74.272 MPa

strain € = 1077.968 x 10 _°

for the corresponding channel :

output signal Vo ( from eqg.3.13 )
sensitivity = 64.678 uvVolts / Nm

sensitivity for unit power supply

and for channel 2 ( Fy ) :

5)

3.

relative change dR*/R (from eqg.3.1
output signal Vo ( from eg.3.12 )
sensitivity = 0.0022 pvolts / Nm
sensitivity for unit power supply

applied torque My = 30 Nm

shear stress Tt ( from eq. 3.16 ) =
shear strain v ( from eqg. 3.16 ) =
for the corresponding channel only

6467.8 uvVolts

21.559 pvolts/Nm

4) = 789.13 x 1070

= 0.2177 uVolts

= 0.0004 uVolts/Nm

11.141 MPa

408.095 x 10~ °

output signal Vo ( from eqg. 3.17 )
sensitivity = 40.810 uVolts / Nm

sensitivity for unit power supply

8 Discussion
The study presented in this ch

out in order to determine in

= 1224.3 upvolts

= 13.603 uVolts/Nm

apter was carried
qualitative and

quantitative terms the effect that various 1load
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components have on the strain gauge bridges of the
short pylon transducer (Berme et al.1976). The analysis
was based upon the assumptions presented in section
3.2.

A shear force (either Fx or Fz), an axial load Fy
and a torque My, when applied individually produced an
output signal of the corresponding bridges only.
However, bending moments did not only produced output
signals of the corresponding bridges, but also an
output signal of the bridge corresponding to load Fy
(channel 2).

The effect of the two bending moments on channel 2
is not the same: the bridge of channel 2 was proved to
be more sensitive to bending moment Mx and less
sensitive to bending moment Mz. The former sensitivity
for unit power supply was calculated to be 0.0051
uvolts/ Nm and the latter was calculated to be 0.0004
puvolts/ Nm .

The sensitivity of channel 2 for axial load Fy and
for wunit power supply was calculated to be 0.090
uVolts/ N. Thus, the effect that the two bending
moments have on channel 2 can be given the following
interpretations :

sensitivity ratio ( 0.0051 / 0.090 ) = 0.057 or
apparent axial load Fy = 0.057 N / (Nm of Mx) and
sensitivity ratio ( 0.0004 / 0.090 ) = 0.004 or

apparent axial load Fy = 0.004 N / (Nm of Mz)

It can be appreciated that the effect of Mz and Mx
on channel 2 can practically be considered negligible.
Even if the anterio-posterior bending moment reaches
the typical value Mz = 100 Nm (at the ankle level of a
prosthesis) the apparent Fy load will only be 0.40 N
and even if the medio-lateral bending moment reaches
the typical value Mx = 10 Nm(at the ankle level again)
the apparent Fy 1load will only be 0.57 N. It can
therefore be concluded that these theoretical effects
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can be practically considered negligible.

Gauging design which would eliminate the observed
cross—- sensitivity, is shown in figure 3.9 . During the
application of a pure bending moment, bridge ¢ is
unbalanced because the two resistance ratios of its
gauges are not equal :

Roy * Rej Roy * Ry

+
Rogt Rest Rogt Reg Roy + Re

+ Rz + R

4 5 c7

(3.18)
On the other hand, due to the existence of the
Poisson’s gauges, the above ratios could only be equal
if the resistance changes caused by the 1loading
configuration were equal and opposite for each one of
the numerators and denominators shown.

Figure 3.9 shows a bridge configuration that
fulfills the above condition. All gauges are
symmetrically positioned about axes x and z , ie. at
45° ' 1350, 225° and 315°. Furthermore the gauges are
differently connected. For this configuration the two
resistance ratios are :

Re1 * Res Rcg * Reg

+ RC + RC + RC6 RC4 + ch + RC3 + R

Req 5

2 Cc7

(3.19)
When an Mx bending moment is applied ( say in the
positive sense as shown), gauges C1 and C3 experience
the same compression and gauges C5 and C7 equal in
magnitude tension ( accordingly for the Poisson’s
gauges ). As a result the absolute resistance change is
dR for all 1longitudinal gauges and (v-dR) for all
Poisson’s gauges. The ratios (3.19) can now be
evaluated :

(R-dR) + ( R+ dR )
left hand-side ratio =

R-dR + R+dR + R+vdR + R-VvdR
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_ _ (R+VdR) + (R~- v dR )
right hand-side ratio =

R+YdR + R-vdR + R-dR + R+dR

and both ratios equal to ig = -%;

The two ratios are equal and thus no output signal will
be produced. The bridge will compensate for the changes
and will remain balanced.

The same stands for an applied bending moment Mz.

As shown the gauges are again in areas which favour the
balance of the bridge.

3.9 Conclusions

The conclusions from the work presented in this
chapter are as follows :

1) The short pylon transducer has by-design two very
small cross-sensitivities, between applied bending
moments and bridge € (of channel 2), which are
practically negligible.

2) A new design 1is suggested that eliminates these
minor cross-effects and favours the balance of bridge C
even during application of bending moments; maintaining
however the sensitivity of the bridge to the
corresponding axial load Fy.

3) For the work presented in this thesis a 3 Volt power
supply was justified for each bridge except channel 2,
for which supply of 6 Volts was chosen.

4) As a theoretical reference, sensitivity values for
all channels have been calculated. These values could
be later compared with the ones derived by the actual
calibration of the transducer presented in the next

chapter.
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CHAPTER 4

THE CALIBRATION OF THE SHORT PYLON TRANSDUCER

4.1 Introduction
4.2 Followed approach
4.3 The Calibration using the Instron machine
4.3.1 Introduction
4.3.2 Shear load Calibration
4.3.3 Axial load Calibration
4.3.4 Bending moment Calibration
4.3.5 Torque Calibration (system Mark I)
4.3.6 Torque Calibration (system Mark II)
4.4 Results and Discussion

4.6 Conclusions
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4.1 Introduction

During experimental use the output signals of the
pylon transducer must be converted into meaningful
mechanical quantities ( forces and moments ). Therefore
the transducer must be calibrated. The principle is to
apply knowhn 1 oads onto a mechanical system
containing the transducer in such a way as to load the
directions of interest and then record the output
s ignal s ; the objective being the compilation of
a mathematical r el at i onsh ip between them.

For the pylon transducer there are six mechanical
quantities of interest, namely the shear forces (Fx and
Fz), the axial load (Fy), the bending moments ( Mx and
Mz ) and the torque (My), all expressed in the
transducer’s frame of reference ( the pylon transducer
is described in details in chapters 2 and 3 ).

Ideally, each of the six channels would respond
(i.e produce a non-zero output signal) when and only
when a load corresponding to that particular channel is
applied ( this is called a main effect ). In practice,
however, even under the existence of one single load
component, all six channels may respond, introducing
therefore the study of other effects in the calibration
procedure ( cross-—-effects ). These effects are due to
inherent characteristics of the device, which could be:
a) Asymetries of the device due to machining errors
and/or b) Misalignment of the gauges on the device.
Cross - effects may also be due to : c) elastic
deformations caused by the particular loading
configuration.

Therefore, the issue arises on which calibration
procedure to follow and also which mathematical
approach to adopt in order to obtain a relationship
between the output signals and the applied loads. The
various approaches and techniques related to the above
issues have been discussed in the literature review.

For the calibration of the short pylon transducer

and the validation of the derived calibration matrix
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(chapter 5) the author initially decided to use an
Instron machine. This method was later proved, both
from the tests and the literature , not as reliable as
the well established dead-weight techniques. However,
at the time, such problems were not anticipated and the
work on the material testing machine proceeded.

4.2 Followed Approach

The approach followed for the calibration of the
transducer consists of the following points :

a) The linear model would be initially adopted, ie the
objective of the calibration would be the determination
of matrix [M] and then the calculation of matrix [C].

b) All loads would be purely applied allowing, thus,
for the determination of each one of the effects
individually,

c) All output signals would be regressed against the
applied load component and the decisions about the
retentio§ or elimination of coefficients mij would be
based on their p-values.

d) The derived calibration matrix must be validated
and therefore known loads should be applied on the
pylon transducer and estimated by the matrix.

e) Investigation regarding the use of a second order
model for the calibration of the short pylon transducer
should be conducted and comparative results between the

‘two models should be acquired.

The method of calibration of the pylon transducer
using the Instron machine is discussed in detail in

the next section.
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4.3 The Calibration using the Instron machine
4.3.1 Introduction

The Instron machine shown in figure 4.1 has a
cross-head which can be subjected to controlable motion
in the vertical direction and on which the pylon
transducer may be mounted. An interface plate had to
be designed for this latter purpose (see appendix II) .
On the other hand, the various loads had to be applied
by means of appropriately designed componentry ,
mechanically connecting the transducer to the load cell
which is responsible for the assessment of the applied
loads. These components had to ensure the absence of
any off-axis loading that the Instron machine cannot be
subjected to.

All six loads (Fx, Fy, Fz, Mx, My, Mz) were to be
individually applied and signals were to be recorded
with a multimeter at the output of the strain gauge
amplifiers. Wiring connections of the system and gain
settings of the amplifiers are given in appendix IX,
and the bridge voltage supplies are given in chapter 3.

4.3.2 Shear Load Calibration (figs 4.2 a and b)

For the calibration tests, concerning the shear
forces Fx and Fz, the machined interface plate (1), was
mounted onto the cross-head of the Instron. A base (2)
was then fitted on top of the plate, providing support
for the transducer to be mounted with its longitudinal
axis horizontally.

The load cell of the Instron was a 0-100 kg
tension / compression load cell* and was fitted with a
threaded cone (3) for point loading.

The transducer was connected by means of a bolt to
a specially machined bracket (4) provided with a small
locator (5) to secure proper contact with the cone (3).
This bracket had to be properly aligned against the

* The type of the cell could not be identified.
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transducer frame, at the required angular position,
depending on whether Fx or Fz loads was to be applied.
The transducer had also to be aligned itself against
the base (2) depending on the same condition.

The bracket (4) was designed so that the locator
(5) was centered exactly above the bending - detecting
gauges, which were at distance "a" from the top flange
of the pylon transducer. If no bending moment was to be

created, the following equation had to be fulfilled
during the design :

(d-c)=(a+b)

The a s sumption was made that the very small
leverarm between the load line and the 1lower gauge
level was producing a negligible bending moment at that
level. The maximum bending moment would only be 1.47 Nm
(for a 15 kg shear load).

The spacers (6) were selected in order that the
system of transducer and bracket could be exactly
below the cone (3), to ensure that both cone (3) and
locator (5) centres coincided with the vertical axis of
the Instron machine.

Having prepared the whole setup and by moving the
cross-head upwards, load could be applied on the pylon
transducer, purely along the shear force direction , as
required.

The bridges were then balanced and the Instron
load was increased up to 15 kg, by increments of 1 Kg,
using a cross-head speed of 0.01 mm/min. When the
maximum load was reached, the load was reduced to zero
using steps of 1 kg. The 1loading - unloading cycle was
then repeated once more. Then the transducer was
rotated by 180° and the same procedure was followed,
applying this time a shear load in the opposite sense.
Readings were taken in every single step for all six
channels, thus recording the main response of the
channel under load, as well as the five cross-effects

resulting on the other channels.
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4.3.3 Axial Load Calibration (figs 4.3 a and b)

For the calibration tests, concerning the axial
load Fy the interface plate (1) was mounted on the
cross-head of the Instron machine. The plate was this
time provided with a conical component (7) fitted in a
circular recess machined on the surface of this plate,
accurately centered with the Instron axis.

Another threaded cone (8) was used for the top
point contact, connected to the 0-5000 kg compression
load cell ( type : FMR / Instron Ltd ) , by means of an
adaptor (9).

The transducer was connected to two identical
adaptors (10,11) by means of short foot bolts. These
adaptors were properly machined at their ends, so that
to be fitted with to locators (5,12), one of which was
already used in the previous tests.

The transducer with its two adaptors and locators
was finally positioned between the contact points of
the two cones, with the 1load cell under =zero 1load
as shown. By moving the cross-head upwards an axial
load was applied to the transducer. This procedure was
carried out twice. The cross-head speed was 0.05 mm/min
and the load was applied within a range of 0-100 kg
with steps of 10 kg. All six output signals were
recorded for each step. For this test load was applied
in the positive sense only.

4,3.4 Bending Moment Calibration (figs 4.4 a and b)
For the calibration tests concerning bending
moments Mx and Mz, two bars were used to implement a
four-point-bending configuration. The top bar (13) was
connected to the 1load cell by means of an adaptor
similar to component (9) of the previous test. This bar
was provided with two sharp protruding edges for point
contact with the transducer system. The bottom bar (14)
was mounted on the cross-head by means of a pair of
specially machined plates ( shown in fig 4.4b only ) ,
which held the set-up in a symmetrical position
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relative to the small centre hole shown , with a pin.
This bar was provided with two cylindrical edges for
point contact with the transducer system.

The transducer was fitted with its two adaptors
(10,11) as before, but with no locators this time and
was aligned against the adaptors’ lateral slots ( these
slots are also mentioned later ). Two cylindrical bars
were machined (15,16) having a recess at one end onto
which the adaptors were fitted . Finally the transducer
system was positioned on the top of the edges of the
bottom bar (14).

By moving the cross head upwards, four-point
bending could be established, resulting, because of
structural symmetry, to the application of a pure
bending moment.

Special care had to be taken during positioning
of the transducer system on the bottom bar, in order to
ensure that either of the frame configurations shown is
achieved. For the above task slots, like the one shown
on adaptor 11 , were used. The slots were machined at
90° intervals around the periphery of the adaptors
(10,11) . These slots were initially meant to provide
with location for a small spirit level which would
guarantee the correct orientation of the transducer
frame. However, this method was not considered reliable
and later alignment was achieved by using a graduated
square resting on the surface of the cross - head . The
lateral slot of either adaptors was aligned with the
correct reading on the square. This reading had to
be equal to the height of the transducer longitudinal
axis from the surface of the cross-head, as resulted
from the dimensions of the components involved. As

shown , this distance was :
107 + ( 36 / 2 ) = 125 mm.

Under four-point full contact, the leverage
creating the bending moment was the horizontal distance
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between upper and lower contact points on each side.

From the dimensions shown, that leverage was calculated
to be :

( 444 - 172 ) / 2 = 136 mn.

To ensure the secure location of the system , an
initial Instron load of 20 kg was applied. The bridges
were balanced under that initial load and the load was
increased up to 70 kg by increments of 10 kg. Then
unloading started down to 20 kg again with the same
steps. The cycle was repeated once more. Readings were
taken for every step for all six channels again.

The load cell in those tests was the 0-5000 kg

compression load cell, and the speed of the cross-head
had a value of 0.5 mm/min.

4,3.5 Torque Calibration (system Mark I)

The set-up presented in this section corresponds
to the first attempt (Mark I) for torque calibration in
the Instron machine ( fig 4.5 ).

A system of pulleys had to be developed. The
transducer was fitted with a bar (17) appropriately
grooved to accept the cable applying the 1load. The
transducer fitted with this bar was mounted onto the
base (2), as for the shear calibration tests, the
difference being, that this time no spacers were used
but only a double - sided emery cloth disc (18) to
ensure immobility at the interface.

The pulley system consisted of two parts :

a) the top part was a set of two pulleys mounted on
a specially machined bar (19) connected, by means
of a bolt and an adaptor , to the load cell . The
cable had to be already passed through the small
hole drilled on the threaded part of the bar and
was resting on these two pulleys at both sides of
the bar.
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b) the bottom part consisted of an horizontal bar
(20) mounted on the bottom plate (1) by means of
two screws, fitted with one pulley on the side
required and a lateral rig (21) mounted on the
horizontal bar (20) and fitted with two other
pulleys at appropriate 1locations to ensure
correct direction of the application of the load.

The cable was attached to the bar of the
transducer (17) by means of rings as shown in fig 4.5.
In the beginning, the cable was loose, applying no load
on the transducer. Moving the cross - head downwards,
the cable could gradually be stretched, resulting to
equal and opposite forces at the two sides of the
transducer bar. The pure torque developed could be
determined by the Instron and the radial distance R1 .

An initial Instron load of 10 kg was applied. Then
the bridges were balanced and the load was increased
up to 30 kg by steps of 2 kg. After having reached the
maximum value, the load was gradually reduced to 10 kg
using the same steps. The cycle was repeated once more.

For this test the 1load cell was the 0-100 kg
tension/compression load cell and the cross-head speed
adopted was 0.05 mm/min. The application of an opposite
sense torque was achieved by changing the position
of the lower part of the pulley system to the other
side of the bar (20) and attaching the cable to the
opposite grooves of the transducer bar (17) located at
a radial distance R2 = 100 mm. Then again two loading
cycles were performed and readings taken.

4,3.6 Torque Calibration (system Mark II)

For the torque calibration of the pylon transducer
in the Instron machine a second set-up was designed and
machined called here Mark II. The reason for this new
set-up to be designed was the fact that the first one
was not considered reliable. As the results and the

discussion, presented in the next sections, will prove,
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system Mark I did not eventually apply pure torque

only. In this section system Mark II is presented ( see
figs 4.6 a and b ).

The pylon transducer is mounted as before on the
cross-head of the Instron machine, using the interface
plate (1), the base (2) and the double-sided emery
cloth disc (18). A transverse bar (22) was fitted at
the free end of the transducer. A top bar (23), similar
to the one used in the bending tests, was mounted onto
the 0-100 kg load cell by means of an adaptor. This bar
was provided on one end with a threaded cylindrical
protrusion (24) as shown. The design was meant to
provide the following condition : when the cylindrical
protrusion was fully screwed into the top bar (23)
and contact was established between top and transverse
bars, the Dbottom sides of the protrusion (24) and
transverse bar (22) were level ( as shown in the detail
of the figure ) .

The set-up was also provided with the bottom
bracket (25) mounted on the plate (1). The top end of
this bracket was machined as a knife shaped edge. This
edge was used to provide a bevel function to an
appropriately machined plate (26).

The idea was to create a lever by means of which
inversion, in the sense of one of the forces , could be
achieved. Thus, when the load was applied by the upward
movement of the cross -~ head, the two egqual 1load
components were counteracting each other in terms of
shear force. The only 1load applied onto the pylon
transducer was a pure torque resulting from the Instron
load and the breadth of the leverarm shown (R = 170mm).

Before any tests were carried out, the bottom
surfaces of components (22) and (24) were checked to
ensure that they are level. When slight discrepancies
were observed fine adjustments of the treaded
protrusion were made. The tests were conducted in the
same way as for system Mark I, but no pre-load was
needed this time. The loading range was 0 - 30 kg with
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increments of 5 kg. The 1loading-unloading cycle was

performed twice. It was also performed twice for the
opposite sense. This configuration was obtained by
mounting the top bar (23) and the bottom bracket (25)
on the other side, also rotating the transverse bar
(22) to match the inverted set-up.

4.4 Results and Discussion

Since all 1loads were purely applied in one
direction only, the o/p signals recorded from the
strain gauge amplifiers during each test , corresponded
to one main effect and five cross-effects
the particular load applied.

, caused by

These signals were recorded in mV, against the
corresponding Instron load in kg and were averaged
using the values obtained during the two loading
cycles, for positive and negative 1loading senses
(except of course from axial load tests, where positive
loading sense was only involved).

For the net ( when pre-load was used ) value of
Instron load L , the corresponding loads applied on the
pylon transducer frame, for each one of the presented
configurations were calculated as follows :

for shear force : Fx, Fz = +#9.81- L (N)
for axial load : Fy = 9.81- L (N)
for bending moment : Mx, Mz = +9.,81-0.136* L / 2 (Nm)
for torque (Mark I) :
positive sense : My = 9.81:0.160 L / 2 (Nm)
negative sense : My = -9.81°0.200+ L / 2 (Nm)
for torque (Mark II): My = #9.81+0.170+ L / 2 (Nm)

The data of the calibration tests are presented in
appendix II, together with the calibration graphs.

The coefficients mij of matrix [ M ] shown in
equation (4.6) can be derived by regression of the data
mij . loadj ) .

The Minitab software in the main frame VAX was
used to fit the straight lines to the data, for all

( fitting a straight line : signali =

main and cross effects .
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Firstly the results of the first six tests are

presented (ie. for Fx, Fz, Fy, Mx, Mz and My using Mark

I ). The results from the regression of these data are
exhibited in table (4.1) and consist of the following :

.

the mean values of the coefficients , the standard

deviations of the coefficients, the p-values of

the coefficients and the r-square values of +the fitted
lines.

As shown in the table the fitted lines explain
more than 99.9 & (r-square) of the variation of the
main effects. The anticipated statistical significance
of the derived coefficients is proved by the zero
p-values ( three decimal places only ).

As far as the cross-effects are concerned, besides
the coefficients which are zero (ie. m21, m63), the
coefficients exhibiting a high p-value ( > 0.05) can
also be considered negligible. Generally the null
hypothesis is that the coefficients are zero and for
this 1latter set of coefficients the hypothesis has
been proved statistically correct . Therefore the
coefficients m41, m45, ml6, m26 and m46 are considered
zero. Obviously, these last coefficients also exhibited
very low t-ratio (not shown) , which was less than the
value provided by tables for a level of 95 % .

Most of the coefficients of the cross-effects
however, are non-zero, and they exhibit p-values which
do not allow the null hypothesis to be established, and
therefore they must be taken into account as derived.
These coefficients, as expected, also exhibited
t-ratios higher than the values provided by tables.
At the same time, as shown, the r-square values are not
high ( or even very poor for some coefficients ).

Although these latter regression lines exhibited
poor linearity it was not considered statistically
correct to assume that the corresponding coefficients
are zero and therefore they were taken into account
with their calculated values.

The observation which led to the design of system
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Mark II and the replacement of system Mark I was the
following : as can be seen in figure 4.7 ( or even in
table II.6 in appendix II ), the output signal of
channel 1 (SFx) exhibited a peculiar set of wvalues,
which were always positive. Similar was the behaviour
exhibited by the output signal of channel 6 (SMz).

By inspection of the set-up Mark I (figure 4.5)
it was realised that due to friction in the path
followed by the cable through the system of pulleys,
the two branches of the cable did not eventually
transmit the same force; the branch which was directly
connected to the transverse bar was transmitting a
greater force. Thus, both in the case of positive and
negative torque application, there was a residual shear
load always positive along the Fx direction, eventually
resulting to a subsequent bending moment Mz also
positive.

The regression of the data for these two output
signals showed that the slopes in the two quadrants
were almost equal and opposite . In table 4.1 only the
positive values are shown . These are coefficients mil5
and mé65.

After these observations instead of improving the
existing set-up, a new one was decided to be built,
which would eliminate the use of cables and pulleys
completely. The resulting set-up was system Mark II.

The calibration data acquired using system Mark II
are shown in table II.7, in appendix II. In table 4.2
the results of the regression of the data are shown.

It can be appreciated from figures 4.8 and 4.9
(or even from table II.7 in appendix II) that the
obtained data did not meet the expected qualities. The
new system Mark II created more problems. By inspection
of the data plotted in figures 4.8 and 4.9 the
following can be seen :

The two forces applied onto the horizontal bar are
not equal and therefore there is always a negative

residual shear force. Fx ( same problem as with system



rcoef. mean st .dev. p—value Y—square

m. (mV. / Nm My) | (mV./ Nm My) ( %)
i5 i i
under load My

miS | - 1.245380 0.081290 0.000 94.751
m25 — 0.188125 0.007083 0.000 896.314
m35 1.718500 0.130600 0.000 86.530
m45 0.789070 0.062350 0.000 85.575
mS5 | —-18.197400 0.162600 0.000 99.785
mé5 - 0.641800 0.020850 0.000 98.645

Table 4.2 Statistical analysis of the calibration data
obtained using system Mark 11
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Mark I ), creating subsequently a residual bending
moment Mz. This is indicated by the fact that the
signals of channels 1 and 6 keep the same sign for both
positive and negative torque values. Furthermore, in
the case of the system Mark 1II , there are also
significant signals from channels 3 and 4 corresponding
to shear force Fz and bending moment Mx ( fig 4.9 ).
It is possible that the output signal of channel 3
(SFz) 1is due to friction effect between the knife
edges and the horizontal bar. This unwanted effect
produces subsequently an unwanted bending moment Mx.
The fact that this latter effect is due to friction can
be proved by the change of algebraic sign of the output
signals during the loading / unloading cycles.

The coefficients shown in table 4.2 are derived
by regressing the data over the whole range, except
coefficients ml5 and m65 which, like in the case of the
system Mark I, correspond to the positive range only.

The use of the Instron machine or any commercial
testing machine for <calibrating the short pylon
transducer was put under question, at least for the
torque and bending moment tests. Despite the important
advantages that such a method could provide there was a
major drawback that affected the quality of the
procedure and results : due to the structural
constraints of the Instron machine, the applied 1loads
could not follow the elastically deformed material
of the contacted components, thus creating friction
effects, which introduced unknown load components.

It must be mentioned that a further effort to
solve these was made : the author thought of
re-designing some of the components introducing ball
bearings in all contact points. However, this idea was
discouraged by bearing manufacturers , mainly because
the testing conditions, for the particular application
are static.

Thus, it was finally decided -that the matrix [M]
should be derived in the future using dead-weight
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¢.coQzz6  0.00000O  ©.000000 -0.27¢8 0.2368 0.1172
¢.014487 -0.259765 (0.00C0GO 0.254%  ~0.1EZ3 ~0.3208
0.000000 0.C0C0C0O  £.950245 0.0722 -1.0020 (.2865
0.000000 ~0.00CCC0  C.00CC0C -12.00<£E8 $.0CCC  £.2000
.000000 0.0000C0 . C0CC00 0.00C0 —-16.64%0 0.0000
0.00CC0C 0.000000C C.00000C0 0.0C00 0.0000 5.8486
Taeble 4.3 Matrix [M] derived using dead-weights methods

{Solomonidis, 1889%9). Units: ({ m\/l. / N or T\I’“J )
1.00¢87 0.00000C 0.00000 -0.031950 0.013200 -0.02016¢6
0.05632 —-3.845963 0.00000 —0.083532 0.026453 —0.211564
¢.00000 0.0C000 1.0%5236 0.006323 —-0.053667 —0.069330
C.00000 0.00000 0.00000 —-0.083200 0.000C00  0.000000
C.0C0C0C 0.0C000 0C.000CC 0.00000C -0.050823  0.0C0000
0.00000 0.CCC00 ©.00000 C.000C00 G.00C000 0.170400

Table 4.4 The matrix {C] = [M] - (Soclomonidis. 1989
Units (N or Nm

g / m\] .)
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methods, at least for the torque and bending moment
tests, as used by former researchers (Solomonidis,
1989) . The tests presented in this chapter and the
acquired data and results provided a rich experience
but could not be used with confidence. The matrix [M]
derived during former work, using dead-weights methods
(Solomonidis, 1989), was thus to be used for the rest
of this project work as more reliable. This matrix [M]

is shown in table 4.3 . The calibration matrix [C] is

shown in table 4.4 .

It can be appreciated that the main diagonal of
matrix [M] shown in table 4.3 compares well with the
diagonal coefficients mij derived using the Instron
machine. However, as expected, there are many
differences between the coefficients of the cross-
effects. What must be noted, here, is the fact that the
coefficients of the main diagonal for both cases can be
now comparable with the theoretical values derived
in chapter 3 (section 3.7). The sensitivities derived
in that chapter for the six channels, when multiplied
by the gain settings , can be compared to the
experimentally derived main effects as shown in
table 4.5 . It is obvious that the coefficients derived
with dead-weights method are much more close to the
theoretically derived ones.

4.6 Conclusions
The work presented in this chapter provided many

conclusions, which are presented in this final section.

1) The choice was made to use an Instron machine
for the calibration of the short pylon transducer,
applying one load components at a time and adopting the
linear approach for the calibration model. Coefficients
mij were derived, with the decision based on the
p-values of the statistical analysis. Despite the fact
that the Instron machine provides the user with the

most controlable way of load application, it was proved
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that it also introduces undesirable and unquantifiable

friction effects which put the accuracy of some of the
tests under question.

2) For the patient tests involved in this project
the calibration matrix [ € ] derived by former
researchers ( Solomonidis , 1989 ) using dead - weights
methods will be used ( table 4.4 ) . This matrix
corresponds to a matrix [ M ], the main diagonal of
which is very closely comparable with the theoretical

sensitivity coefficients derived in chapter 3.

3) The useful experience drawn by this work proved
that the dead-weight method should be used in the
future for calibrating the pylon transducer, but a new
specially designed rig is needed. This rig should make
use of the useful loading principles adopted by former
researchers and described in the force measurement
literature ( see for example Bray et al. 1990 ) and
should allow the application of pure load components
independently, with a predefined and constant geometry.

The following chapter presents the work that the

author carried out in order to develop a method for

validation of calibration matrices.
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CHAPTER 5

VALIDATION OF THE CALIBRATION MATRIX

5.1 Introduction

5.2 Development of the required Device
5.2.1 Initial Considerations
5.2.2 Mathematical Considerations
5.2.3 Description of the Device

5.3 Preparation of the Device and Setup

5.4 Testing Procedure and Program for Analysis of Data
5.5 Tests and Results

5.6 Discussion and Conclusions
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5.1 Introduction

When a calibration matrix is obtained through
calibration tests, it is always necessary to check its
prediction ability, by applying known 1loads on the
transducer. This procedure is known as the validation
of the calibration matrix.

The calibration matrix for the pylon transducer
used in this thesis is presented in chapter 4 , in
table 4.4 and was derived by former researchers, using
dead-weights calibration methods.

For the validation tests a device was required
that would allow various known loading configurations
to be applied on the transducer. It was initially
thought that the device should resemble the shank
of a BK amputee (as shown in fig 5.1 ). This first idea
was however abandoned because such a device would only
allow a certain set of configurations to be applied.
Finally, another more versatile device was conceived.
This device would be fitted with the pylon transducer
and would be attached to the Instron machine.

Application of compressive forces onto the device
would result in a set of six load components on the
transducer. Since the geometry of the structure would
be known, the six components could also be known. The
output signals of the transducer could then be used
with the calibration matrix to predict the applied load
components and thus validate the matrix.

As mentioned in the introduction and conclusions
of chapter 4 , the use of the Instron machine does
have some disadvantages. The reader must bear in mind
that the device presented in this chapter was developed
before the calibration tests on the Instron machine
were accomplished and proved these disadvantages.

5.2 Development of the required Device
5.2.1 Initial Considerations
Since it was decided that the Instron machine

would be used for the validation tests , several
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considerations were to be taken into account for the
development of the device, in order to ensure that
important technical requirements were to be met. These
requirements are the following :

a) As already stated, in chapter 4 concerning the
calibration of the pylon transducer, the Instron
machine cannot sustain off-axis loads.

b) The device should be designed wunder the
geometrical constraints imposed by the Instron machine
itself. ,

c) The device should be provided with an upper
adaptor matching the 1load cell to be used and
incorporating a hinge Jjoint to eliminate unwanted
bending moment on the load cell.

On the other hand, several requirements concerning
the pylon transducer had also to be met :

d) The device should be designed in such a way so as
to be possible to create three forces and three moments
through the application of one single load, namely the
Instron load.

e) The pylon transducer has been given load limits
for all the six channels and therefore the device and
the method followed had to respect them, in order not
to exceed the transducer’s elastic limit or destroy the
strain gauges.

f) For the validation to be as reliable as possible,
the mode by which the loads were to be applied on the
pylon transducer should be similar to the mode of the
loads applied in practice.

And finally, regarding the device itself, one more
requirement had to be met:
g) It had to be of adequate strength but light, easy
to use and at the same time rigid enough for unwanted
deflections to be practically eliminated.
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5.2.2 Mathematical Considerations

The design of the device was initiated with
mathematical considerations , in an attempt to fulfil
requirement (d), which was considered to be a key one
for the tests to be carried out . A step - by - step
description of the mathematical and design
considerations is presented below.

The Instron machine can only provide and assess a
single 1load, namely the force applied along the
direction of its main axis (fig 5.2). Such a force can

be described in terms of the Instron frame shown in
figure 5.2 as follows :

— — ——— —_— —

L = 0 - 11 + L - Jq + O - kI = L - Jg (5.1)

Referring to figure (5.3) it is understood that : on
any other axis i in the 3-D space, having direction
cosines li’ mi, Ny with respect to the Instron frame,
this load T will have a component _?1 with magnitude:

Fi = li° 0 + m,* L + n,- 0 = m, . L (5.2)

on the other hand, considering a point 0, with
respect to which the origin of the Instron is described
by (rx, r

yl

r,) the moment 'ﬁ; of the Instron load L.
will be given by : '

— p—4 —
. io jo ko R .
Mo = det ry ry r, = r, L kO -r, L io
0 L 0
(5.3)

If the axis i mentioned above, is again considered
to pass through O , the moment 'ﬁ; about this axis is
then a component of 'ﬁ; , with magnitude :

M, = n. (r

L) - 1; (r, L) (5.4)

X Z
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To partially fulfil the requirement (g) , the
decision was taken that the device will provide r_ and

X
ry working only on the Instron X;¥; plane ( r,=0).

Thus, for the axis i referred

T’ results in the following loads

, the Instron force

|
=}

a force with magnitude F.

a moment with magnitude M,

Il
o]
o
&

(5.5)

If all the axes of the pylon transducer are meant
to be subjected to a force and a moment simultaneously,

it is obvious by inspecting (5.5) , that every pylon
axis had at least :

(a) to be inclined with respect to Y, ( m,* 0)
(b) to be inclined with respect to Zi ( n,;# 0), (5.6)
with r* 0

To perceive more clearly the way these
inclinations could be achieved, a further mathematical
analysis was required.

For a frame to be inclined with respect to
another, it is required that it is rotated in space,
thus changing its orientation with respect to the
reference.

For the system of transducer and Instron it was
thought that the most easy to assess and analyse way of
implementing these rotations, would be to design
componentry directly mounted onto the transducer, which
would provide the possibility of successive re-
orientations of the frame of the transducer, within the
Instron reference frame.

Oon the other hand, to assess the angular
displacements more easily, it was thought that these
displacements should be rotations about the Instron
axes ( absolute angles ) and not about any current

axes of the transducer’s frame.
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Thus, the rotations available were :
1) by angle éx about XI
2) by angle ﬂy about YI
3) by angle Gz about ZI
As shown in details in appendix V , for rotations
of frames, the rotation matrices in every case are :

.

-
1 0 0
Rgy = 0 cos®,, -sine (5.7)
o .
B s1m§X cos&x_
r;o 3 0 ing ]
s sin
Y Y
Rﬂy = 0 1 0 (5.8)
-sinyg 0 cosy
L Y _
cosd -sing 0
z z
R@z = 51nﬂz cos-&z 0] (5.9)
0] 0 1 J

For any combination of these rotations the final
matrix describing the total effect, with respect to the
reference frame is the product of the matrices Rﬁx '
Rﬁy r Ry, multiplied from the right to the left ; with
the matrix corresponding to the first rotation being
the right most.

It was considered easier to start with the pylon
transducer’s frame parallel to the Instron axes, with
origin 1located at the point with coordinates :
( R, ,Ry,O).

Since the pylon is a cylindrical device provided

with two threaded flanges along its yp axis, it was
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also considered easier to start with a rotation about
this axis, which effectively. would be a rotation about

the axis Yi . The next rotation was chosen to be a

rotation about the axis Xy -

The reason for this choice was the fact that this
rotation when superimposed to the first one ( about Ys)
results in direction cosines m and n for all pylon
and as can be seen from conditions (5.6) , these
two direction cosines are necessary so that all pylon
axes experience a force and a moment. This is the
resulting orientation matrix :

axes ;

cos¢ 0 sing ]
Y Y
R.. R = i i - i
9% Sy 51nﬁX51nﬁy cos-&X cosﬂyslnﬂx (5.10)
L:51m}ycos0x sing, cos®, cos® |
If a rotation about z, was chosen instead, the
resulting matrix would not provide the necessary
direction cosines m and n to all pylon axes :
cosﬁzcosﬂy —51nﬂz 51n0ycosﬂz
Rﬁz° Rﬁy = 51nﬁzcosdy cosz&z 51nﬂys1nﬂz (5.11)
-sing 0 cosg
L y y
Since the necessary direction cosines could be

and XI there

was no need to implement a third rotation. With these

achieved with the rotation about axes YI

two rotations the transducer’s final orientation matrix
is given by (5.10) .

The to
implement the chosen angular displacements ﬂy

next step was design componentry to

and 0x .
5.2.3 Description of the Device

The device was designed within the geometrical
constraints of the Instron machine ( requirement (b) of
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section 5.2.1 ) and all components were meant to be
machined from aluminium alloy to keep the total weight
to a minimum ( requirement (g) of section 5.2.1 ).

During actual tests with the pylon transducer the
loads applied are always loads transmitted onto
the pylon in a distributed mode through the flanges.
Therefore, the device had to be designed as closely as
possible to this principle ( requirement (f) of section
5.2.1 ).

The analytical description of the componentry is
presented in appendix III. A brief description is only
given below . Figure 5.4 shows therefore a front and
lateral view of the whole device fitted with the pylon
transducer. The X-Y-Z frame of the Instron machine is
shown below the device where the load L is applied
along Instron Y-axis. The transducer is shown in a
general orientation at a distance R, from the origin of
the Instron frame of reference. A top hinged adaptor is
also shown, which was used to match and suspend the
device from the load cell ( requirement (c) of section
5.2.1 ).

Since the Instron machine should not be subjected
to off-axis loads ( requirement (a) of section 5.2.1 ),
any tests should be carried out with the centre of
gravity of the whole device exactly below the
suspension point. Therefore, the lower horizontal bar
was provided with a small base accepting counterbalance
weights W, in order to bring the system level into
balance regardless of its tendency ( weight W is
omitted from the lateral view in figure 5.4).

For the Instron load to be applied, the cross-head
was fitted with the base and cone used for the axial
load calibration (see figure 4.10 in chapter 4).

5.3 Preparation of the Device and Setup
First of all the values of quantities R, , ¥ and
By have to be decided. The user has the following

options : for R, a range of 0~-200 mm with increments of
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20 mm , for ﬁy a range of 0-360 degrees with increments

of 30 degrees and for 0x a range of 0-90 degrees with
increments of 18 degrees.

The algebraic sign of the quantities depends on
the actual way the components are assembled.
In any case , the signs of ﬁx and 0y have to follow the
mathematical convention of the right hand rule.

It is important to notice that Rx is a coordinate
of the pylon transducer’s origin within Instron frame,
but r in equations (5.5) is a coordinate of the
Instron origin within the initial transducer’s frame.

Therefore, for equations (5.5) to be used , r, must be
considered as :

r = - R (5.12)

The components needed for the assembly of the
device are shown numbered in figure 5.4.

Initially the pylon transducer has to be fitted
with components (5) and (6) by means of small foot
bolts. The orientation of the transducer against these
two components has to match the value of éy chosen.
Figure 5.5 shows the transducer with components (5) and
(6) in the initial position 1 and a plan view of the
final position 2, where the pylon frame is simply
rotated by ﬁy’ against the reference which corresponds
to the Instron frame. Thus ﬁy is implemented.

Having chosen the wvalue for Rx’ then components
(7) and (8) must be fixed on the horizontal bars, using
eight 1/4ll UNC cap screws and the pairs of tapped
holes corresponding to the chosen value of Rx' Thus,
the distance R, is implemented.

It is very important for the next step, that
exactly at this stage, components (3) and (6) are with
their sides parallel and their 1lateral holes on
opposite sides (not shown) . The system resulting from
this step is shown in figure 5.6 between the components
(7) and (8) already mounted onto the bars.
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This position is the initial position for the next
step and is called position 1. To implement angle T
the system of the pylon is fixed to the components (7)
and (8) by means of four 1/4 UNC cap screws, in an
angular position corresponding to the value of By
decided. The final configuration described as position
2, involves the transducer frame with a 3-D orientation
with respect to the reference, which corresponds to
the Instron frame.

The preparation is completed with the suspension
of the system from the hinged locad cell adaptor and the
balancing of all the device, by means of small 1lead
plates implementing weight W (see fig 5.4).

For the load to be applied , the plate and the
cone must also be fixed on the cross-head of the
Instron machine.

The transducer is then connected to the Strain
Gauge Amplifiers. The bridge voltages and gain settings
are the same as for the calibration. Wiring connections
are described in appendix IX.

For every particular combination of R/ 0y and o,
the loads on the transducer change, no matter if the.
Instron load L remains the same; and therefore , before
every test is carried out, none of applied loads should
higher than the maximum accepted values ( requirement
(e) of section 5.2.1 ).

It can be appreciated that the developed device
provides multi-position loading configurations and not
multi-component loading configurations. The load
components applied onto the pylon transducer are not
independent, but all relate to the Instron load L, with
a relationship dictated by the geometry of the device
(ie. the values of Rx , 9¥x and ¥y ).

Tn the next section the testing procedure and the

development of the related computer program are

presented.
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5.4 Testing Procedure and Program for Analysis of Data
Before any series of tests , the developed program
provides information on the maximum Instron load

allowed for all parameter sets ie. R .

v By

The program specifies the corr:;pOEAing direction
cosines for all the axes of the pylon transducer frame
with respect to the Instron frame and calculates the
Instron load allowed for every channel, taking under
consideration the following load limits: 100 N for Fx
and Fz, 1000 N for Fy , 100 Nm for Mx and Mz and 30 Nm
for My. When a channel is not subjected to a load ( for
example when 4, = 0 then F, = F, = MY =0 ) , the
program, for simplicity, assumes a limit of 1000 N or
Nm accordingly.

Having obtained the maximum values for all
channels, the lowest one must be recorded ; the reason
being that since all <channels are simultaneously
loaded, the channel to dictate the Instron load must be
the one appearing to be the most highly stressed for
the particular configuration. The same routine is to be

followed for as many sets of Rx’ Y ﬁx as required

'
An Instron load equal ory lower to the
corresponding maximum allowed value must be applied on
the device and the readings from the amplifiers and the
Instron load are recorded. At this point, the testing
for this particular geometrical configuration is over
and the preparation of the set-up for another test may
start. Then again the Instron load has to be equal or
lower to the corresponding maximum allowed value .

Having carried out all tests required, then the
program can be re-run., The input data in this case are:
the applied Instron load and the output signals of the
amplifiers for every geometrical configuration.

The program then, using the formulae (5.5)
calculates the load components applied by the Instron
on every direction of the transducer’s frame. Then the
program using the calibration matrix calculates the

predicted load components for every loading
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configuration. Finally, by comparing the applied and
predicted values, the program supplies comparative
results. The program developed is shown in appendix
XIIT.

Having followed the testing procedure as
presented, twenty-four tests were carried out. These

tests and their results are presented in the next
section.

5.5 Tests and Results

The tests were planned to be carried out at a
constant distance Rx = 100 mm . The values of angles
%y and ¥x were chosen to meet all the possible
combinations within the following ranges : - 90° to 90°
for sy and 0° to 90° for ®vx .

Twenty-four different loading configurations were
thus tried. Analytical data from these tests are shown
in appendix III .

The results are presented in this section in a way
so that inferences about the prediction ability of the
calibration matrix [C] can be drawn. In figures 5.7 and
and 5.8 the predicted load values are plotted against
the actual applied load components.

The ideal pattern would be a straight line with
unit slope and zero intercept. As shown in the diagrams
the predicted and the actual values exhibit a pattern
similar to the expected one. A quantitative evaluation
of the patterns shown can be obtained by linear
regression of the data. The results from such

regressions are as follows :

(predicted Fx) = 1.7004
(predicted Fy) = 0.7690
(predicted Fz) = 1.1100
(predicted Mx) =-0.0196
(predicted My) =-0.1799
(predicted Mz) = 0.0991

1.00048 + (applied Fx) in N
1.00915 + (applied Fy) in
1.11669 - (applied Fz) in N

0.95368 + (applied Mx) in Nm
0.98400 - -(applied My) in Nm
0.98597 + (applied Mz) in Nm

+ + + + o+ o+
=
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Indeed the slopes are close to unity and the
intercepts are close to zero. On the other hand, as
indicated by the r-square values ( not shown ) , these
equations satisfy the plotted data by more than 99.5 %,
the only exception being the equation for Fz where the
value for r-square is poorer ( 98.1 %)

However, the interpretation presented above is not
complete , unless some more statistical information is
provided, by calculating the percentage error. However,
this was not considered appropriate for all the data
acquired because many of the applied load components
appear with very small values and thus percentage
errors could be misleading. As can be seen in figure
5.8 for example the torque component appears with very
small values. Therefore this component was excluded
from the statistical analysis. For the rest of the load
components. The calculated errors are shown in table
5.1 .

The final section deals with a discussion of the
presented work and a series of conclusions drawn from
the method and the tests.

5.6 Discussion and Conclusions

The work presented in this chapter was conducted
in order to establish a method by which various users
of the pylon transducer could validate the calibration
matrices they use.

The method proved to be a useful tool for this
purpose and provided comparative results that former
pylon transducer studies lacked. However , the author
recognised a drawback which is reported here.

As explained earlier, the applied Instron 1load
cannot exceed a certain value imposed by the most
highly stressed of the channels. Thus, channels which
can afford higher loads are not tested within their
full range and therefore the acquired data for these
channels are limited in terms of their magnitude.

Nevertheless , as discussed in the introduction , the
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reported method and the device have disadvantages

related to the use of the Instron machine and therefore

the global character of the drawn inferences is

affected. A solution to this problem could be the
following.

In chapter 4 it was suggested that a calibration
rig is needed to be designed and manufactured. Such a
rig could also allow all six load components to
be individually applied, providing the researcher the
ability to validate a calibration matrix within the
full loading ranges. Such loading configurations would
then be multi-component loading configurations and the
pylon transducer would not need to be mounted in
different orientations.

Conclusions can be, finally, drawn as follows :

1) The validation tests for the calibration matrix
under study resulted in the calculation of the
prediction errors, which however cannot be attributed
to the calibration matrix with confidence, for reasons
discussed above. These results were the following : for
the axial compression Fy and the moments Mx and Mz were
relatively low ( 3.5% , 4.4% and 2.4% respectively ),
and for the shear force Fx 5.3% . The error for shear
force Fz was found very large (16.9%), and could relate
to the poor 1linearity of the cross-effects noticed
during calibration ( see figure II.10 in appendix II).
However, shear force Fz is not an important determinant
during amputee locomotion.

2) The device developed allows only for multi-
position loading configurations to be tested. This
introduces the problem of not testing all channels in
their full 1loading range. Besides, the use of the
Instron machine introduces uncertainty about the

obtained results.

3) The calibration rig mentioned in chapter 4 can

be used to solve the above problem. It must provide the
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researcher the ability of independent application of
the six 1load components, so that it allows for

multi-component loading configurations to be tested for
the purpose of matrix validation.

The next chapter presents work carried out in

order to investigate the possibility of using a second-
order calibration model.
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CHAPTER 6

INVESTIGATION FOR A SECOND~ORDER MODEL FOR
THE CALIBRATION OF THE PYLON TRANSDUCER

6.1 Introduction
2 Description of Set-up and Tests
3 Processing of Data
6.4 Results
6.4.1 The Sensitivity Coefficients
6.4.2 The Exploitation Coefficients
6.4.3 Predictions
5 Discussion
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6.1 Introduction

The second - order calibration model has been
presented in detail in section 2.8 of chapter 2 . Since
no relevant studies are available for the application
of such a model on the short pylon transducer , this
chapter deals with a first investigation in this field.

The work presented in this chapter has many
practical similarities with the work presented in
chapter 5.

Second - order calibration models are used in
other scientific disciplines, where the main and cross
effects of various transducers are to be evaluated with
accuracy. Several experimental techniques and
processing methods have been established for this
purpose.

The main concern of the researchers was to build
appropriate calibration rigs in order to be able to
apply all the 1load components required for a full
calibration. Two well known rigs for this purpose were
reported by Dubois, 1974, 1976, 1978, 1982 and Bray,
1978 and Ferrero et al. 1986. These rigs allow the
application of six independent load components in all
possible combinations and therefore provide the
experimenters with data the processing of which can
result in the determination of individual ( ie first
order) or interaction (ie second order) effects.

As discussed in section 2.8 of chapter 2 ,
not all load configurations produce significant output
signals and decisions must be made on which
coefficients to - omit and which to retain. Referring to
equations (2.11) and (2.13) presented in chapter 2 , it
can be appreciated that, because of the number of the
coefficients, the experimental procedure must be well
planned in advance and any decisions must be based on
statistical analysis.

Various researchers have planned their tests in
terms of a factorial experiment meant to point out all

significant first and second order effects. Such a
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method is well described in the work presented by Zompi
and Levi (1978). The multiple regression technique has
also been used for the development of the sensitivity
and exploitation equations (Verrini and Levi, 1968 ).
This method is better known as stepwise regression and
its principle is the selection of retained variables
according to their correlation coefficients with the
dependent variable and their F-value . If the F-value
exceeds a given significance level then the
corresponding variable is included in the model and
when no more variables are to be included the procedure
stops and the equation constitutes the final regression
equation.

According to the literature, second-order effects
can be determined using dead-weight techniques (see
references above). The analysis presented in this
chapter, however, is based on the multiple regression
of data acquired from the pylon transducer using the
loading system described in chapter 5.

6.2 Description of Set-up and Tests

The device developed for the validation of the
calibration matrix of the pylon transducer provides the
possibility of a large number of multi-position loading
configurations. This device (see figure 5.4) has been
designed to produce on the pylon transducer six 1load
components by simply applying an Instron compression
load.

However, the large number of data needed for the
compilation of second-order equations would result in
very 1lengthy experimental work because of the time
needed for the assembly of the components between
tests. Thus, an improvement of the method was needed
which would allow for several different configurations
to be tested; all sharing the same initial assembly.

Figures 6.1 a and b show how this was achieved.
Having assembled the components in a particular

configuration, the device can then be tilted and
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balanced (weight W’) at various inclinations described
by angle ¢z about the top hinge Jjoint. While the
initial set-up of the components remains unchanged, the
choice of different angular positions results in
different multi-position configurations and therefore
in an equal number of sets of data.

Before tilting the device, the orientation of the
pylon transducer frame of reference, with respect to
the Instron frame of reference is given by equation
(5.10) as a function of the parameters ¥y and ¥x. After
having tilted the device by ¥z the final orientation
matrix will include this angular parameter and can be
calculated (see appendix V). This matrix is:

(6.1)

where ¢ and s denote cosine and sine respectively and
¥, y and z denote the three angles ¥x, ¥y and ¥z.

In addition to the orientation matrix the new
coordinates of the origin of the transducer’s frame

with respect to the Instron frame of reference can be

calculated :

x~coordinate = R c, * 337.5 - s, (in mm)
y~-coordinate = R, s, - 337.5 - ¢, ¥ 424.5 (in mm)
z-coordinate = 0 (6.2)

As described in chapter 5, the values of R, oY
and ﬁx can be measured on the components themselves.
For the assessment of the newly introduced ﬂz the same

principle was used : a scale marked on the lower
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horizontal bar could provide the value of parameter B

(fig 6.1) which is directly related to the angle ¢, by
equation :

( B - RX ) in mm
%, = arc tan (6.3)

424.5 mm

The program described in chapter 5 was therefore
modified in order to include the new developments. The
user run the program providing the values of parameters
Rx’ ﬁy, z&x and B and obtained the maximum allowed
Instron 1load for each configuration as already
described in chapter 5. Then the various tests were
carried out and the output signals of the transducer
were recorded. Besides the introduction of angle 02 in
the analysis the set up and method was identical to the

one used in chapter 5.

Using the above method, 92 different loading
configurations were tested. These tests together with
the 24 tests presented in chapter 5 formed a set of 116
tests in total. Then one file was created for all the
sets of applied load components ( 116 sets of 6
components each ) and another file for all the
corresponding sets of output signals ( 116 sets of 6
signals each ). These two files constituted an adequate
base for multiple regression to be performed. The data
acquired from these tests are presented in appendix XI.

6.3 Processing of Data

The processing of the data was performed using the
Minitab statistical package. It was decided that 103
tests would only be used ; allowing the remaining 13
tests to be used as predictors for the equations
compiled.

The objective of the multiple regression was to
calculate the 1linear, quadratic and rectangular

coefficients of the sensitivity and exploitation
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equations (2.11) and (2.13) shown in chapter 2
processing consisted of the following stages :

. The

1) Read-in the 103 sets of loading
data , ie 103 rows x 6 columns

2) Compile all the second-order loading products,
ie another block of 103 rows x 21 columns

3) Read-in the column of the corresponding output
signals of the first of the channels, ie 103
values of signal SFx

4) Perform a multiple regression between SFx and
the 27 columns of loading data

5) Note which columns of loading data have, in the
obtained regression equation, a p-value higher
than 0.05 and consider them insignificant

6) Exclude observations with high standard residual
values ( absolute value of st.resid > 2.5 )

7) Repeat the regression of SFx against the significant
columns of loading data only

8) Repeat stages 5 to 7 until the regression results in
significant predictors only and no high standard
residual values

The above procedure must be repeated another five
times, in order to derive all the sensitivity
coefficients for all six channels. Finally it must be
repeated another six times with the role of loading
data and output signals inversed, in order to derive
the exploitation coefficients for the six 1load

components.

6.4 Results

The multiple regression resulted in two sets of
results presented in this section : a) the sensitivity
coefficients which explain how each load component or
combination of two load components influence the output
signals of the six channels and b) the exploitation

coefficients which explain how each output signal or

119



combination of two signals indicate the applied load
along each one of the six directions.

In this section comparisons are also made with the
corresponding coefficients derived by using the linear
calibration model. The comparisons refer to the
elements of matrices [M] and [C] presented in chapter 4
as derived by former researchers using dead-weight
techniques (Solomonidis,1989). For these two matrices
see tables 4.3 and 4.4 respectively.

As already mentioned, a set of 13 tests was used
for predictions. The results from these prediction are
also presented in this section.

6.4.1 The Sensitivity Coefficients

The derived sensitivity equations were as follows:

SFX = 0.985 Fx ~ 0.267 Mx + 0.345 My - 0.000159 Fx Fy
+0.000032 Fy Fy = 0.00181 Fz My + 0.00524 Mx Mz
+0.0132 MyMy (6.4)

SFY = 0.014 Fx ~ 0.257 Fy + 0.327 Mx - 0.273 My
-0.294 Mz - 0.000624 Fx My + 0.00464 My My
+0.00123 MzMz (6.5)

SFZ = 0.956 Fz + 0.402 Mz

+0.000180 Fx Fx - 0.00232 Fx My

-0.000132 Fy Fz + 0.000974 Fy Mx

+0.0031 Fz My - 0.0125 My My

+0.00616 MzMz (6.6)

SMX = -0.0151 Fy + 0.0551 Fz - 11.2 Mx - 0.155 My
-0.000165 FxFz - 0.00596 FxMx - 0.00116 FyMx
-0.00389 FyMy - 0.000794 FyMz - 0.00114 FzMx
+0.00674 MxMx + 0.0149 MyMy - 0.0237 MyMz (6.7)

SMY = 0.0248 Fy - 19.6 My - 0.000120 Fy Fy
+0.00563 Fz My (6.8)
SMZ = 0.0177 FX + 0.0113 Fy - 0.165 Mx + 0.0479 My

+5.79 Mz - 0.000097 Fx Fx - 0.000088 Fx Fy +
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In the the is for the and for the
equation coefficient 2nd order 1s’_t order
model (linear)
for of model
SFx % 0. 88462 0. 99023
‘Mx ~0.2€6660 ~0.37980
My 0.34497 0.25680
Mz * - 0.11719
SFy Fx 0.01412 0.01449
Fy -0.285707 -0. 25977
Mx 0.32744 0.25490
My -0.27306 -0.18230
Mz —-0.29449 —-0.32080
Stz Fz 0. 95597 0.85024
Mx o 0.07220
My * -1.00200
Mz 0.40173 0.38662
SMx Fy -0.01513 *
Fz 0.05513 *
M -11.24080 -12.00480
My —-0.15477 x
SMy Fy 0.02478 X
My -19.64270 -19. 64900
SMz Fx 0.01771 *
Fy 0.01130 *
Mx ~0.16548 *
My 0.04785 *
Mz 5. 78002 5. 86855

* IS 5 Tk
the values .for these coefficients are zero

Table 6.1 The comparison of the sensitivity coefficients
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+0.000016 Fy Fy - 0.000122 Fy Fz + 0.00137 Fy Mx
+0.00131 Fy Mz + 0.00633 Mx Mz + 0.00513 My My
+0.00453 My Mz + 0.00592 Mz Mz

(6.9)
The above coefficients have units :

mv /N , mV/Nm , mV/ N-Nm or mV / Nm-Nm

accordingly and refer to the output signals of the
strain gauge amplifiers. Statistical details about the
obtained coefficients are exhibited in appendix XI.

Table 6.1 shows a comparative juxtaposition of the
above coefficients with the ones derived using the
linear model ( see matrix [M] in table 4.3 ). It can be
appreciated that first order coefficients could only be
compared.

6.4.2 The Exploitation Coefficients

The derived exploitation equations were as follows:

FX = 1.02 SFx - 0.0262 SMx + 0.0170 SMy

-0.000461 SFy SFy - 0.000111 SMx SMy

+0.000088 SMx SMz (6.10)
FY = 0.0577 SFx - 3.89 SFy - 0.119 SMx + 0.0438 SMy

-0.204 SMz + 0.000058 SMx SMx (6.11)
FzZ =  1.05 SFz - 0.0672 SMz

-0.000179 SFx SFx - 0.000128 SFx SMy
-0.000272 SFy SMx + 0.000160 SFz SMy
+0.000031 SMy SMy - 0.000186 SMz SMz (6.12)

MX = 0.00569 SFy + 0.00458 SFz -~ 0.0885 SMx

+0.000523 SMy +  0.000023 SFy SFy

-0.000032 SFy SMx + 0.000056 SFy SMz

+0.000011 SFz SMx + 0.000004 SMy SMy

+0.000011 SMy SMz (6.13)
and
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In the the is for the and for the
equation coefficient 2nd order 1st order
model (linear)
for of model
Fx SFx 1.02040 1.00887
SMx -0.02619 -0.03195
SMy 0.01700 0.01320
SMz * -0.02017
Fy SFx 0.05768 0.05632
SFy -3.840463 -3. 84963
SMx ~0.11916 -0.08353
SMy 0.04382 0.03645
SMz —-0.20424 -0.21156
Fz SF=z 1.05012 1.05236
" SMx * 0.00633
SMy * -0.05367
SMz -0.06716 —0.06933
Mx SFy 0.00569 *
SFz 0.00458 *
SMx -0. 08849 -0. 08330
SMy 0.00052 *
My SFy ~0.00475 *
SMy -0. 05078 -0. 05089
Mz SFx ~0.00125 *
SFy 0.00957 *
SMy 0.00046 *
SMz 0.16756 0.17040

* the values for these coefficients are zero

Table 6.2 The comparison of the exploitation coefficients
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MY = -0.00475 SFy - 0.0508 SMy + 0.000007 SFx SFx
+0.000051 SFx SMx - 0.000055 SFy SFy
-0.000074 SFy SMy + 0.000023 SFy SMz
~-0.000014 SFz SMy - 0.000082 SFz SMz

-0.000007 SMx SMy -~ 0.000009 SMx SMz (6.14)
MZ = -0.00125 SFx + 0.00957 SFy + 0.000458 SMy

+0.168 SMz + 0.000015 SFx SFx

-0.000065 SFy SFz - 0.000017 SFy SMx

+0.000015 SMx SMz - 0.000022 SMz SMz (6.15)

The above coefficients have units :

N/mv , Nm/mvVv , N/ mvemV or Nm / mVe mV

accordingly. Statistical details about the exploitation
coefficients are also exhibited in appendix XI.

Table 6.2 shows a comparative juxtaposition of the
exploitation coefficients with the coefficients derived
using the linear model ( see matrix (C] in table 4.4 ).
Here again first order only coefficients could be
compared.

6.4.3 Predictions

The derived exploitation equations were used to
predict the 1loads applied onto the pylon transducer
during the thirteen tests carried out for this
purpose. Predictions of the above loads were also made
using the calibration matrix [C] derived by the linear
model.

The loading configurations involved in these tests
were chosen to resemble the push - off configuration of
an amputee (see figure 5.1). Thus, these configurations
only involved components Fx , Fy and Mz which are the
major components in human locomotion . Components Fz ,
Mx and My were not applied.

The absolute values of the predictions are shown
in tables 6.3 and 6.4. Table 6.3 shows the predicted
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Vear

Fx (N) Fy (N) Mz (Nm) l
applied 2nd’ 1st applied 2nd 1st applied 2nd lst |
order order order order order order
pred. pred. pred. pred. pred. pred.
0. 00 0.68 -0.16 196.20; 191.18| 187.80 19.62} 18.25 19.37
~-4. 62 -5.00 -5.86 97.99 98.53 96.71 11.36§ 10.68 11.23
-9.23 -9.86 ~10.85 195.98| 194.57} .190.98 22.711 21.24 22.53
-18.41 [-17.58 -18.83 195.33| 192.94) 189.22 25.75| 24.27 25.71
-27.46 [-27.85 -29.29 194.27] 190.40( 186.57 28.69| 26.98 28.58
-36.34 [-41.56 -43.19 192.81| 184.05| 180.20 31.54| 29.38 31.10
~-54,40 |-59.40 -60.72 289.21| 275.35) 269.57 47.32| 43.58 46 .69
~44.99 |-43.63 -45.53 190.97| 183.59] 179.55 34.28| 32.18 34.08
-67.48 |-66.07 -67.80 286. 46| 271.79| 265.82 Bl.42| 47 .51 50.95%

0. 00 -0.94 -1.15 294.30| 292.84| 287.89 26.43| 27.62 29.53
-13.85 |-14.27 -14.76 293.97| 292.40} 287.26 34.07! 31.80 33.98
-27.61 |-28.31 -29.17 293. 00| 293.34( 287.96 38.62! 36.67 39.19
=-41.19 {-42.06 -43.13 291.40| 291.01t 285.45 43.04| 39.99 42.77 J

SN

Table 6.3 The predictions of the two models for the applied Fx,

Fy and M=z



values of the Fx, Fy and Mz for both models as well as
the corresponding values which were actually applied
(shown in bold characters). Table 6.4 similarly shows
the predicted values for the two models and the
actually applied load values ( all zero and shown in
bold characters ).

All above results are considered in the following
discussion.

6.5 Discussion

The discussion in this section will first deal
with the second-order coefficients, then with the first
order coefficients and finally with the predictions and
the comparisons.

A first obsexrvation of the coefficients derived
with the second-order model for the sensitivity and
exploitation equations ( equations 6.4 to 6.15 ) shows
that the multiple regression introduces a certain
number of second-order coefficients.

The output signals of channels 1 and 3 measuring
shear forces (ie signals SFx and SFz) are shown to be
sensitive to combinations of shear stress - producing
load components (like FxFx, FxMy, FzMy, MyMy) but also
in combinations of bending moments ( like MxMz, MzMz ).

The output signal of channel 2 measuring the axial
compressive load ( ie signal SFy ) is shown to be
sensitive to 1loading combinations involving torque
(like MyFx and MyMy). This signal is also shown to be
sensitive to the presence of bending moment Mz (both on
its own and as MzMz). For this latter remark one can
refer to the conclusions drawn in chapter 3 regarding
the sensitivity of this particular channel in moment Mz
by design.

The output signals of channels 4 and 6 measuring
bending moment (ie signals SMx and SMz) are shown to be
sensitive to a considerable amount of combinations
involving axial compression load Fy ( like FyFx, FyFz,
FyMx, FyMy, FyMz as well as FyFy). These two channels
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v pal

Fz (N) Mx (Nm) My (Nm)
applied 2nd lst applied 2nd 1st applied 2nd lst

order order order order order order

pred. pred. pred. pred. pred. pred.
0. 00 -4.32 -1.72 0. 00 -0.30 0.28 0. 00 0.24 0.37
0. 00 -2.43 -1.51 0. 00 -0.04 0.19 0. 00 0.24 0.22
0. 00 -6.34 -2.82 0. 00 -0.35 0.30 0. 00 0.27 0.45
0. 00 -6.94 -2.37 0. 00 -0.45 0.27 0. 00 0.27 0.51
0. 00 -9.37 -3.63 0. 00 -0.52 0.27 0. 00 0.35 0.62
0. 00 -14.03 -6.98 0. 00 -0.63 0.22 0. 00 0.53 0.80
0. 00 -23.86 -8.45 0. 00 ~-1.32 0.35 0. 00 0.29 1.14
0. 00 -11.05 -2.79 0. 00 -0.63 0.27 0. 00 0.36 0.74
0.00 -21.54 -3.38 0. 00 -1.47 0.31 0. 00 0.03 1.10
0. 00 -7.15 -1.27 0. 00 -1.19 ~0.07 0. 00 0.06 0.60
0. 00 -9.38 -1.59 0. 00 -1.42 -0.14 0. 00 0.05 0.72
0.00 ~-11.22 ~0.98 0. 00 -1.75 -0.30 0. 00 -0.13 C.70
0. 00 -13.97 ~1.62 0. 00 -1.82 -0.25 0. 00 -0.15 0.77

Table 6.4 The predictions of the two models for the applied Fz, Mx and My




were also shown to be sensitive to combinations of
bending moments and of these moments with torgue ( like
MxMz , MxMx, MzMz, MzMy ).

Finally the output signal of channel 5 measuring
torque (ie signal SMy) was shown to be sensitive to
only two loading combinations_ : one involving axial
compression ( FyFy ) and one/invglving shear stress-
producing loads ( FzMy ). J

Similar remarks can be made for ‘the second-order
effects corresponding to the exploitatfion coefficients
used to convert output signals into predicted applied
load components.

For the first-order coefficients the situation is
clearly shown in tables 6.1 and 6.2 . The second-order
model and the first-order (linear) model exhibit many
similarities. Besides few exceptions , where the two
models do not both have coefficients ( asterisks in
tables ), the rest of the values shown allow for two
very important and positive remarks : a) there are not
any differences at all regarding the algebraic signs of
the values provided by the two models and b) all
values of main and cross effects compare very closely.
As far as the linear coefficients are concerned the two
models can therefore be considered highly comparable.

The prediction ability of the second-order model
and of the linear model for all six components has been
presented in tables 6.3 and 6.4. These two tables show
that despite the presence of second-order terms, the
prediction ability of the second-order model does not
in general improve in comparison to the prediction
ability of the linear model. In fact, it can be noted
that in many cases the two models provided predictions
of a rather ambiguous nature : whereas in some cases
the second-order model predicted applied loads better,
in other cases the linear model did so and in the case
of the non-applied Fz component the 1linear model
offered much better predictions.

The principle of second-order calibration models
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by the use of strain-gauge transducers and was not in

the intention of this chapter to prove its validity.

The presented work only aimed in an introductory

investigation of the subject as towards its use for
prosthetic loading measurements. The discrepancies and
ambiguities observed during this study should be
considered as motivation for further<work, and by no
means as a negative proof. Second-order effects may be
looked into in the future, but as shown from the
presented work their contribution may not be considered
practically significant enough to justify the exchange
of the simple 1linear model with the more complex
second-order one. As other researchers have found out
" it is hardly likely that the contribution of second-
order effects 1is sizeable, from a technical point of
view " (Bray et al ,1990) . However, despite the above
comment, it is the author’s opinion that the second-
order effects should be investigated using a future
calibration rig, simply to verify the above comment for
the particular application.

6.6 Conclusions
The presented work and discussion can Dbe

summarised in the form of the following conclusions :

1) A second-order model was derived in this chapter by
multiple regression on data acquired from 103 multi-
position tests. The linear coefficients of this model
proved to be very closely comparable to the ones
provided by the already known linear model, derived
with dead-weight method by former researchers
(Solomonidis, 1989).

2) The second-order coefficients introduced in the
sensitivity and exploitation equations (eq 6.4 to 6.15)
implied that the transducer may be also sensitive to

combinations of load components, in the sense explained
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in section 2.8 of chapter 2 ( sensitivity to elastic

deformations ). However, predictions performed by the

second-order model and the 1linear model compared

closely and therefore the contribution of the second-

order effects cannot be considered practically
significant.

3) If confidence in the determination of second-order
effects is required in the future , then dead-weight
techniques should be adopted following the principles
discussed in chapter 2 and using the rig suggested in

chapters 4 and 5.

The next chapter deals with the mathematical
modelling of lower limb prostheses and their
adjustability.
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7.1 Introduction

The use of the pylon transducer as a prosthetic
loading measuring device can expand in the field of

prosthetic alignment studies. The transducer could in

fact provide data, enabling the researchers to

establish criteria for the achievement of suitable
alignment configurations.

The alignment of an artificial leg has been found
to be very important in the mechanical behaviour of the
prosthesis and thus for the walking performance and
comfort of the amputee. The term alignment
signifies the relative geometrical position of the
various components of the prosthesis. In quantitative
terms, the alignment of a prosthesis has been expressed
as a set of parameters - shifts, tilts and rotations -
concerning the socket (for a BK prosthesis), the knee
and socket (for an AK prosthesis) and the knee, hip and
socket (for a Hip Disarticulation prosthesis) relative
to the foot.

The assessment of the alignment, in other words,
the quantitative evaluation of the alignment
parameters, is currently carried out by measurements of
the prosthesis. These measurements are performed on
the alignment rig described in section 2.6 , after the
dynamic alignment session has been completed and
without the necessity of prosthetist or patient being
present.

The lack of a mathematical model, which could be
easily brought into a program form, makes impossible
both the immediate measurement of the alignment and the
establishment of the inverse procedure, which in many
cases is highly desirable. For example :

a) it is not possible to instantly measure the imposed
alignment configuration , at the same time as the
adjustments are made on the joints and

b) it is not possible to predict which adjustments
should be made in order to obtain a predefined

alignment configuration, for purposes of research or
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clinical applications.

The development of a method for the immediate
measurement of the alignment is presented in chapter 8.

A preliminary investigation in the area of the inverse

problem is presented in appendix X

The present chapter presents the work carried out
in order to establish the prerequisite modelling
mentioned above; and concerns an Otto Bock prosthesis.
This modelling is based upon the study of the

functional behaviour of the alignment adaptors of such
a prosthesis.

7.2 Technical and Prosthetic Considerations

The alignment adjustments on an Otto Bock modular
prosthesis are made by means of adaptors built in at
all joints of the prosthesis. All possible adjustments
are by means of simple rotations only and every
particular combination leads to the establishment of a
set of shifts, tilts and axial rotations, defining the
alignment of the artificial leg.

The adjustments made are angular displacements in
the sagittal plane (AP), the frontal plane (ML) and the
transverse plane. The adaptors which had to be studied
in this work were those providing the possibility of AP
and ML adjustments.

The principle used for these adjustments to be
achieved is the same for both planes. Figure 7.1
shows an ankle adaptor for an Otto Bock modular
prosthesis. As shown, the accurately machined cup-
shaped surface of the upper part (1) is allowed to
slide onto the spherical surface (dome) of the lower
part (2) of the adaptor. The upper part can be locked
in any particular orientation (AP, ML, or both) by
means of two pairs of set screws, which are tightened

against the pyramid - shaped protrusion of the lower
part. When a particular alignment adjustment is to be
carried out, in order to change the geometrical
relationship between adjacent components in one
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plane, say the AP plane, the prosthetist must loosen

one of the set screws on the other plane (ML) and then
adjust the screw of the plane in which the geometry is
to be altered. After the adjustment is over, both
screws belonging to the plane of interest are tightened
up, as well as the one initially loosened on the other
plane; the latter screw is always tightened last. As
can be appreciated from figure 7.1, when a pair of set
screws 1is adjusted, the proximal component tends to
lean over towards the side of the screw, which is the
farthest in against the pyramid, consequently
increasing its angular distance from the other side.
The problem which arose in this study was that,
whereas the transverse rotational adjustments, if any,

can be measured directly by means of an
appropriately implemented protractor, the AP and ML
adjustments, just described, cannot be measured,

because of the indirect way in which they are imposed.
However, since the AP and ML angular changes are
achieved by means of the set screws fitted on the
adaptor, a relationship established between screws and
angular position would allow the knowledge of the
angular adjustment imposed by means of these screws ;
and of course, it could be possible to wuse these
angular adjustments for the calculation of the
corresponding alignment parameters of the prosthesis,

after this change.

7.3 Initial Steps at the Study of the Adaptors.

The need for the establishment of a relationship
between the adaptor screws and the angular adjustments
imposed has already been explained. An analytical
approach was initially tried in order to determine a
formula for the solution of the problem. This study is
presented in the next section.

This approach involved measurements of the
geometry of an Otto Bock ankle adaptor. Both parts, i.e

the pyramid component and the tubular rim, were
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measured. A new set of screws was then machined. These
four screws were, obviously, the same kind as
those provided by Otto Bock (metric M8). The only
difference was that the new ones were much longer
(length 30 mm) and machined at both their ends to

produce a uniform length with the two end surfaces

smooth and perpendicular to the screw axis, thus

providing good contact and reliable reference for
measurements.

Since the geometry of both parts of the adaptor
and the length of the screws was known, the next thing
to be sought was a geometrical relationship between
the angular position of the proximal component and the
protruding length of the screw responsible for the tilt
imposed. This screw was considered to be the screw over
which the proximal component leans.

For a better perception of the way in which such
a relationship could be established, it was necessary
that the two parts of the adaptor were accurately drawn
on two different transparencies hinged by means of a
drawing pin on a board. The pin was located at a point
corresponding to the <geometrical centre of the
spherical surface of the pyramid component (the drawing
was as already shown in figure 7.1). By moving the
transparency depicting the proximal component around
the centre (see arrows), while holding the other one
stable, the changes of the relative position of the two

parts were made much clearer.

7.4 First Attempt to Model an Adaptor Analytically
7.4.1 Analysis

The measurements of the adaptor’s geometry
resulted in data, concerning the position of all the
important points of the adaptor. Of particular interest
was the position of the centre of the spherical surface
(point C ).

In figure 7.2, a simplified version of the adaptor
is shown, with the proximal tubular part in a non-
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tilted (ie neutral) and a tilted orientation. The axis

of the responsible screw is shown with broken line. The
points of interest are : '

- the centre of the spherical surface C
- the imaginary points

14
Pl and P2 corresponding to the
intersection of the two axes of the screws with the

internal surface of the rim ,

- the point A where the two axes of the screws
intersect each other .

The two triangles ACP1 and ACP2 fulfilled the
following :

ACP. = AC °

L = ACP, = 28

CP, = CP, =CA = 30mm (7.1)
P,P,= 28 mm

at any orientation of the top component, since they
both belong to this component. Therefore the
coordinates of point P, with respect to the frame
shown can be expressed as :

X = =30 sin( 28%+ w ) mm and

Pl
Y 30 cos( 28% ) mm (7.2)

P1

Any angle ¢ relates to w as follows :

¢ = 14° + w (7.3)

Also the two screws did not contact the pyramid
with the same point throughout the range of movement.
The responsible screw, for a particular tilt o,
contacted it with its lower edge, whereas the other
screw with its upper edge (see fig 7.1). The ends of
both screws were flat against the pyramid only at the
w = 0° neutral position.

Therefore, the coordinates of three more points
(for the responsible screw) were measured, with respect
to the same frame of reference . These points were the

lower, upper and middle contact points of the screw
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edge with the pyramid side. This is clearly depicted in
figure 7.3a, for the screw which is responsible for the
tilt w . The coordinates were measured to be :

X; 4= =6.9 mm and Y;,= 25.7 mm (7.4a)
XU1= ~8.1 mm and YU1= 30.5 mm (7.4Db)
XM1= -7.5 mm and YM1= 28.1 mm (7.4c)

and the a s s umption was made that they were
independent of the angle w. In fact this was proved
( graphically ) to be true : these points were moving

along the side of the pyramid for various angles w
within a range of * 0.25 mm

Having determined all the above quahtities, the
following consideration was made :

Any angle w could be related to the length lX (see
figure 7.3b ) and the 1latter could be derived by
measuring the protrusion length 1p , knowing of course
the total length 1t
as the length lw in the wall of the rim (constant). The
relationship sought could be established simply by

of the screw under study, as well

considering the coordinates of points P, and L, in a
‘suitable frame. This frame, as shown, was considered to
be a frame rotated from the initial one by ¢ = 14° + w;
offering therefore an X-axis parallel to the axis of
the thread.

Equations (7.2) and (7.4a) could thus be used to
derive the coordinates of points P, and L,y in the new

frame , as follows :

Xp, = —30 sin(14°) = - 7.26 mm

Y%l = 30 cos(14°) = 29.11 mm and
x£1 - - (6.9 cos ¢) + (25.7 sin ¢) mm
Y£1 = (6.9 sin ¢) + (25.7 cos ¢) mm (7.5)
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Thus :

lx = 1t - lp - 1w and

1, = - (6.9 cos ¢) + (25.7 sin ¢) + 7.26 (7.6)

Equation (7.6) had to be solved for w and the
following substitutions were used :

( with : ¢ = 14° + o )
tan (¢/2) = t
cos ¢ = (1 - t%) ;/ (1 + t?) (7.7)
sin ¢ = 2 t / (1 + t?)

With the above substitutions , equation (7.6) becomes a

second degree equation which can then be solved for t.
The angle w was then derived as follows

- b ~ J b2 - 4s+a-cC

w =2 - tant - 14°
2-a (7.8)
where : a = lX - 7.26 - 6.9 = lx - 14.16
b=-2.25.7=-51.40 (7.9)
c = lX - 7.26 + 6.9 = lx - 0.36

Equation 7.8 was the relationship desired in order
to calculate the tilts imposed, knowing the length 1X
of the screw.

The length lX was derived indirectly by using a
graduated specially prepared ruler to measure the
protrusion length lp (fig 7.3b). Knowing also that 1w
is equal to 6.25 mm and that the screw total length 1t’
after machining, is equal to 28.75 mm, the following
equation was derived :

lx = lt— lw - 1p = 28.75 - 6.25 = lp

= - 7.10
1, 22.50 1p ( )
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Equations (7.8) to (7.10) were then applied to the
adaptor several times, for various adjustments 1
The values of X

w obtained by equation 7.8 were
meant to be compared to the actual tilts imposed by the
adjustments made on the adaptor.

For the measurement of the actual tilts the
following method was developed.

7.4.2 The Experimental Set-up and Method

The adaptor under study was mounted on the
alignment rig as shown in figure 7.4, by means of a
foot bolt. The AP plane of the adaptor was vertical to
the surface of the rig , with the posterior side facing
upwards.

Because of the spherical shape of the distal part
of the adaptor, any angular adjustment was considered
as a rotation taking place about the centre C of the
spherical surface. The proximal end of the tube was
provided with a specially machined pointer having its
top point P lying on the axis of the tube. By means of
the adaptor screws it was possible to change the
angular position of point P with respect to point C
within the rig frame shown. By using the measuring
equipment associated with the alignment rig, it was
also possible to record this position in terms of
vertical and horizontal distances from point C.

The position of point C was the first to be
identified . This was done by simply applying
geometrical formulae to the spherical part of the ankle
adaptor, taking into account the dimensions of the

adaptor ( see fig 7.5 ) :

2 2
(1,2 -1,y /4 -n
d2 =
2 h
= 7.11
d, = 4, + h ( )
2 2
R =4 (1,/2)° + 4,
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Fig 7.5 Gecmetry of the distal part
of an ankle adaptor.
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I

where : 11 23.50 mm , l2 = 39.50 mm

and thus, d2 14.20 mm , d1 21.30 mm

, h = 7.10 mm
, R=24.30 mm
(7.12)

i
I
I

It was _ therefore possible to establish the
position of point C within the rig frame. It was then
possible to relate any vertical and horizontal
coordinates of point P to point C and calculate the

angular position w of point P in the frame located at
point C :

-1  het Vertical displacement v
w = tan * ( - ) = -2 (7.13)
net Horizontal displacement H
where : Vn= v - Vc and Hn= H - Hc

Whereas Ve is the height of the foot bolt axis from the
rig surface, Hc has to be calculated (see fig 7.4) as :

H,= 4, - t, (7.14)

A series of measurements was carried out recording
V and H as well as the corresponding protrusion length
lp , mentioned above .

Having carried out these measurements the
experimental values of the angle w could be compared to

the values derived by equation (7.8) .

7.4.3 Results

The values of w resulting from equation (7.8)
(ie. the theoretical values) were plotted against the
corresponding screw length lx . The resulting graph
(fig 7.6) showed a very good linear relationship
between w and lX .

The linear regression of the data performed by the
Minitab software available in the main frame VAX
resulted to the following equation :
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W = -14.6159 + 2.15598 1, (7.15)
with r-square = 99.9 &

Thus, the analytical model expressed by equation
(7.8) could then be replaced by the regression model
(7.15) .

The comparison of the theoretical values of w to
the experimental values of w did not give a positive
result. The theoretical values derived by either of the
equations (7.8) or (7.15) were always found to be less
than the experimental ones . The differences were of
the order of 1° .

These results were considered not satisfactory at
all and this approach was abandoned. The reason for the
observed discrepancies was thought to be the fact that
this mathematical model, derived theoretically, could
not describe properly the actual behaviour of the
adaptor. In practical terms, the behaviour of the
adaptor might depend on unpredictable factors
introduced by the change of the contact point at the
side of the pyramid for different angles w . The
assumption which was made, that this point was always
the same, might have been wrong. On the other hand the
high degree of measurement accuracy that this method
initially relied on in association with the fact that
all the components are metal castings was considered to
be another reason for the discrepancies and for the
failure of this approach.

However, the results obtained by this method
showed that the relationship between any imposed tilt w
and the corresponding value of a parameter related to
the screw length was distinctly linear. This important
conclusion was the base for further work.

The linear ©relationship sought had to be
established by more practical means and derived
directly from the adaptor’s behaviour by directly
calibrating the adaptor screws against the tilts. This

work is described in the next section.
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1 w w w
(mm) |(deqrees) |(degrees) |(degrees)
16. 00 O, O0OO00 0. 00000 [|-=0.00001
15.795 0.39217 0.41321 0.30638
15.50 O.85157 O. 30062 0. 868358
15,25 1.404849 1.32050 1.25852
15,00 1.334€8 1.75510 1.702943
14.75 =.33450 2.18036 2. 13581
14.50 2.33010 2.83434 2.61278
14,25 2.33338 3.29234 3.01168
13.00 3.8=2530 3.7873=2 3.66136
13.75 G.344314 3. 20663 4.16875
3.50 4,34177 4,73338 4.66456
13.25 5.34383 5.31033 5. 20638
13, 00 S5.72752 5.75573 53.61654
12.75 £.37083 6.03088 £.07171
12,50 &£.851z8 &6.71437 E.5I235
12.29 7.20783 7.06327 7.035373
12.00 7.955007 7.40167 w.wmmmotk
o
Table 7.1 Data obtained by the
calibration for the AF plane
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7.5 First Attempt to Calibrate an Adaptor
7.5.1 The Experimental Set-up and Method

The same adaptor was considered. The four screws
of the adaptor were again replaced by the set of newly
machined ones and the relationship sought was this time
the one between protrusion length ( called 1 ) and
angular tilt w .

The protrusion length, shown in figure 7.3b , was
to be measured as before. The posterior screw was
considered as being the responsible one for AP changes
and the lateral one for ML changes.

The adaptor wunder study was mounted on the
alignment rig , as shown in figure 7.4 . The method for
measuring the imposed tilt w was the same as described
above.

Measurements started from a fully horizontal
position ( V = VC) . Then the angular position of the
tube was increased by small steps. Various adjustments
were made and the corresponding angular displacements w
were derived.Adjustments were stopped just before the
functional limit of the adaptor ( in order to avoid

end-effects ). This procedure was repeated twice.

7.5.2 Results

Having carried out these measurements for the
first time, the data were processed and using Minitab
software a regression line was fitted in order to
derive the expected linear equation.

Indeed, the graph relating 1 and w was , as
expected an almost straight 1line . The fitted line
satisfied the data by 99.8% .

Table 7.1 shows the results obtained for this
first calibration on the AP plane and in figure 7.7 the
corresponding calibration graph.

The equation obtained for the adaptor’s behaviour
was :

w = 30.5912 - 1.91655 1 (7.16)

where : 1 is in (mm) and w in degrees .
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1 w w w
Cmm? (degrees) | (dearees) (degrees)
16.25 0. OOO00 QL. 0000 Q. QOO0
16. 00 0.395756 0.306497 0.33305
15.73 0.73654 0.78%516 0.756'33
15.50 1.21467 1.13866 1.16847
15.25 1.72331 1.53106 1.613593
15.00 2. 234163 Z.15391%2 =. 19900
14.75 2. 68002 2.68416 2.633963
14.50 3.144948 3.09114 3.013914
14. 25 3.81266 3.73178 3.6Z400
14.00 4.15383 4.13487 4.03422
13.795 4.71513 4.620L6 4.55295
13.50 S5.23296 5.13467 S.16212
13.25 S.71127 5.66030 S.66051
13.00 €.23530 6.24310 6.13738
12.79 6.67174 6.65176 &6.63807
12.50 7.15230 7.13046 7.13168
12.25 7.77308 7.87647 7.6851%35
—
Table 7.2 Data obtained by the
calibration for the ML plane
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Solving the equation (7.16) for 1 it becomes :

1 = 15.9616 - 0.5218 o (7.17)

implying that for zero tilt the length should be
1 =15.9616 mm . As it was anticipated, this value is
actually very close to the value 1 = 16.00 mm measured
during the tests.

Further proof of satisfactory prediction ability
for the model was sought. Thus, statistical predictions
were carried out. These predictions proved that the
model could provide predictions of the tilt w , which
were falling in intervals of + 0.12° , for a level of

These very satisfactory results enhanced and
proved the initial idea about the relationship between
the responsible adaptor screw and the tilt , imposed by
means of it, on the adjacent component.

If the adaptors of an artificial 1leg could be
simulated Dby linear equations describing their
functional behaviour, then perhaps the simulation of
the whole alignment procedure could be obtained.

7.6 Further Considerations on the Adaptors

Having investigated the behaviour of an adaptor
and proved that it is possible to predict the angular
adjustments imposed within acceptable limits, some more

issues were considered.

a) It is necessary to establish whether or not the
same regression model can apply to both AP and ML
planes of the adaptor.

b) It is also necessary to establish whether or not
any interaction exist between AP and ML adjustments
imposed on the same adaptor. Such interactions could
change the functional behaviour of the adaptor in one
plane depending on the adjustment already established

in the other.
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,F* —
1 w values |w values 1 w values|w values
index |AF plane ML plane index |AP plane ML plane
(degr> (degr ) (dear? (degr)
1 Q. 0000 Q. 0000 10 4, -':1-'-_1‘31 4. 15'3'?
0. 0000 0. 0000 4. 2066 4-%3¢?
0. 0000 O, 0000 4.1687 4.0342
2 O.3922 0.3576 11 4,.3418 4.7152
0.4132 | 0.4065 4.7334 4.6203
03069 O.33230 4.6646 4,.5529
3 0.8516 Q.7365 12 5.32438 9.2330
Q. 3006 0.785%¢ 5.3110 S5.1347
0.8686 0.7570 S.2064 J.1621
4 1.4048 1.2147 13 S5.7273 5.7113
1.3209 1.1387 5.7557 3.6605
1.258% 1.1685 5.6165 S.6605
] 1.9347 1.7233 14 6.3703 6. 2359
1.75951 L9311 6.0Q3073 6. 2431
1.7025 1.6136 6.0717 &. 1380
6 2.3'345 Z2.2416 15 6£.8513 £.6717
2.1810 z.1591 6.7144 6.6518
Z2.1358 2. 1930 6.353924 &.6381
7 Z.3401 2. 6800 16 7.2078 7.1529
2.8343 Z.689%2 7.0633 7.1505
2.6128 Z2.6536 7.0837 7.1317
8 3.3324 | 3.1445 17 7.5501 | 7.7791
3.2923 3.039114 " 7.3017 7.8765
; 3.0117 3.0191 7.3563 7.6852
9 3.8255 3.8127
3.7873 2.7318
i 3.6620 3.6240 } E .
- —
Scwurce d. f S.squares Mean f —ratic]| f (354
square (tabled
length 1 1€ 576.7803 36.0488 [4506.10 1.7345
plane 1 0O.060% 0. 0802 7.525 3.9820
inter. 16 0.3704 0.0232 Z.'300 1.7945
error €8 0.3I463 0. 0080
TOTAL 101 577.7578
Table 7.3 The analysis of variance feor the o values,

for the

twx different planes
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Further measurements were first carried out on the
same 1initial adaptor and on the AP plane again,
resulting in very satisfactory repeatability, and
proving that once a regression is derived carefully for
one adaptor it can accurately predict its behaviour in
the corresponding plane. This concerns of course the
slope of the regression model since the intercept
depends on the overall screw length which could be
different in various applications. Nevertheless, the
derivation of a tilt w is a subtraction between initial
and final values, in which the intercept is eliminated.

More measurements were carried out using the
same setup and the same adaptor, but this time,
investigating the behaviour of the adaptor in the ML
plane. The results obtained exhibited again the same
quality of linearity ie. 99.9 % of the variation was
explained by the regression model. These results are
exhibited in table 7.2 and figure 7.8 . The model was :

w = 31.7196 - 1.96552 1 (7.18)

However , issue (a) expressed above was still
unresolved and therefore the necessary step was
considered to be the analysis of the variance performed
on the data obtained in the two planes (table 7.3).

The length 1 is expressed by indices corresponding
to its seventeen different levels, common for the two
planes. The data of the ML plane have been shifted
along the dimension of the length 1,in order to be
comparable with the corresponding data of the AP
plane. This did not affect the result at all since the
quantity under study is the slope of the fitted lines.

As can be seen in the results the change in plane
led to a regression model which was significantly
different from the initial one (f = 7.525 > 3.982 ) and
therefore there is strong indication that the behaviour
of the adaptor in the two planes should be expected
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Cmm) (deqrees?) (deqrees) | (degrees)
9. 0000C 7. QOOOC 0. 00000
16.25 0, 00000 9.99099 S, Q00O
16.00 0.43588 0.2262%2 9.q47sj
15.75 0. 73507 0.63040 0.81664
15.50 1.153986 1.07304 1.13154
15,25 1.64943935 1.67253 1.62132
15. 00 2.03273 Z.16564 2.181351
14.75 2.61076 2.92150 =2.63873
14,50 3.22279 3.03466 3. 02256
14.25 3.73012 3.67727 3.77933
14,00 43.08476 4,10156 4.18410
3.75 4. 68658 4.61113 4.65427
13.50 5.27391 5.20181 S5.26607
S
Table 7.4 Data obtained by the
calibration for the ML plane
with pre—-established AF tilt
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to be different ( also see the f - values for the
interaction ).

More generally that was the case for various

adaptors tested. Every one of those adaptors exhibited
a linearity in its behaviour described by a different
slope, implying therefore, that the adaptors had to be
treated individually. The reason was thought to be the
fact that the cast adaptors had dimensional
discrepancies from the nominal values , serious enough
to jeopardise any similarity in terms of mathematical
modelling.

The decision was taken therefore that all the
adaptors should be calibrated individually and
furthermore each functional plane (AP or ML) should be
calibrated individually.

Since, during prosthetic practice, an alignment
adjustment in the AP plane of an adaptor can be
followed by an ML one of the same adaptor, or vice
versa, it was necessary to investigate whether any
interaction existed between the functional behaviour of
the adaptor in one plane ( see issue b above ) and the
adjustments made on the other. All the experimental
work so far on planes AP and ML was done with no tilt
existing on the other plane.

Since results for the plane ML had already been
obtained (table 7.2) for zero tilt at the AP plane, for
the interaction to be investigated another set of
results was required, this time, with non-zero tilt at
the AP plane. This set of results was obtained on the
ML plane for a non-zero tilt at the AP plane equal to
4.7° . These results are shown in table 7.4 and
figure 7.9 . As can be seen the range of function in
this case is 1limited because of the functional
constraint imposed on the adaptor by the already
established AP tilt ( ie. the arc of the spherical
surface, over which the proximal component can move, is
now shorter ).

For issue (b) to be answered , the same analysis
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1 w (ML) w (ML) i 1 w (ML w (ML)
index | w(AFI=0] w(AF) =20 index | w(API=0| w(AP)I=0
tdegr (deqr) (degr? (degr)
i O, QOO0 QL0000 7 2.6800 2.6108
0O, 0000 Q. 0000 2.684%2 2.5315
0, QOO0 Q. Q000 Z2.6536 2.6388
2 0.3376 0.4353 8 3.1445 2.2228
-3065 0.2262 3.0311 3.03947
. 3330 0.5480 3.0191 3.0226
3 . 7965 00,7351 = 3.8127 3.7301
.7852 0.67304 3.7318 3.6773
L7370 .B166 3.6240 3.7760
<4 1.2147 1.1533 10 4.1533 4.0848
1.1287 1.0730 4.1343 4.1016
1.1685 1.1315 4.0342 4.1841
S 1.7233 1.6450 11 4.715=2 4.6866
1.5311 1.672 4.6203 4.6111
1.6136 1.6213 4.55293 4.6543
& Z2.2416 2,0328 12 9. 2330 5.2739
2.1591 2.1656 5.1347 5.2018
2.13930 2.18154‘ & 5.1621 3.2661
- —T ]
Source d. f S.squares Mean f —ratio] f (35%0
square (table?
length 1 11 197.1437 17.9227 4168.1 1.3346
@ CAP) 1 0. 0005 0. 0005 . 1163 4.0426
inter. 11 0.0357 0,0032 . 7442 1.9946
ervar 48 0. 2084 0.0043
TOTAL 71 137.3343
L —
Table 7.5 The analysis of variance for the values of

w (ML,
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Fig 7.10 Frame configuration for the adaptors.
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as before was carried out : the data of tables 7.2 and
7.4 were subjected to an analysis of their variance and
as shown in table 7.5 the differences were found to be
not significant ( £ = 0.1163 < 4.0426 ) and therefore
the regression model derived for the ML plane with zero
AP tilt could be considered to represent the behaviour
in this plane for all cases ( also see the f-values for
the interaction).

The reason for this positive result was thought to
be the narrow functional range provided by the adaptor
( approximately + 8° ) . |

Therefore, the behaviour of the adaptor in the two
planes was considered independent and the two linear
models for AP and ML could be used, as derived from the
tests, regardless of the order of the adjustments and
the value of any already established tilt.

7.7 Mathematical Modelling of a Prosthesis

Provided that any angular adjustment at any
adaptor of an Otto Bock modular prosthesis can be
calculated by a linear model the next point to be
considered was the simulation of the adaptors’
mechanical behaviour by rotations about the axes of
3-D frames allocated at the centres of these adaptors.

Such frames were considered at all adaptors as
following (fig 7.10) :

the origin of the frame was taken at the centre of
the spherical surface of the adaptor, the Y-axis being
positive upwards (ie. towards the proximal direction ),
the X-axis positive forward and Z-axis positive from
left to right; these two later axes being parallel to
the corresponding sides of the pyramid. In the case
where the adaptor is positioned as shown , positive
Y-axis passes through the pyramid base centre , whereas
in the case where the adaptor is upside down ( eg for
the knee unit ) it is the negative Y-axis which passes

through the pyramid base centre.
Thus, an AP angular adjustment could be considered
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as a rotation about the Z-axis , and an ML adjustment

could be considered as a rotation about the X-axis.

The same sort of frames ( although without pyramid
considerations) were also adopted for the rotatable
adaptors, those providing the possibility for
transverse angular adjustments. In this case the
angular adjustments could be considered as rotations
about the Y-axis.

Thus, all prostheses could be represented by a set
of XY¥Z frames positioned in the space according to the
prostheses’ general geometry.

In this study, AK prostheses only were considered,
since the BK prostheses are only a partial application
of the same principles. Hip disarticulation prostheses
were not considered either, because the same principles
could be used for as many further Jjoints as needed.
AK prostheses seemed a good compromise from this point
of view.

In figure 7.11 the system of frames used for an AK
prosthesis is shown. It is a lateral view of a right
side prosthesis and, as can be seen, besides the
adaptors already studied, frames have also Dbeen
allocated to the rotatable adaptors of the shank and
the socket. A frame is also provided to the socket
itself. Whereas all frames are shown in a neutral
orientation (no tilts and rotations) , the socket frame
has a general orientation depending on the in-built
flexion-extension and adduction-abduction, but with the
corresponding adaptor neutrally adjusted.

This overall neutral position, depicted in figure
7.11, will from now onwards be referred to as the
Initial Reference Position (IRP) . In general in an
IRP the distal knee frame may have an already built-in
flexion, called dw, discussed later. The frames shown

are the :

- socket frame (SOCKT);
- socket rotatable adaptor frame (SOROT);
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- proximal knee adaptor frame (PKNEE) ;

- knee frame (KNEE);

- distal knee adaptor frame (DKNEE) ;

- shank rotatable adaptor frame (SHANK) ;
- foot frame (FOOT) and finally

- frame of the universal reference (UNIV).

The shank frame (SHANK) can be considered shifted along
the axis of the shank down to the reference frame
(UNIV), and thus sharing the same origin with the
latter one.

Starting from this ©position the origin and
orientation of all the frames could be described, with
respect to the distal most one (reference UNIV), for any
set of adjustments ( angles w, to w_, shown ), with any

1 8
sequence, following the mathematical analysis discussed

in the next section.

The mathematical background needed for the
modelling is discussed in appendix V. Since all
alignment adjustments can be seen as rotations about a
given axis, the paragraph of this appendix
describes this procedure.

The description of a frame (B}, with respect to
another frame (A} ,is given by a matrix [T], which is a
(4 x 4) matrix of the form (fig 7.12) :

[ (xgx (ygdx (zg)x | ( Bopg)x
(x)y  (yg)y  (2p)¥ | ( Bopg)y
11 = | (xgz  (ygz (22 | (Bypgdz | (7.19)
L 0 ¢] 0 1
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where: (Xp)X,Y,2 are the projections of the unit vector

'§; of frame (B} on the axes X,Y,z of frame (A},
(yB)x,y,z are the projections of the unit vector
'§; of frame (B} on the axes x,y,z of frame (A},
(zB)x,y,z are the projections of the unit vector
—E; of frame (B} on the axes X,Y,Z of frame (A},
(Borg) ¥1Yr2 are the coordinates of the origin of

frame (B} on the axes x,y,z of frame {A}.

The last row (0,0,0,1) is added for reasons related to
the homogeneity needed during the operations.

The first three columns of the top 1left 3 x 3
submatrix can also be considered as the direction
cosines of the unit vectors '§g ,“?% fE% , with respect
to frame (A}.

Using the formulae V.15 to V.19 from appendix V,
all the matrices describing the adjustments can be
derived. The information needed to determine each one
of these matrices comprises the location and
orientation of the axis of rotation as well as the
amount and direction of the angular displacement.

For this latter consideration and referring to
figure 7.11 the following can be deduced :

a) For angular adjustments W, and W, the rotation axes
are the Z and X axes of frame {(UNIV)} respectively and
the angles are determined by the calibration models of

the corresponding adaptor screwvs.

b) For angular adjustments w, and o, the rotation axes
are the Z and X axes of frame ({DKNEE)} respectively. At
the moment of angular adjustment w, or w, ., the frame
{DKNEE} can be found in any general location and
orientation as a result of previous alignment changes
and therefore the frame mentioned here is meant to be

the current (DKNEE} frame and not of course the
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initial one. In this case again, the angles are

determined by the calibration models of the
corresponding adaptor screws.

c) For angular adjustments Wg and We the rotation axes
are the Z and X axes of the cur ren t {PKNEE} frame
and the angles are determined again by the calibration

models of the corresponding adaptor screws.

d) For angular adjustment w, the rotation axis is the
Y-axis of the cur r ent (SHANK) frame, since this
frame could have also been subjected to previous
angular changes and the angle can be determined simply
by measuring on a self-drawn protractor stuck on the

shank distal to the rotatable adaptor.

e) For angular adjustment w_, the rotation axis is the

Y-axis of the cur r en t8 {SOROT} frame, since this
frame could have also been subjected to previous
angular changes and the angle can be determined simply
by inspecting the in-built Otto Bock protractor of the

socket rotatable adaptor.

Therefore, when a particular alignment adjustment
is performed, the matrix describing this adjustment can
be derived using the c u r r e n t geometry and can
be used to determine the new frames resulting from it.
It is obvious that not all frames are affected by all
possible adjustments. The changes w, and w, affect all

1 2
frames proximal to the ankle. The changes w4 and w

4
affect all the frames proximal to the ({DKNEE} frame,
itself i necluded . The changes W and We affect
all the frames proximal to the {PKNEE) frame (the latter
not included). The change w, affects all the frames
proximal to the {SHANK)} frame (the latter not included)

and change w_, affects only the socket frame (SOCKT}.

8
The frame of universal reference {UNIV} is not affected

by any angular adjustment .
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Once all frames are determined by the calculation
of their transforms, for the final or any intermediate
alignment configuration, the alignment parameters can
be quantified.

If the knee and socket frames {KNEE)} and { SOCKT}
are described with respect +to the universal reference
by (4x4) matrices called for simplicity [K] and [S] ,
the alignment parameters of the prosthesis are (for the
definitions see the figures in chapter 2) :

Knee AP Shift = KAPS = K(1,4)
Knee ML Shift = KMLS = (+1) - K(3,4)
Knee Height = KH = K(2,4) - (HC+ tl)
Knee ML Tilt = KMLT = (+1) - —R(2,3)
(+1) arctan ( R(3.3) )
Knee Rotation = KR = (+1) - arctan (——%%%L%%-)
Socket AP Shift = SAPS = S(1,4) '
Socket ML Shift = SMLS = (+1) - S(3,4)
Socket Height = SH = 5(2,4) - (H* tl)
Socket AP Tilt = SAPT = arctan (4%%%§%%~)
1<) _
Socket ML Tilt = SMLT = (+1) + arctan (-—%%%i%%-)
7

Socket Rotation = SR =

= (+1) - [ arctan ( —o(1:3)

~5(3,3) ) - arctan ( “K(1,3) ) ]

K(3,3)

(7.20)
The quantity (HC+ tl) corrects the heights of the frame
origins so that they refer to the foot frame which is
actually the reference for the alignment parameters.
Factor (+1) relates to the fact that the presented
prosthesis is a right side one. Its meaning will be
explained in the next chapter.

The mathematical modelling of the prosthesis finds
eventually its implementation in a program able to
follow and simulate any alignment session. This program
is presented in the discussion covered in section 8.5

of the next chapter.
However, in order to take advantage of the
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model developed , it is necessary to determine the

prosthesis’ general geometry as well as the calibration

models for its adaptors. This discussion is presented
in the next chapter.

7.8 Discussion

The main objective of the work presented in this
chapter was to establish a relationship between the
tilt imposed on an Otto Bock adaptor and a parameter
related to the set screw.

When an analytical method was initially used to
derive this relationship, the obtained results were not
considered satisfactory. However, calibration of an
adaptor provided very reasonable results.

It was shown that both approaches resulted
eventually in a linear model; the only difference being
that the model derived by calibration was much better
in terms of prediction ability.

Despite the apparent algebraic differences between
the two models, one can appreciate that they are
closely comparable. Considering equation 7.16 :

w = 30.5912 - 1.91655 1

and the fact that 1 = 1p = 22.50 - lX (from eq 7.10)
it can be derived that :

w = =-12.5312 + 1.91655 lX (7.21)

Equation (7.21) is comparable with equation (7.15)
derived from the theoretical results .

The above considerations are a further proof that
there is a linear relationship as the one sought and is
a functional characteristic of the Otto Bock adaptors.

The adopted model, however, must be the one
derived by the calibration of the adaptors for the
reasons explained in section 7.4

The developed model has a very high ability for
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predictions, but there is one aspect of the problem

that should be discussed further.

During the tests of the adaptors it was noted that

the tubular rim of the proximal component was

relatively flexible, thus introducing the following
complication :

if the effort of tightening the set screws was not
maintained relatively uniform throughout the tests,
then the changing shape of the rim surface would
jeopardize the measurements of the screw length, for
which it is the reference. Furthermore, if the effort
applied was not relatively the same during the
calibration of the adaptors and the actual use , then
the equation derived from the calibration might not
reflect the behaviour of the adaptor during other
tests, due to the different screw readings.

In order to maintain this effect as uniform as
possible throughout the tests, an effort was made to
tighten all set screws using the same effort. Ideally
this should have been done by setting the screws at a
specific torque using an appropriate torque wrench * .

The successfull calibration of the adaptors was
the first step in the modelling of an Otto Bock modular
prosthesis. The next step was the allocation of 3-D
frames for each adaptor as well as for the knee and
socket. The use of 3-D transforms allows the simulation
of the alignment procedure.

The simulation method and the development of the
corresponding program are the subject of the next
chapter.

7.9 Conclusions
From the experimental work and the statistical
analysis presented in this chapter the following

conclusions can be drawn :

* The torque values recommended by Otto Bock for this
purpose are between 14 and 16 Nm.
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1) There is a highly 1linear relationship ( value of
r-square > 99% ) between the tilt imposed on an Otto

Bock adaptor and the protrusion length of the

corresponding set screw ; this screw being longer than

that provided by the manufacturer.

2) This relationship is generally different for AP and
ML planes, but adjustments made on one plane do not
affect the relationship on the other.

3) These relationships can constitute +the models
describing the functional behaviour of the adaptors and

can be determined by calibrating the adaptors in the
two planes.

4) The effort of tightening the set screws must be kept
as uniform as possible in order to avoid discrepancies
in the measurement of the screw length

5) Besides the modelling of the adaptors, the modelling
of an AK Otto Bock modular prosthesis was also

developed, based on 3-D frame transforms.

6) The models of the adaptors and the prosthesis
together can provide the ground to built software
procedures for simulation of alignment in prosthetic
practice, which could assist the prosthetist’s decision

making.

The next chapter presents the simulation method

and the computer program developed.
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CHAPTER 8

A NEW METHOD FOR THE ASSESSMENT OF ALIGNMENT
OF LOWER LIMB PROSTHESES
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2 Adaptor screws and Measuring Device
3 Measurement of the adaptors
8.4 Measurements on the Prosthesis
8.4.1 Preparation of the prosthesis
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8.4.3 Data acquired from the measurements
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8.6 Simulated Alignment Sessions for Evaluation of the
New Method

8.6.1 Introduction
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8.1 Introduction

In order that a prosthesis be entirely described
in terms of its system of frames, several measurements
have to be carried out. These measurements concern the
position of the different frames,
reference frame.

with respect to a

Another set of measurements needed is that one
concerning the mechanical behaviour of the adaptors of
the prosthesis, carried out as described in section 7.5
(calibration of adaptors).

For the measurements concerning the geometry of
the prosthesis and the calibration of the adaptors, the
alignment rig described in section 8.4 was used.

For the measurements concerning the detailed
geometry of the adaptors and knee unit , a Coordinate
Measuring Machine (CMM) was used . These measurements
were of high importance, because it was by means of
them that the centres of all three adaptors were
geometrically determined ( see ankle, distal knee and
proximal knee adaptor in fig 7.11).

The prosthesis chosen to work on was an AK Otto
Bock modular prosthesis belonging to a well built male
amputated on the right side.

8.2 Adaptor screws and Measuring Device

A whole set of twelve new set screws was properly
machined, the objective being to provide a uniform
length L and also the same contact diameter D. Data for
this set of screws are shown in table 8.1. These screws
were to replace the short ones provided by Otto Bock.

A new device was designed and machined for the
accurate measurement of the protrusion length of the
screw. This device is shown in figure 8.1 fitted on an
adaptor screw to measure its protrusion length 1. The
pyramid (p) component and the wall (w) of the tubular
rim are also shown. The set screw is shown tightened
up against the pyramid through the wall of the rim.

The measuring device consists of two parts. The
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external part shown shaded, is tubular and provided

with a top flange. The internal surface of this part is

threaded at its top half. Laterally there is a small

security screw perpendicular to the axis of the device.

The internal part of the device is cylindrical and
also provided with a top flange matching with that of
the external part. This cylindrical component is
threaded and can be screwed into the external part,
until it meets the top machined surface on the set
screw. It can then be secured in location by means
of the small lateral security screw.

Because of the design of the device, when the
device is mounted on the set screw as shown, the
external dimension between the two flanges is equal to
the protrusion length of the screw as demonstrated in
figure 7.3. Measuring the external dimension between
the two flanges, by means of a digital micrometer, the
screw protrusion length is assessed.

The digital micrometer has a sensitivity of
*0.0005 mm and the device provides a measurement
precision of *0.022 mm, as shown in table 8.2 , for 95%

probability level.

8.3 Measurement of the Adaptors
Equipment used

The Coordinate Measuring Machine ( CMM ) is an
electronic machine provided with a robust surface table
on which the component to be measured is positioned
( fig 8.2 ) . It is also provided with a system which
has the capability of motion in an X - Y - Z frame,
with three independent degrees of freedom. This system
is connected to a personal computer and works over the
surface table within quite a broad range. This three
dimension system of the CMM is provided with an end-
effector which can reach any position (x,y,z) within
the range with a resolution of 0.001 mm. The
end-effector is fitted with a special crystal probe.
The actual function of this electronic probe is to send
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a signal to the computer whenever it is touched ; the

computer then records the corresponding coordinates of

the probe’s position (x,y,z) and thus, the coordinates
of the point contacted are stored.

The software 1is then ready to receive the
coordinates of another point contacted by the probe in
order to store all the data required. Special routines
provided by the menu can process the data in order to
derive results concerning the particular body under
study (diameters, distances etc.)

For example when the probe is approaching the
spherical portion of a particular component and
successively touching the surface on several points,
the appropriate routine processes the data acquired and
provides the user with the radius of the spherical
surface, which otherwise would be not accurately
identified, because of the complicated geometry of the
particular component.

In another application the user could obtain the
distance between two points, for example the external
and the internal point of a surface of complicated
shape.

This machine proved to be very helpful in the
accurate measurement of the adaptors, namely the ankle

adaptor, and the two adaptors of the knee unit.

Measurement of the Ankle Adaptor

The ankle adaptor was shown in figure 7.5. The
dimension required was the distance d, between the

2
lower level of the spherical surface and its centre
point C. The CMM measured the following : 11 = 24.115
mm 12 = 39.861 mm , h = 6.935 mm and using the

following equation , d, was calculated :

4. = = 14.689 mm
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Fig 8. 32a

The geometry of an Otto Bock knee unit
for modular prostheses (single axis).
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Measurement of the Knee Unit

The Xknee unit is shown

in figure 8.3a . The
measurements carried out for these ‘components were of
the same kind as the previous ones :

for the proximal knee adaptor

l1 = 24.104 mm
12 = 39.099 mmv > d2 = 13.659 mm
h = 6.920 mm
hp = 10.880 mm

for the distal knee adaptor

11 = 24.505 mm

12 = 40.299 mm = d2 = 13.818 mm

h = 7.320 mm

hp = 10.890 mm

However, during the measurements on the

prosthesis, the knee unit is positioned at the Initial
Reference Position (IRP). As discussed in the next
section, at this particular position it was convenient
to locate points B and K, on the Y-axis of the rig
frame. Therefore the knee unit had first to be measured
using a frame directly related to the knee unit itself
and then the results of these measurements had to be
converted in terms of rig frame coordinates ; the
reason being the existence of in-built flexion in the
unit. This procedure was performed as follows :

The x-y frame shown in figure 8.3a has an origin
at point B . With respect to this frame the coordinates

of the various points are :
XA = — 3.750 mm and YA = -108.361 mm

( angle dw of in-built flexion calculated to be —3.490)

The distance AK, was calculated by :
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Fig 8.3b Frame configurations for the convertion
of the coordinates on the knee unit
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AK2 = d2 + h + hp = 13.818 + 7.320 + 10.890 = 32.028 mm

Using XA' YA, dw and AK2, the coordinates XK2 and YK2
were derived :

XKZ = XA + [ AK2 sin(dw) ] = - 1.800 mm

YKZ = YA + [ AK2 sin(dw) ] = -76.391 mn

The coordinates for point Kl were :

XKl = 0.0 mm

Yo, = ~(d,+h+hp) = -(13.659+6.920+10.880) = -31.459 mn

Having derived the coordinates in the x-y frame shown,
next step was to convert them into the corresponding
values for the rig frame. This frame is shown in figure
8.3b and the Y-axis of this frame is defined by points
B and K,- It is also important at this stage to
calculate the two components dwl and dw2 of the
in-built flexion angle dw. The calculations were
performed as follows :

X
dw, = tan ¢ K2 y = 1.35° and dw, = dw - dw, = -2.14°
1 Y 2 1
K2
- 2 2 ,1/2 _ -
(BK,) = ( Xg5 + Yy5 ) 76.412 mm (8.1)
(BK)) = |Y¥p,| = 31.459 mm
(BL,) = (BK,) cos(dw,) = 31.450 mm
' (8.2)
= i = 0.741 mm
(LX) (BK,) sin(dw,)

The description of the measurements regarding
the adaptors calibration and geometry of the prosthesis

is presented in the next section.
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Fig 2.4 Detail of the ankle adaptor mounted

on the alignment rig.

160 A




8.4 Measurement of the Prosthesis
8.4.1 Preparation of the Prosthesis

Before starting the measurements on the prosthesis

itself, the measurements of the adaptors should have
been completed as described above and the socket should

have been marked using the Socket Axis Locator (SAL) as

described in chapter 2 . The points needed to be marked

were the proximal anterior, the proximal medial and
lateral and the distal medial and lateral.

8.4.2 Procedure Followed

All measurements from this stage onwards were
carried out on the alignment rig. A detailed
presentation of the procedure followed is given below.

Step 1 ¢ Secure the base to the rig, well aligned
against the rig frame of reference.

Step 2 : Fix the ankle adaptor against the base of the
rig with posterior side upwards and well aligned with
the rig frame, using a foot bolt.

Step 3 : Measure the height Ve of the bolt axis in the
rig frame and record it. Measure the distances t1 and
t2 and record them (see fig 8.4).

Step 4 : Mark on the shank tube all the anterior,
posterior, medial, lateral points to be used with a
felt tip pen. These are the points close to the
adaptor-screw holes on both distal and proximal rims
(shown on the rim wall in fig 7.3). Mark also by " P "
the posterior side of the tube and by " L " the
lateral side of the tube.

Step 5 : Zero any rotation at the shank rotatable
adaptor and fix the shank onto the ankle adaptor with
posterior side upwards, using the screws provided.

Step 6 : Level the shank by bringing it to height Vc,
checking that the height of the two proximal marks is
equal to Vc. Tf this is not possible it means that the
rotatable adaptor has not been zeroed.

Step 7 : Ensure that the shank is not deviating in

the ML plane. If it is, then ML adjustment is required.
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step 8 : Take calibration measurements for the ankle

adaptor in the AP plane, following the procedure

recording the coordinates of
the appropriate mark on the proximal

analysed in section 7.4,

rim and
measuring the posterior screw.
Step 9 ¢ Level the shank again and measure the

A
post of the posterior ankle screw

for this position and record it.

protrusion length 1

Step 10 : Rotate the system by 90° with its lateral
side upwards, making sure that the shank’s orientation
and height is not affected.

Step 11 : Take calibration measurements for the ankle
adaptor in the ML plane by measuring the lateral screw.

Step 12 : Level the shank again and measure the

protrusion length 1?at of the lateral ankle screw for

this position and record it.

Step 13 : Rotate the system by 90° with its posterior
side upwards again, making sure that the shank’s
orientation and height is not affected.

Step 14 : Fix the knee unit on the shank, using the
screws provided with its posterior side upwards and
mark the centre B ( fig 8.3 ) of the proximal pyramid
base.

Step 15 : Level the knee unit (ie proximal part level)
checking that the height of point B is equal to Ve

Step 16 :Make sure that the knee unit is not deviating
in the ML plane. If it is, then ML adjustment is
required.

Step 17 : Take calibration measurements for the distal
knee adaptor in the AP plane, recording the coordinates
of point B and measuring the posterior screw.

Step 18 : Level the knee unit again and measure
DK

post of the posterior distal

the protrusion length 1
knee screw and record it.
Step 19 : Rotate the system by 90° with its lateral
side upwards, making sure, again, that height V. and

orientation are not affected.
Step 20 : Take calibration measurements for the distal
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knee adaptor in the ML plane, recording the coordinates

of point B and by measuring the lateral screw.
Step 21 : Level the knee unit

the protrusion length 1§§t, of the lateral distal

again and measure

knee screw and record it.

Step 22 : Rotate the system by 90° with its posterior
side upwards again, making sure that height v, and
orientation are not affected.

Step 23 :Measure the coordinates of point B and of the
knee centre, for the latter using two properly machined
pins, belonging to the rig’s associated equipment.

Step 24 : Zero any rotation at the socket rotatable
adaptor and fix it onto the knee unit, using the screws
provided, with its posterior side upwards.

Step 25 : Bring the socket to such a position that the
proximal lateral mark is at height Vo + and the medial
and lateral screws of the knee adaptor protrude by
equal (by eye judgement) lengths.

Step 26 : Take calibration measurements for the
proximal knee adaptor of the AP plane by recording the
coordinates of the proximal lateral mark and measuring
the posterior screw.

Step 27 : Bring the socket to its initial position
described in step 25.

Step 28 : Rotate the system by 90° with its lateral
side wupwards, making sure that the height and
orientation of the system distal to the socket, are not
affected.

Step 29 : Bring the socket to such a position that
the proximal posterior mark is at height V_ and the
posterior and anterior screws of the proximal knee
adaptor protrude by equal (by eye judgement) lengths.

Step 30 : Take calibration measurements for the
proximal knee adaptor at the ML plane, by recording the
coordinates of the proximal posterior mark and by

measuring the lateral screw.

At this stage the calibration measurements of the
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adaptors in both planes are completed and also the

coordinates of all major landmarks, distal to the
socket, recorded with respect to the rig frame. As

mentioned in section 7.7 in the TInitial Reference

position (IRP), the socket frame does not have a
specific orientation and therefore its orientation can
be chosen arbitrarily , defined by the user of the
method. For the socket frame it was thus decided that
this initial orientation could be that one
corresponding to about equal protrusion lengths (by eye
judgement) of the screws of the proximal knee adaptor.

Thus,the last steps of the procedure described,are:

Step 31 : Adjust the medial and lateral screws of the
proximal knee adaptor so that they have about the same
protrusion 1length and record the protrusion 1length

ligt of the lateral one for this position.

Step 32 : Rotate the system by 90° with its posterior
side wupwards making sure that the height and
orientation of the system distal to the socket are not
affected.

Step 33 : Adjust the posterior and anterior screws of
the proximal knee adaptor so that they have about the

same protrusion length and record the protrusion length
PK
1

post of the posterior one for this position.

Step 34 :Measure and record the coordinates of all the
marks in the socket, namely Proximal Medial (PM) and
Lateral (PL), Distal Medial (DM) and Lateral (DL) and

Proximal Anterior (PA).

Step 35 : Measure and record the horizontal coordinate
of the transverse section passing through the socket

rotatable adaptor at the level of rotation (represented

as point RS).
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8.

At this stage the entire procedure is finished.

The actual data acquired following the sequence of the
above steps are shown below.

4.3 Data Acquired from the Measurements
Step 3 : Vc = 199,62 mnm, t2 = 3.60 mm , t1 = 1,20 mm
Step 8 ¢ Measurements shown in table 8.3
. A _
Step 9 : 1post— 15.992 mm
Step 11 : Measurements shown in table 8.4
. 1A _
Step 12 : 17_, = 15.034 mm
Step 17 : Measurements shown in table 8.5
. DK _
Step 18 : lpost—16.561 mm
Step 20 : Measurements shown in table 8.6
Note : the amount of data acquired at this step is
less, as compared to the previous ones, because as

Step :

Step

Step

Step :

Step

shown in figure 8.3a

21

23

and

Step

Step

26
30

31

33

34

DK

llat

= 14.443

’

there is an already built-in
flexion angle of absolute value 3.49°.

mim

V., = 199.62 mm (=Vc) and

B

{ the Transve

vKnee= VK= 20

( the Transve

rse Coordinate =

6.90 mm and H

rse Coordinate =

HB
T

B

Knee

Tx

Measurements shown in table 8.7

Measurements shown in table 8.8

PK
= . 2
llat 16.08
PK _
lpost— 15.911
VPM =183.50mm,
VPL =]195.74mm,
VDM =159.72mm,
= .16mm
VDL 161.1 ’
= . 20mm
VPA 121.2 ’

mm

mm

HPM =723.00mm,

HPL =735.00mm,

HDM =516.30mm,
= .39mm

HDL 521.3%mm,
= .32mm

HPA 741.32 ’
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PM
PL
DM
DL
PA

= 465.87 mm

= 0.0 mm )

H,= 427.37 mn

X

= 0,0 mm )

= -76.69mm
= 79.1l6émm
= -33.58mm
= 46.50mm
= 9.00mm



Step 35 @ (Vhe = 199.62 mm)

RS
HRS = 466.92 mmnm
(Tgg = 0.0 mm)

8.4.4 Final Results from the Measurements
The results of the measurements with respect to

the rig frame ( dark axes in fig 8.4 ) were derived as
follows :

i) the universal reference centre C :

Hc = t2 - d, = 3.60 -~ 14.69 = -11.09 mm

2
( because d2 = 14.689 = 14.69 mm)
VC (net) = VCn = 199.62 - 199.62 = 0.0 mm
TC = 0.0 mm
ii) the centre K, of the distal knee adaptor :
HK2 = HB - BK2 = 465.870 - 76.412 = 389.458 mm
( with BK2 taken from equation 8.1 ).
VK2 (net) = VC - VK2 = 199.62 - 199.62 = 0.0 mm
(because K2 lies on the Y-axis of the rig frame)
T = 0.0 mm,

K2

iii) the centre K1 of the proximal knee adaptor :

= - = . - . = . mm
Hy, = Hp — BL, = 465.87 - 31.45 434.42
Vg, (net) = (Vo = Vp) + LK = 0.741 mm
Ty, = 0.0 mm

( with BL, and LlK taken from 8.2 ).

1

iv) The knee centre K :

HK = 427.37 mm

= = - = 199.62 -~ 206.90 = =-7.28 mm
VK(net) VKn VC VK
TK = 0.0 mm

v) for the socket points only the vertical net values
had to be calculated, the rest of the coordinates
remaining the same. These values were calculated

to be as follows :
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Vpm(net) = Vpun = Voo Vpy =199.62-183.50= 16.12 mm
Vpp(net) = Vpp . = Vo= V, =199.62-195.74= 3.88 mm
Vpm(net) = Vo = Vo= Vpy =199.62-159.72 =39.90 mn
Vpr(net) = Vo = Voo Vpp, =199.62-161.16 =38.46 m
Vpa(net) = Vo = Vo= Vp, =199.62-121.20 =78.46 mm

vi) the point RS of the socket rotatable adaptor :

Hpg = 466.92 mm
VRS(net) = Vpsn = V- Vipg =199.62-199.62= 0.0 mn
Tpg = 0.0 mm

The final results concerning the modelling of the
adaptors were obtained as described in section 7.4.
They exhibited a very high linearity and the models
derived explained statistically more than 99% of the
variation of the angular displacement w with the screw
length 1. All the coefficients exhibited very 1low
p-values , thus proving their significance . The final
linear equations describing the behaviour of adaptors
were derived as follows :

Ankle Adaptor : ( data in tables 8.9 and 8.10 )

(AP) w = 29.1356 - 1.94080 1 , r-square = 99.9 % ,
(ML) w = 28.8669 - 1.91488 1 , r-square = 99.9 % ,

p-values to three decimal places = 0.000

Distal Knee Adaptor : ( data in tables 8.11 and 8.12 )
(AP) w = 30.9643 - 1.94790 1 , r-square = 99.6 % ,
(ML) W = 27.5873 - 1.99596 1 , r-square = 99.9
p-values to three decimal places = 0.000

o\°

Proximal Knee Adaptor : (data in tables 8.13 and 8.14)
(AP) w = 32.8778 - 2.11131 1 , r-square = 99.9
(ML) w = 31.5288 - 1.84433 1 , r-square = 99.7

o

o®

p-values to three decimal places = 0.000

Thus, the whole set of final results has been

presented. In order to facilitate and organise the
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manipulation of this set of values, a particular format

had to be determined for their presentation,
importantly ,

but more

for their

feeding to any subsequent
Therefore the set of values resulted from
the measurements was given the following form :

programs.

The

presented prosthesis

11.05 Absolute value of H
0 - €
1.2 Distance tl
X Y z Coordinates of
landmarks
0.00 389.46 0.00 K2
-7.28 427.37 0.00 K
0.74 434.42 0.00 Kl
0.00 466.92 0.00 RS
3.88 735.00 79.16 PL
16.12 732.11 ~76.69 PM
38.46 521.39 46.50 DL
39.90 516.30 -33.58 DM
78.42 741.32 2.00 PA
1.35 =-2.14 Built-in flexion angles dwl and dw2
Intercept & Slope of Adaptor modelling
equations
29.1356 1.94080 Ankle AP
28.8669 1.91488 Ankle ML
30.9643 1.94790 Distal Knee ML
27.5873 1.99596 Distal Knee AP
32.8778 2.11131 Proximal Knee AP
31.5288 1.84433 Proximal Knee ML
1.0 Side of amputation

last parameter

refers

is a

(8.3)
to the fact that the
right side one and its
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meaning 1s explained in the next section. It is in fact
the same quantity with the factor ( +1 ) in equations
(7.19).

This set of values was stored in a file which can
be found in appendix VI .

8.5 Simulation of the Alignment Procedure
8.5.1 The Program
With all the quantities required , measured or
calculated and stored in a file corresponding to the
particular prosthesis, the simulation of the alignment
procedure could then be achieved.
The program developed for this purpose had to
follow the flowchart shown in figure 8.5 .
The menu of alignment options was :
(1) AP adjustment at the ankle adaptor
(2) ML adjustment at the ankle adaptor
(3) AP adjustment at the distal knee adaptor
(4) ML adjustment at the distal knee adaptor
(5) AP adjustment at the proximal knee adaptor
(6) ML adjustment at the proximal knee adaptor
(7) Toe-in-out angle at the shank rotatable
adaptor
(8) Socket rotation at the socket rotatable
adaptor

The program can be found in appendix XIII.

It is important to note that the operations
performed by the program are all following the same
frame configuration as the one mentioned in the
previous chapter for the modelling of the prosthesis
(right side prosthesis). Therefore, in order to obtain
results which are in agreement with the alignment
conventions (see chapter 2), the alignment parameters
nust be calculated differently for right and left side
prostheses. Referring to equations (7.19) the meaning
of the factor (+1) is now obvious. This factor should
be given (~1) if the prosthesis under study is a left
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side prosthesis. Thus the alignment equations (7.19)

can now be written in the following general form

adopted in the program :

If the knee frame (KNEE)} is described with respect
to the universal reference by a (4x4) matrix called
[K], its alignment parameters are :

Knee AP Shift = KAPS = K(1,4)
Knee ML Shift = KMLS = K(3,4)
Knee Height = KH = K(2,4) - (Hot t))

Knee ML Tilt = KMLT = (*1) - arctan (—5{2:3)

K(3,3)

Knee Rotation = KR = (#1) - arctan ( ig%,gg )
7

Similarly the socket frame {SOCKT} called ([S]
provides the following formulae :

il

Socket AP Shift = SAPS = S(1,4)
Socket ML Shift = SMLS = S(3,4)

Socket Height = SH = 5(2,4) - (Hgt tl)
Socket AP Tilt = SAPT = arctan (—otsr2) )
5(2,2)
Socket ML Tilt = SMLT = (#1) . arctan (-Zgégié%-)
14

Socket Rotation = SR =

— . -S(1,3) - -K(1,3)

= (1) [ arctan ( S(3.3) ) arctan ( R(3,3) )

(8.4)

8.5.2 The Prosthetic Procedure

It has already been mentioned that the program
developed was designed to be run at the same time
as the actual alignment session . The prosthetic
procedure, therefore,is carried out next to the terminal
of the computer.

Before any bench, static or dynamic alignment, the
prosthesis must be adjusted to the IRP, so that there
is a rational reference for the program to start from.

The user of the program ( who may well be the
prosthetist ) has then to run the program and give the
filename of the file where the prosthesis’ IRP data are
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stored ( as in expressions 8.3
studied in this chapter).

for the prosthesis

The prosthetist can then observe the alignment
parameters on the screen as they correspond to the IRP
and decide whether any bench alignment is needed.

Then the amputee has to don the prosthesis. The
prosthetist by means of subjective judgement and by the
amputee’s remarks, has to decide whether any static
alignment is needed and proceed then to the dynamic
alignment.

At this last stage, the functional performance of
the leg is observed and the amputee’s confort
considered in order to perform any alignment changes
needed to achieve a more satisfactory result.

No matter at which stage of this procedure an
alignment adjustment is meant to be performed the work
needed for the program to run and produce intermediate
results is as follows :

1) The prosthetist decides which adjustment is needed.
2) Keys in the corresponding menu option.

3) a) If the adjustment is one concerning a transverse
rotation, the prosthetist performs it recording the
value of the angle as occurring from the graduation on
the rotatable adaptor (for the socket), or from the
traversed arc length (for the shank).

b) If the adjustment is concerning an AP or an ML
tilting, the prosthetist measures and records the
length of the appropriate screw , performs the change
and records the same 1length again, using for the
measurement the special device provided.

4) The recorded data must be keyed in depending on the
option chosen. Then, the new alignment parameters can
be observed on the screen as resulting from the
adjustment just performed.

These intermediate results may work as a further

feed back criterion for the prosthetist to decide on

the next step of his/her work.
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At the end of the whole procedure,
could be asked which describes the
development of the final

a print-out
step-by-step

alignment configuration
obtained.

8.6 Simulated Alignment Sessions for Evaluation of the
New Method

8.6.1 Introduction

The prosthesis mentioned in section 8.1, was
subjected to several alignment changes, grouped in four
sessions, in association with the program developed;
the task being to evaluate the new method.

The final alignment of the prosthesis, as
described by the program, was to be compared with the
alignment (the values of alignment parameters) obtained
by the usual way of rig measurements.

The measurements on the alignment rig were carried
out on the prosthesis after the alignment sessions
and all important values were recorded. Then these
values were fed to another program developed for this
purpose. The program calculated the alignment
parameters of the artificial leg. These parameters were
then compared to the ones predicted by the alignment
program, already described.

The program needed for the calculation of the
alignment parameters by the rig measurements is
exhibited in appendix XIII .

The four alignment sessions mentioned were
carried out on the prosthesis with no patient present.
The changes were chosen arbitrarily and performed onto
the artificial leg changing the alignment of it from
IRP into new configurations.

In the four sessions presented next the
alignment changes are presented with the corresponding
software options. At the end of each section a table of
the results obtained is provided for comparison with

the results obtained by the rig measurements (figures
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rounded off to one decimal digit). The full print-outs

of the alignment sessions with all intermediate and

final alignment results, are exhibited in appendix VI

8.6.2 Simulated Alignment Session No 1

Option 5 :
Socket Extension in Proximal Knee Adaptor
lbefore = 15.903 mm , 1after = 17.013 mm
Option 6 :
Socket Adduction in Proximal Knee Adaptor :
1before = 16.101 mm , 1after = 14.408 mm
Option 7 :
Toe-out in Shank Rotatable Adaptor :
w=12.91°
Results using Results using
New Method Alignment Rig

KAPS = -7.1 mm -7.5 mm
KMLS = 1.6 mm 2.2 mm
KH = 426,2Omm 426.lomm
KMLT = O.OO 0.0o
KR = 12.9 12.7
SAPS = 25.6 mm 24.3 mm
SMLS = 12.1 mm 12.8 mm
SH = 732.2_mm 731.2 _mm

fo) (o)
SAPT = 4.9o 5.3o
SMLT = 2.9O 2.8o
SR = -4.5 —4.6

8.6.3 Simulated Alignment Session No 2

Option 1 :
Dorsi Flexion in Ankle Adaptor :
= = 15.943 mm
lbefore 15.157 mm , 1after 1
Option 6 :
Socket Adduction in Proximal Knee Adaptor :
= = 14.948 mm
1before = 15.907 mm , lofier
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Option 7

Toe-out at Shank Rotatable Adaptor

Results using
New Method

KAPS
KMLS

KMLT

SAPS
SMLS
SH
SAPT
SMLT
SR

EEE

o

~
W W
()OS 8
5E8

o)

PN URPAOANNOON D
.
NONOHOVURHROONND®

w = 17.95°

Results using
Alignment Rig

8.6.4 Simulated Alignment Session No 3

= 14.313 mm

Knee Adaptor
= 15.963 mnm

Knee Adaptor :
= 16.964 mm

Option 1 :
Plantar Flexion in Ankle Adaptor
lbefore = 15.160 mn , lafter
Option 5 :
Socket Extension in Proximal
lbefore = 15.044 mm , lafter
Option 6 :
Socket Adduction in Proximal
1before = 15.941 mm , lafter
Results using
New Method
KAPS = -19.9 mm
KMLS = 0.0 mm
XH = 425.80mm
KMLT = 0.0
KR = 0.0
SAPS = -1.2 mm
SMLS = -8.6 mm
SH = 732.0omm
SAPT = 7.5o
SMLT = —3.3o
SR = ~-4.6
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8.6.5 Simulated Alignment Session No 4

Option 5 :
Socket Flexion in Proximal Knee Adaptor :
lbefore = 15.903 mm , lafter = 14.399 mm
Option 6 :

Socket Abduction in Proximal Knee Adaptor :

lhefore = 16-101 , lifter = 18.195 mm
Option 5 :
Socket Flexion in Proximal Knee Adaptor :
lbefore = 14.474 mm , 1after = 13.502 mm

Results using Results using

New Method Alignment Rig

KAPS = -7.3 mm -7.7 mm
KMLS = 0.0 mm 1.0 mm
KH = 462.2°mm 462.4omm
KMLT = 0.0o 0.0o
KR = 0.0 0.0
SAPS = -17.3 mnm ~14.0 mm
SMLS = -18.9 mm -=19.9 mm
SH = 731.4Omm 731.20mm
SAPT = 13.0] 12.3_
SMLT = —-5.3O -5.8o
SR = -4.8 ~-5.5

8.7 Discussion

As a continuation of the work presented in the
previous chapter, the method developed and presented in
this one completes the initial task of the simulation
of the alignment procedure for Otto Bock modular
prostheses.

Despite the laborious process initially needed for
the modelling of any prosthesis, the resulting progranm
provides a flexible and user-friendly tool for the
immediate measurement of the alignment of an artificial
leg. However, the new method was only validated with
tests performed on an AK prosthesis itself, without
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patient nor prosthetist. These tests were only meant to
prove whether the mathematical model worked well or
not. Having given a positive answer to this question
actual amputee tests should be carried out, which would
assess the qualities of the new method from all
prosthetic aspects.

Running the program during an actual alignment
session will allow the prosthetist to assess the
method and express comments about its usefullness,
drawbacks and possible improvements.

The prosthetic advantage of the new method is
considered to be the fact that , combining the
program-provided information with objective judgement ,
the prosthetist can proceed into the next stage having
based any decisions on an established quantitative
feedback.

The results obtained from the new method were
found satisfactory in comparison to the results
obtained by means of the alignment rig. The small
discrepancies are thought to be due to variations of
the tightening effort on the adaptor screws ( see
discussion of chapter 7 ). In fact one could claim that
the more adjustments are made the higher the
discrepancies would be. This is true but , as mentioned
in the previous chapter, ideally the adaptor screws
must be set at a specific torque in order that the
effort is kept as uniform as possible , in which case
the errors would be kept to a minimum.

Two more points must be made here, regarding the
measurements for the determination of the geometry and
the modelling of the adaptors :

a) These measurements are very laborious. The
accurate measurement of the adaptors, in particular,
also demands the availability of a coordinate measuring
machine (CMM). Therefore, taking into account what was
stated above for +the errors due to non-uniform
tightening effort, one could question the necessity for

these accurate measurements.

175



b) Furthermore, on the same ground

for different models among adaptors and

, the necessity

adaptor planes
could be questioned.

Particularly, if the errors due to the variation
in the tightening effort are proved to be more
significant than the ones possibly caused by poorer
measurement techniques and adoption of one single
adaptor model, then there may be no need for CMM-based
measurements and different adaptor models.

An answer to the above comment can only be given
with more experimental work and further statistical
analysis of future results.

The work presented in this chapter has provided a
new method for the immediate measurement of the
prosthetic alignment at the very time it is established
by the prosthetist. If the method is proved to be a
useful prosthetic tool, then, further development could
lead to an improved version of the procedures and
software.

The amputee tests presented in the next chapter
are the basis for the assessment of the new method.

8.8 Conclusions
From the work presented in this chapter the

following conclusions can be drawn :

1) A new method for the immediate measurement of
prosthetic alignment was developed, concerning Otto

Bock modular prostheses.

2) The new method 1is based on the work presented in
chapter 7 and a program developed during this project,
which is meant to run at the same time with the actual
prosthetic procedure and provide feedback to the

prosthetist.

3) The comparative results between the new method and
the alignment rig showed that the mathematical model
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for the prosthesis as well as the adaptor models,

developed in chapter 7 , are correctly performing their

tasks.

4) The fact that the alignment procedure has been

simulated 1is on its own a very ©positive step

because, besides providing the prosthetist with a good
tool, it also allows for future developments which

could lead to a "clever" alignment software package.

The next chapter presents the experimental work
carried out during patient walking tests, in which both
the pylon transducer and the new method for assessment
of prosthetic alignment are used.
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CHAPTER 9

PROSTHETIC LOADING DURING LEVEL WALKING

9.1 Introduction
2 Equipment used
3 Preparation of the Prosthesis
4 Description of the Tests
9.5 Manipulation of the Files
6 Results

7 Discussion and Conclusions
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9.1 Introduction

The main reason for measuring prosthetic loading

during amputee locomotion and other activities is the
need for acquisition of data which would assist the
formulation of testing standards for the lower limb
prostheses.

This chapter presents the work carried out on
amputee level walking. The next chapter presents the
work carried out on amputee kneeling.

The experimental work presented in this chapter
had two major tasks : a) to collect prosthetic loading
data and compare them with the current international
standard values ( see section 2.5 in chapter 2 ) and
b) to use the new method for alignment assessment, in
order to draw conclusions based on the actual practice,
which would help in the determination of future
improvements and developments of this method.

These amputee level walking tests were carried out
in the Gait Lab of the Bioengineering Unit. For the
tests the services of an AK amputee were enrolled. This
amputee was a heavily built male who was tested during
two sessions, involving ten different tests.

The equipment used for the tests is described in
section 9.2 , the prosthesis is described in section

9.3 and the actual tests are described in section 9.5 .

9.2 Equipment Used
The equipment involved in this study is shown in
figure 9.1 and consisted of the following :

1. The Pylon Transducer with its Strain Gauge
Aamplifiers (shown as SGAs) and,

2. The microVAX computer of the Unit, to which all
six channels of the amplifiers were connected
through its AD Converter.

3. A terminal of the main frame VAX ( not shown )
which would be used to run the alignment

assessment program presented in chapter 8.
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No cameras were used, but one was assumed ( dummy

camera ), in order to make the program run. The pylon

transducer set-up was the same as that used for all

tests involving the transducer (see chapters 4,5 and 6)
; gain settings and bridge supply voltages being also
the same. A detailed description of the
connections is given in appendix IX

wiring
The data acquisition procedure was governed by the
VICON program installed in microVAX. The specifications

of the above program were set as follows ( presented
with the format that VICON uses ) :

- Highest Analog Channel = 6 (ie. the six channels of
the pylon transducer),

- TV Channels used = 1 (ie. only one dummy camera was
considered, since there were no cameras involved),

- Analog Data frame rate = 2 (ie. two digital samples
from the analog data for each camera frame),

- Frame Intervals between samples =1

- Minimum TVD file size = 100 blocks

- TV frame rate = 50 Hz (the sampling frequency)

- Maximum capture time = 90 seconds (longest possible
trial),

- AD gain = 8 (specification of the AD Converter),

9.3 Preparation of the Prosthesis

The AK prosthesis used for the tests was an Otto
Bock modular prosthesis, fitted with a quadrilateral
socket.

As shown in figure 9.2 , the pylon transducer was
mounted in the shank of the prosthesis and proximal to
an Otto Bock ankle adaptor. The knee unit was a modular
Otto Bock single axis joint, with internal extension
assist and adjustable constant friction.

Before the tests were carried out, the prosthesis
was set to  its 1Initial Reference Position (IRP)

described in chapter 8. Thus, all joint frames as well
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as the socket frame were set to their initial

configuration, which was already stored in an

appropriate data file and could be retrieved from the
alignment assessment program ALIGNMENT.FOR exhibited
in appendix XIII. This data file has already been
presented in appendix VI and was called PATIENT3.DAT .

9.4 Description of the Tests

When the patient was fitted with his prosthesis,
good knee and socket height were achieved by the
prosthetist by cutting the shank tube appropriately.

Then the alignment assessment program was called
on the VAX terminal and the data file for the patient
was retrieved.

Each step of the procedure for the static and
dynamic alignment of the prosthesis was performed by
the prosthetist while the alignment program following
the steps described in section 8.5.2 of chapter 8 was
run. After each change that the prosthetist made on the
alignment of the prosthesis, the new values of the
alignment parameters were immediately displayed on the
terminal and the prosthetist could proceed to the next
step.

After having obtained a satisfactory alignment
configuration the overall values of the alignment
parameters were also shown on the screen. These values

are exhibited in appendix VII.

The walking tests were carried out next. These

tests were performed in two sessions :

a) One series of 4 tests involving walking on the
"figure-8" path of the laboratory. The first 3 tests
were on subject’s own walking pace and the last test

was on a faster pace. The subject’s body mass including

the prosthesis was 105.3 Kg.

b) The second series of tests was carried out two
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days later and consisted of 6 tests on the same walking

path, but on subject’s own bPace only. The subject’s

body mass including the prosthesis was then 104.1 kg.

To distinguish between the nine tests carried out
with a lower pace and the test carried out with a

faster pace the tests were numbered from 1 to 9 for the
former tests ;

test.

number 10 being given to the 1latter

Having carried out all tests further measurements
on the patient were made in order to define quantities
that might be useful in the processing :

greater trochanter to knee centre = 455 mnm
ischial seat to bottom of heel = 870 mm
knee 3Jjoint to bottom of heel = 500 mm
height of transducer center with

respect to top surface of foot = 97.5 mm

9.5 Manipulation of the Files

The data capture was done automatically by the
microVAX computer and separate files for all tests were
created. These files were given the extension .C3D by
the VICON program itself and were not ASCII files.

To be converted to ASCII files they were all
processed by the program ASCONV which is available in
the microVAX. The results of this procedure were the
ASCII files with extension .A3D, which unfortunately
were not given a convenient form.

Thus a program called HAMECO.PAS written in the
Pascal language was used in the main frame VAX, and
provided easily readable versions of all files. This
files were given the extension .DAT

Thus the final versions of all the files were
ready to be processed.

For the processing of pylon transducer loading

data a computer program has been developed by

Karagiannopoulos, 1991. This program is called GAIT.PAS
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and is written in the Pascal language.

The program is
able to read the .DAT

files acquired during amputee
walking tests and to derive the six load components at

any landmark of the prosthesis making use of the
transducer

pylon
calibration matrix and of the alignment

parameters of the prosthesis. Furthermore this program

provides useful statistical information on the temporal
parameters of the gait and the developed loads and thus
it is possible to define the heaviest of the developed
loads during the tests for the ankle, knee and hip
joints.

It can be appreciated that the calculation of hip
joint loads requires the use of a knee goniometer.
However, since the current tests were only meant to
monitor loads within the shank range of the prosthesis
(ie from ankle to knee joints) no such goniometer was
used and no hip-joint locads were calculated.

The program performed the processing of the
acquired data in the following order :

First it converted all digital signals from
computer units to mVolts. This was done by division of
the signals by 1.625 *. Then the signals were converted
to pylon transducer 1load components using the pylon
transducer calibration matrix [C] ( shown in table 4.4
in chapter 4 ). Finally, these loads were converted to
ankle and knee joint loads using matrix calculations.

The print-outs provided by the program consist of
a large number of results. In appendix VII only that
part of the print-outs , which is useful for the
present study, is shown. The next section presents the

results obtained from the analysis of the data.

9.6 Results
As mentioned above the tests were carried out on

the subject’s own walking pace ; the only exception

i i iced that when 1
* By the appropriate tests 1t was notice
Volt input was applied to all channels of the ADC , the
micro VAX recorded 1625 computer units 1n all channels.
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v 587

st | cadence average duration average duration aver. stance phase
of stance phase of gait cycle aver. dailt cycle

steps '
“min “(sec) (sec) (sec/sec) %

1 83.99 0.871 1.429 60.95

2 B2.24 0.885 1.459 60.66

3 84.87 0.863 1.414 61.03

4 B2.66 0.858 1.452 59.09

5 83.81 0.887 1.432 61.94

& 83.99 0.841 1.429 58.85

7 84 .41 0.844 1.422 59.35

8 85.86 0.832 1.298 59.51

9 B8B2.78 0.870 1.450 60.00

0 g1. 37 0. 761 1.313 5Y7.96

Table 9.1 Average temporal data of the level walking tests
(in bold characters the values obtained with a higher walking pace)




being one test which was carried out in a faster pace.

The results clearly comfirmed the above. As shown in

table 9.1 the cadence of the patient proved to be
increased for that particular test (test 10).

Other temporal data are also shown
The percentage of gait

in table 9.1.
cycle corresponding to the
stance phase was very close to the expected value of

60% (see figure 2.1 in chapter 2). The only discrepancy
in the above values was noted for test No 10 where the
above percentage had a particularly low value in
comparison to the rest of the tests ( 57.96 %) . This
discrepancy was related to a decrease of the constant
friction of the knee mechanism, which resulted in a
longer swing phase.

Loading data for all tests are shown in table 9.2.
These values correspond to the highest values of the
load components occuring during each test at each level
and at various moments of the gait cycles involved.
Therefore, it can be appreciated that the maximum
values shown are not simultaneous, but they can only
provide an estimate of the magnitude of the developed
loads.

The above values compare very well between the
first nine different tests ; a fact that confirmed the
repeatability of the measuring and recording equipment.

As far as test No 10 is concerned, there, the
values of some components are clearly higher, as a
result of the increased walking pace.

Despite the usefullness of the above values, it
was not possible to compare the developed loads to the
corresponding values of the standards for prostheses’
testing, unless values occuring simultaneously during
the tests were considered.

Therefore, using the cursor facility of program
GAIT.PAS the simultaneous values of each set of five
quantities were identified, for each one of the maximum
values shown in table 9.2 . For example , for the
maximum value 1268 N of Fy shown in table 9.2 for the
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v 987

1 test pylon transducer ankle knee ;;;Zigovﬁi
Fy (N) My (Nm) Mx (Nm) [ Mz{(Nm) | Mx(Nm) { Mz (Nm) (Nm)
1 1268 27 -24 121 49 87 73
2 1257 28 -22 119 49 86 71
3 1318 28 -25 120 53 85 78
4 1210 26 -20 119 45 88 65
5 1227 27 -18 120 49 83 67
6 1239 27 -17 120 43 85 60
7 1372 31 -19 120 41 89 60
8 1217 27 -13 122 41 89 54
9 1220 27 -15 121 37 87 52
Ll (¢] 1637 28 ~-28 i21 59 g5 g7

Table 9.2 The loading data acquired
(in bold characters the values obtained with a faster walking pace)

from the level walking tests



first test, the values of the other five 1load

components were identified and for the maximum value 27
Nm of My shown in the same table, the values of the
other five components were identified and so on. It can
be appreciated that the above process resulted in six

different configurations for each test ; each of which

consisted of the maximum value of one 1load component
and the five simultaneous values of the other
components (60 configurations in total).

In order to facilitate inferences as well as the
comparisons with the current values of international
standards the following method was used to derive the
"heaviest" of the possible configurations based on the
obtained results :

For the nine tests carried out with normal walking
pace, the nine configurations involving the maxima of
Fy and the simultaneous values of the other five loads
were considered. Then the maximum values of each one of
these six load components were chosen to form a new
configuration. This configuration although fictitious
could very well be considered as the "heaviest"
possible, since the load values were drawn from actual
simultaneously occuring load components.

The same applied to all configurations and a set
six different configurations was obtained for the
normal-walking-pace tests. Each of these configurations
was the "heaviest" possible involving one component
only at its overall ( through out all nine tests )
naximum value. For test No 10, the above method was not
used since it was the only one carried out at a faster
walking pace. Tables 9.3 and 9.4 show the above loading
configurations in comparison to the current values
suggested by the current international standards ( see
figure 2.13 of chapter 2 ). It must be noted that the
negative sign of bending moment Knee Mx in the values
of the standards, is simply related a difference in the

conventions.
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Pyion| Pylon Ankle Ankle Knee Knee Cross -
Fy (N) {My (Nm) |{Mx (Nm) {Mz (Nm) |Mx(Nm) Mz (Nm) over Mx
(Nm)
1372 i0 -9 —-26 48 48 58
863 31 -23 114 26 59 39
¢ge 30 -25 85 12 62 37
1006 23 -4 122 19 83 23
1248 s} 7 -18 53 49 60
1023 23 8 118 25 8% 33
l 1111 14 30 125 —-44 86 74
Table 9.3 The maximum values of the six load components

with the simultaneous values

of the other five components

compared with the Ottawa, 1991 internaticonal standards
{ for tests 1 to 9 with normal walking pace )
Pyloni Pylon Ankile Ankie Knee Knee Cross -
Fy (N) iMy (Hm) iMx (Nm) Mz (Nm) |Mx (Nm) Mz (Nm) over Mx
: (Nm)
1637 G 2 -27 50 67 52
€05 28 -25 64 -3 55 28
878 22 —28 92 1 57 29
500 23 -8 121 14 76 22
1500 1 2 -~20 59 €8 62
867 10 3 118 32 95 35
l 1111 14 30 125 -44 86 74
Table 2.4 The maximum values

with the simultaneous values
the OCttawa,

compared

with

1691

cf the six load components
of the other five components

international standards

( for test 10 with faster walking pace )
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9.7 Discussion and Conclusions
When the first standards were formulated (see
table 2.1 in chapter 2 or ISPO, 1978)

, the suggested
loading values were chosen to be

all the maximum
occuring values of the six load components

and they were not simultaneous.

under study

This concept was later
revised mainly because the "heavy" standard values led

prostheses to failure when tested, while no such
failures were reported in practice. The new concept was
the formulation of standards which would consist of a
compromise between the different 1load values . The
standards presented in figure 2.13, are the most
recently updated values. It was stated in chapter 2
that these values were produced at the Ottawa meeting
of the ISO in 1991 (Paul,1991) and are here referred to
as the "Ottawa standards".

Although the evaluation and update of the
standards for the structural testing of prostheses
should be the subject of extensive patient tests, the
results obtained during the presented work could offer
a first indication. In tables 9.3 and 9.4 the heaviest
of the obtained configurations are compared with the
Ottawa standards.

The load values recommended by the standards
attempt to achieve a compromise between the maximum
bending moments Mz (see values of Ankle and Knee Mz in
table 9.3), ‘the maximum values of bending moments Mx
occuring at different moments of the gait cycle and
finally the axial torque My and axial compression Fy.

However, the load values of the standards and the
ones obtained during testing seem to be very close to
ensure a reasonable safety factor. Although the values
for the bending moments could be considered the result
of a mechanical compromise, the recommended value for
torque My is much lower than most of its experimentally
derived counterparts and the recommended value for the
axial compression Fy seems to be too low to anticipate

its heavier counterpart occuring under a faster walking
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pace (see table 9.4)

The conclusions of this chapter,

regarding the
prosthetic 1loading

and the measuring of prosthetic
alignment , can be presented as follows :

1) Ten level walking amputee tests were carried out
using the short pylon transducer and associated
software and hardware. The results obtained for
prosthetic loading compared to the recently updated
Ottawa international standards showed a certain lack of
safety factors of the 1latter, particularly for the
bending moments in the anterio-posterior plane and the
axial torque. The same was also noticed for the axial

compression in the case of a faster walking pace.

2) The evaluation and update of the standards can only
be the subject of extensive tests, involving various
walking surfaces and paces. This will be achieved with
outdoor tests carried out with the new portable system.

3) The measuring of the length of the set screws of the
adaptors was found time consuming and out of step with

the computerized part of the method.

4) The presentation of the values of the alignment
parameters on the screen as soon as they are achieved
was considered impressive. However, in order to provide
a simultaneous view of three successive alignment

configurations, some programing alterations are needed.

5) The values of the parameters could be followed by a
graphical display of the prosthesis in the form of a
stick diagram in both AP and ML planes. That, if
successfull could even substitute the display of the

values of the alignment parameters.

6) When the above requirements are met, the new method

could consist a very good alignment assessment tool,
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ple t i
a o be wused in association with the pylon

tran?ducer in combined prosthetic alignment and loading
studies.

In the next chapter the patient tests on
measurement of prosthetic loading are continued for a
different application : the kneeling position
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CHAPTER 10

PROSTHETIC LOADING DURING KNEELING

10.1 Introduction
10.2 Equipment Used
10.3 Preparation of the Prosthesis
10.4 Method for the Analysis
10.4.1 Introduction
10.4.2 Stick-Diagram of the Prosthesis
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10.4.5 A Flowchart for the Method
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10.1 Introduction

The International Standards Organisation (ISO) are

presently developing design criteria for artificial

legs, related to the loads applied onto the prostheses,
during various amputee activities.
the field it has been

From experience in

reported +that several AaK
prostheses have exhibited heavy wear on the

mechanism, related to high 1loads
kneeling of the amputees.

knee
occuring during

It has also been reported
that high static loads under these conditions led
several knee units to failure.

Having realised the significance of such events,
both in terms of amputee safety and in terms of the
mechanical behaviour of the prosthesis, a series of
tests were conducted, in order to evaluate the 1loads
developed on artificial legs during kneeling. The first
pilot tests are described in detail in this chapter.

Since the reason of failure was understood to be
the development of high static loads, the tests were
meant to monitor the maximum loads developed under a
static loading configuration, with a heavy amputee.

It was thought that various types of feet and
various toe-out angles may result in different kneeling
loads, for the same prosthesis. Therefore the tests had
to be conducted in a way that would incorporate a study
of these parameters as well.

For the tests carried out the routine developed is
discussed in this chapter, along with the results
obtained. The required analysis is presented in a step-
by-step detailed description and refers to a Blatchford
modular AK prosthesis ( Endolite leg ), which was the

one used for the pilot tests.

10.2 Equipment Used
The equipment involved in this study consisted of

the following ( see figure 10.1 ) :
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1. Two Kistler force platforms (shown as FPs).
2. The Pylon Transducer with its

Strain Gauge
Amplifiers (shown as SGAs)

and,
3. The microVAX computer to which all previously

mentioned devices were connected through its
AD Converter.

The set-up shown if figure 10.1 is the same with the
set-up used for the walking tests described in chapter
9 (figure 9.1); the only difference being that this set
up also involves the two force platforms.

No cameras were again used, but one had to be
assumed ( dummy camera ), in order to make the VICON
program run. Comparing figures 10.1 and 9.1 it can be
seen that the connection of the channels to the A/D
board, for the kneeling tests, the pylon transducer
output signals are connected to the lower series of
board inputs. This difference simply has to do with the
internal connections of the board to the two force
platforms. The specifications set in the VICON program

for data acquisition and sampling were :

- Highest Analog Channel = 18

- TV Channels used = 1

- Analog Data frame rate = 1

- Frame Intervals between samples =1

- Minimum TVD file size = 100 blocks

- TV frame rate = 50 Hz (sampling frequency)
- Maximum capture time = 30 seconds

- AD gain = 8

The FPs were directly connected through their own
installation ( ie charge and buffer amplifiers) to the
first 12 channels of the AD Converter of the microVaX.
The SGAs were connected with BNC-BNC cables to the next
six channels of the AD Converter through the board

shown ( eighteen analog channels in total ).
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10.3 Preparation of the Prosthesis

For the pilot tests , a Blatchford Endolite AK
prosthesis was wused. The space available in the

prosthesis, for fitting the Pylon transducer, was very

restricted, because the swing phase control unit

extended far down the shin tube. It was therefore

decided to enlist the services of a tall amputee so
that the pylon transducer could be fitted without
problems regarding the length of the artificial side of
the subject. The subject chosen was also heavily built
(mass=100 kg) and would create high kneeling lcads as
required. However, it was recognised that the lack of
space for the incorporation of the pylon transducer
would result to more problems when testing shorter
subjects , in the future.

A quadrilateral socket was prepared for the
subject and mounted onto the proximal adaptor of the
prosthesis and the alignment device was set to its
neutral position.

The pylon transducer (shown as PT) was fitted on
the shank of the prosthesis as shown in figure 10.2. At
the proximal side an adaptor for SACH feet (2) provided
by Blatchford was fixed and tightened against the shin
(1). At the distal side of the pylon transducer a
specially machined adaptor (3) was fixed. Two pins (4)
were used to secure the system against rotation due to
torque transmission.

The adaptor (3) would either be used to attach a
SACH foot with its adaptor, or to attach a multiflex
foot with its adaptor, depending on the test.

‘The pylon transducer frame was, as shown, with its
X-axis facing anteriorly, Y-axis upwards and Z-axis
laterally (since the subject was a right side amputee,

this latter axis was directed from left to right).

10.4 Method for the Analysis

10.4.1 Introduction
The data acquired during these tests were :
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i) the six loads applied on FP1,
ii) the six loads applied on Fp2
iii) the six loads

and

applied on the pylon transducer,
all expressed in three different frames.

The results had to be expressed, within a frame

matching the prosthesis, and therefore having the same
orientation with the pylon transducer’s frame ( see
figure 10.2 ).

For this task to be achieved, several
considerations had to be made, from a mathematical
point of view and furthermore, several assumptions had
also to be made from a practical point of view.

10.4.2 Stick-Diagram of the Prosthesis.

For a better understanding of the free body
diagram in the kneeling position and the mechanics
involved, a stick-diagram of the Blatchford prosthesis
was developed. This diagram was derived by inspecting
the prosthesis at the kneeling position in order to
identify all the major landmarks involved in the study.

These considerations, had to be as general as
possible, in order to cover several kneeling
configurations. The reason was that the tests would be
conducted with both SACH and Multiflex feet and with
both 0° and 90° toe-out angles.

In figure 10.3a the prosthesis is shown fitted
with the pylon transducer and being in a kneeling
configuration.

In figure 10.3b a general configuration is shown,
depicting all the contact points along the prosthesis
between toes and knee ( which is the area of interest )
for 0° and 90° toe-out angles . These points are :

for 0° toe-out angle
-point F1, where FP1l contacts the toe area,

-point F2, where FP2 contacts the patella area,
-point S, where the knee chassis contacts the shin,

-point K, which corresponds to the knee centre.
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for 90° toe-out angle

-point F1l, where FPl contacts the medial side of the
rotated foot,

-point F2, where FP2 contacts a small protrusion
glued distally to the patellar component,

-point S, where the knee chassis contacts the shin,
-point K, which corresponds to the knee centre,

Point P, representing the centre of the pylon
transducer and is also shown in both cases.
If therefore a free body diagram of the prosthesis
was to be drawn and studied, these major landmarks
had to be considered. Since the pylon transducer is
also involved , two separate free body diagrams could
be studied. These two different diagrams involve :
a) The whole of the prosthesis distal to the knee axis
(points F1, F2, S and K).

b) The portion of the prosthesis between the centre of
the pylon transducer and knee axis ( points P, F2, S
and K).

Having identified the major landmarks involved,
the stick diagram of the prosthesis could be drawn for
a general configuration.

As shown in figure 10.3b, the axis of the tubular
distal position of the shin passes through the knee
centre K. Therefore this line is considered the main
axis of the diagram, on which both P and K are located.

Since, the structure is symmetrical about the
sagittal plane passing through this axis, points S and
F2 can be considered located on this plane ( at the
posterior and anterior sides respectively, when the
subject is standing and at the superior and inferior
sides respectively, when the subject is kneeling ).

For the stick diagram to be completed, point F1
had to be identified against the main axis. To simplify
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this task the following considerations were made :

In figure 10.4, a foot, in a general toe-out angle
¢, is shown ( no floor reference considered yet ). The
main axis of the shin is also shown in views 1 and 2,
as well as the trace of the sagittal plane of symmetry
of the shin in view 3.

When the subject is kneeling the contact point F1
occurs ( floor reference introduced ), depending on ¢,
somewhere between the big toe and heel on the medial
side of the foot. Since, this figure represents a
general case, let us consider point F1 to be where
shown in view 3.

It is then obvious that F1 could be identified
within the stick diagram by the two parameters u and w
shown and could be connected to the main axis by means
of the ‘'"sticks"™ F1 01 and 01 02 . Thus the stick
diagram was completed.

In figure 10.5, the stick diagram produced, is
shown. Parameters P, , P, , P, ,'P4 , Po , Pg , P, and
P8 could be determined by measurements and thus known
for any configuration chosen. It may be noted that
parameter Eﬁ. equals u ( fig 10.4 ) and parameter P3
equals w ( fig 10.4 ) .

The prosthesis could then be fully described
within frame {( Fl1 )} which was chosen as a reference.
With respect to this frame, the x, y and z coordinates

of all major landmarks shown, were as follows :

X Y z
Fl 0 o] 0 : origin
F2 (P,-P;) P, -P,
K —P1 P8 —P3
s |-(P,*+Pg) P, -P,
P -P P6 -P3
- o
0ol P1 0
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Thus, the prosthesis can be replaced by this stick

diagram, and its free body diagram
easier.

can be studied much

However, whereas the pylon transducer loads are

provided in axes parallel to the frame { F1 } axes, the

loads of the FPs are expressed initially, in terms of

the FPs frames. Therefore, a few more mathematical

considerations were needed to convert these loads to

the frame { F1 } and allow the study of the mechanics
of the free body diagram.

10.4.3 Mathematical Considerations

The mathematical analysis required was based upon
the following (fig. 10.5)

(1) Points F1 and F2 lie in the floor plane ( the
patient is kneeling ) and therefore vector Fir2 also
lies in the floor plane. In the stick diagram frame

{F1} this vector could be described as :

—— — pa—

(P, -P;) i+P, j+ (-Py) k (10.1)

—_— - J—

where i, Jj, k the unit vectors of frame { F1 }.

(ii) Assuming that the sagittal plane of the
shin was vertical to the floor (ie. the knee axis was
horizontal ), then the Z-axis of (Fl1} also 1lies on

the floor plane .

Y

Thus, it was clear that the Z-axis and vector F1F2
could define the floor plane, with respect to the frame
{F1) shown in figure 6.5. Vector FiF2 was called, for

obvious reasons FORe(ward) . One more axis could then
be defined : axis VER*(tical) which was normal to

the floor plane and could be derived by :

i 3 k
VER = k X FOR = det 0 0 1 >
(P,~P;) Py ~Pj

198



_— - 5

VER = -~ p, 1+ (pZ-pl) j (10.2)

A third vector could then also be defined , with
fffpeCt to frame (F1}, being perpendicular to TFOR and
VER and facing laterally ; forming a right hand system
with the other two. This vector 'TKT*(eral) could be
again derived by :

—> — —

L . i 3 k

LAT = FOR x VER = det | (p,-p,) P, -p, >
~P, (p,-P,) O

_ > — —_—

LAT = p3(P,-P); 1 + pyp, J + [p24+(p2-p1)2] k  (10.3)

The magnitude of these three vectors were calculated :

(10.1) »  FOR = [ (p,-p,)> + p,> + p,° 1 /2

(10.2) = VER = [ p42 + (py-py)° ] 172 ana

(10.3) =

IaT = [ py2(p,~py) 2 + py°p,° + [p,°+ (p,-p)°1% 1 Y2
(10.4)

The frame of these three axes was thus a frame
with two axes ( FOR and TAT ) belonging to the floor
plane and therefore it was the most convenient way to
relate the force platform frames to frame {Fl} . This
frame was called {FVL), after the initials of its three
axes.

To totally describe frame (FVL} of these three

vectors with respect to the frame ({(F1}, the direction

cosines 1 , m , n of its three axes with respect to

frame {(F1) were needed. These cosines were derived as

follows :
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P,-p -

FOR mFOR = n = e——
FOR FOR FOR TR
-p -
4 P,—P
1 - 4 _ PPy _
VER VER “VER VER PVER 0
1 _ P3(py-py) - Py P, 5
A — an
LAT LAT LAT AT
2
[ Py + (Py=py)° ]
n =
LAT (10.5)

LAT

Referring to Appendix V it is concluded that the
orientation matrix R of frame {FVL) with respect to
frame {Fl) was derived to be :

lror  lver  lrar
F1 _
FvL R = "rpor  ™ER  MraT (10.6)
| "ForR  "VER  "raTr |

implying that : FOR corresponds to X direction,
VER corresponds to Y direction,

LAT corresponds to Z direction.

To describe the two force platform frames with
respect to frame (Fl} : the orientation matrix of force
platform frames with respect to frame {(FVL} had to be

calculated.
Figure 10.6 shows the two force platforms FP1l, FP2

with their frames and the corresponding contact points
F1 and F2, already mentioned. The frame ({(FVL} is also
shown as imposed by the kneeling position. The angle «

is defined as follows :

200



2% + 2. - 2
tan o = F2 Fl

+ -
XX XF2 XFl

(10.7)

where: XX and ZZ are geometrical constants and XFl’ZFl’
XFZ’ ZF2 are the coordinates of the contact points F1,
F2 in the force platform frames ( known as coordinates
of the centres of pressure in the force platform
literature ), derived by the force platform data, as

follows ( see also fig 2.4 in chapter 2 ) :

XFl = ( MZ1 + FX1’0‘040) / FYl (m)
Z = (-M + F,..0.040) / F (m)
F1 X1

21 ¥i (10.8)

XF2 = MZ2 + FX2.0.040) / FYl (m)

ZFZ = (—MX2 + FZZ'O'O4O) / FYl (m)
where the loads of the force plates FXl’ FYl’ FZl’ MXl’
MZl and sz, FYZ’ FZZ’ MX2' MZ2 are expressed in N and

Nm. The orientation matrix R of {FPl)}, with respect to
{FVL} can be readily derived as :

cos «o 0 sin «
FVL
- 10.9
Fp1 & 0 1 0 ( )
-sin « 0 cos o

Finally to describe frame {FP1)} with respect to
the initial frame ({F1} shown in figure 10.5, the

following operation is needed :

i1 Ti2 Fis
F1 - Fl o FVL = r r r
rp1 B = FviR FP1 © 21 Y22 T23
r r r

31 ©32 33
(10.10)
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where : ri, = lFOR cos a - lLAT sin «
12 = lygr
Tig = lFOR sin a + lLAT cos «
oy = Mpor COS @ - My A sin «
T22 T TM™ygr
a3 = Mpor sin o + Myaq COS «
Taq Npor COS a - Npam sin «
32 T Dygr
ryy = NLor sin a + Niam COS « (10.11)

Equation (10.10) described the orientation of
frame (FPl)}, with respect to frame {(Fl}. Referring to
figure 10.5, another frame ({F2} could also be
considered in the same way as {(F1} but with origin at
point F2. It was obvious that equation (10.10) also
described the orientation of frame (FP2}, with respect
to frame ({F2}.

Having completed the presentation of the necessary
mathematical equations, the problem is solved :

If force platform FP1l detects at point Fl1 three

X1’ FYl’ FZl and force platform FP2 detects at

‘point F2 three forces sz, FY2’ FZz then wusing

equation (6.10) these forces can be converted to the

convenient frames {(Fl1), {(F2) as follows :

forces F

R1 11 Tiz Tas Fx1

R2 = T, rso r,s ° FYl and
R3 ry, Ts, r33__ __F21_

R4 ri, Ty, T3 Fx2

RS = r,; Tao L ° . Fyo i
R6 3y Y32 T33 | | Fza
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Rl = rllFXl + rl2FYl + r13F21
R2 = r2lFXl + r22FYl + r23F21
R3 = r31FXl + r32FYl + r33F21
R4 = rllFXZ + rlZFYZ + rl3FZZ
RS = r21FX2 + r22FY2 + r23FZZ
R6 = r3lFX2 + r32FY2 + r33FZ2 (10.12)

10.4.4 Free Body Diagram Study

The study of the free body diagram on the stick
diagram of figure 10.5, is now possible with unique
reference to the convenient frame (F1), shown in the
same figure.

In figure 10.7 the loads applied by the force
platforms, as well as those applied through the pylon
transducer, are considered in their positive sense. The
loads K1, K2 applied on the knee axis, as well as the
loads S1, S2 applied on the shin are considered in the
sense anticipated for the kneeling position.

As shown in figure 10.3, the load on the shin by

the knee chassis is applied at an angle B . Therefore :
S1 / S2 = tan B (10.13)

Writing the equations for the whole diagram, loads
K1, K2, S1, S2 can be derived :

LF,=0 » RL+S2+R4-K2=0

) Fy =0 = R2-S1+R5+ K1 =20 and

Y M (at point F1) = 0 =
-R4 p4— R5(p1—p2) - K1 p1+ K2 p8+ Sl(pl+p5) - 82 p7 =0

(10.14)

Solving the system of equations (10.13) and (10.14) the

solution is:
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R1 Pg + R2 P, + R4 (p8—p4) + R5 P,

s2 = -
( Pg = P; + Py tan B )
S1 = S2 tan B
Kl = S1 - R2 - RS
K2 = S2 + Rl + R4

(10.15)

the '"nutcracker" moment which is of major interest in
the tests, is the moment at the point N :

My = Rl p, + R2 p, (10.16)

Writing the equations of the free body diagram
again, but this time considering only the portion above
the centre of the pylon transducer, loads Kl , K2 , S1
and S2 can be derived :

LF,=0= Fy+ R4 -K +52=0

LF, =0% Fy,-Sl+R5+Kl =0

Y M (at point P) = 0 =
-R4 (p,~Pg)+ R5 p,+ K2(pg=Pg)+ S1 Pg- S2 (pP;-Pgl+ Mz = O

(10.17)
Solving the system of eguations (10.13) and (10.17) the

solution is :

S2 = - " :
( p8 - p7 + p5 an B
and,
S1 = S2 tan B
= - - R5
S (10.19)
= Xp
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and the ‘'nutcracker" moment for this case is,

My = Fyp (P,7Pg) + My (10.19)

Having solved the system both ways,a cross check
can be obtained, by comparing the results from
equations (10.15), (10.16) and (10.18), (10.19).

Furthermore the pylon transducer can be checked
against force platform FP1 and vice versa. This can be
achieved by solving the free body diagram of the part
of the prosthesis below the pylon level (see fig 10.8).

The following can be derived from the three views
available :

Note : The pylon transducer loads are now shown from
proximal to distal ( opposite than in fig 10.7 ) .

F - Rl =0

Xp

FYp- R2 =0

F - R3 = 0 and

Zp
MXp + R2 P, + R3 Pg = 0
MYp - R1 P, + R3 p, = 0 o

- - = 10.

sz Rl p, - R2 p,; ( )

From equations (10.20) the following three equations
can be derived involving pylon transducer loads only :

Il
o

xp %6 T Fyp Pa ” P (10.21)
= 0 .
FYp Py * FZp Pg * MXP

Fyp P3 = Fzp P1 ~ Myp

Equations (10.20) and (10.21) were incorporated in the
program developed for the solution of the problem and
described in the next section. Nine guantities equal to
the value of the above expressions (ideally zero) can
be found in the 1listing of the program under the
notation DIFF1 to DIFFé (for equations 10.20) , and the
notation EVAL1 to EVAL3 (for equations 10.21) .
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10.4.5 A Flowchart for the Method
Since there are a lot of intermediate steps in the
method, an overall flowchart is presented in this

section for an easier following of the successive
steps :

1) Determine parameters P, to pPg for the configuration
under study.

2) Determine the particular instant the data will be
drawn from as well as the corresponding signals
(see later in this section).

3) Determin i

) e coordinates XFl’ ZFl’ X

4) Determine angle a (eqg 10.7).

5) Determine FOR, VER, IAT (eq 10.4).

F2! ZF2 (eq 10.8).

6) Determine direction cosines 1, m, n of the axes of
frame {FVL} with respect to frame {F1} (eq 10.5).

7) Determine elements rij (eq 10.11).

8) Determine R1 to R6 (eq 10.12).

9) Determine S1, S2, K1, K2 and MN for FPs data
(eq 10.15 and 10.16).

10) Repeat step 9 for transducer data ( eq 10.18 and
10.19 ).

11) Use equations 10.20 and 10.21 to draw any further
conclusions, regarding the results obtained using

force platforms and pylon transducer.

A program was written following this flowchart to
analyse the data acquired and is exhibited in appendix
XITI. The whole method is based on the set of the first
eight parameters (p1 to p8) and the (3 x 6)=18 signals
representing the loads of the FPs and PT.

Therefore the following point is of major
importance. Attention must be drawn to the fact that
the data acquisition routine of the microVaX provides
a large amount of data. Referring to section 2 of this
chapter the values given result to an analog data rate
of (1 x 50) = 50 samples/sec for each channel. This

leads to an overall maximum of (50 x 30) = 1500
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Fig 40.9 The system of forces and levers
at the kneeling position.
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samples per channel . This amount of data is

received by the program developed and the issue arises

about which is the set of signals to be considered for

the test. In other words , since the kneeling position

is to be studied statically, it must be determined
which time moment’s the data will be the ones to be
processed and analysed.

Since the problem is being statically studied and
the objective is to monitor the highest 1loads
occurring, the data to be considered should be the data
exhibiting the highest wvalue of Fyq ie. the vertical
load of FP1 should be at its highest value. The more
the amputee leans further back the higher the kneeling
loads and of course the higher the reaction from FP1
which is posterior to the subject.

This criterion is incorporated into the program
and provides the method with a set of data to work
with.

At this stage another parameter was introduced to
the study of the kneeling position, namely the position
of the subject’s centre of gravity (CG). It was
recognised that during kneeling the amputee would be
able to change the position of his CG over the
prosthesis, because of his control over the hip flexors
and therefore the monitoring of this position was
considered important if more objective conclusions were
to be drawn.

The position of the CG could be derived by
studying the leverarms of the two vertical force plate
reactions F and Fy, - In figure 10.9 the system of

Y1
leverarms is shown, and the following equation can

be derived :

Weight lever = ( FYl - F1F2 ) / (FY1+ FYZ) (10.22)

where the length F1F2 can be determined either by
equations (6.4) or directly from the coordinates of the

centres of pressure as :
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2
( FIF2 )° = 272 + 7 - 2 2
( F2 T Zp1)T v (XX 4+ Xp, - Xpg)

(10.23)

A relative quantity could then be defined as the

percentage of the distance F1F2 covered by the weight
leverarm :

Weight lever (%) = (Weight lever) - 100 / ( F1F2)

(10.24)
In addition to the above another qguantity was also

defined : the percentage of body weight supported by
the artificial side.

Percentage of weight = (FY1+ FY2) 100 / W (10.25)
where : W 1is the amputee’s weight in N

Equations (10.24) and (10.25) were also incorporated in
the program KNEE.FOR developed for the analysis of the
data, and were meant to give a strong indication of the

amputee’s feeling of stability and confidence.

10.5 Planning and Execution of the Test Procedure
Initially the knee <chassis alignment device
adjustments of the prosthesis was set in neutral
position. However, it was anticipated that any AP
changes would alter the 1loading configuration and
therefore +the effect of two parameters had to be
studied : the effect of Socket AP shift and of Socket

flexion. As a result of this the following combinations

had to be tried :

i) socket AP shift set to maximum backward position
(SAPS -) and Socket flexion set to its maximum and
ii) socket AP shift set to maximum forward position

(SAPS +) and Socket flexion set to its maximum.
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The study had to include results for 0° and 90°
toe-out angle, the reason being the evaluation of the
effect of the foot’s orientation on the

kneeling loads . Thus, another
introduced :

resulting
two parameters were

iii) toe-out angle 0° and

iv) toe-out angle 90°.

The Blatchford Endolite modular prosthesis may be
provided with a rubber stance flex mechanism, whose
major contribution is the absorption of shocks by a
rectangular rubber block fitted in the mechanism. The
effect of this mechanism during kneeling was to be
studied and therefore an identical rectangular block
machined from steel was to be used to allow for
comparative studies. Thus , another two parameters were
introduced :

iv) rectangular rubber block (stance flex active) and

v) rectangular steel block (stance flex locked).

Finally, the performance of SACH and Multiflex
feet had also to be evaluated, introducing two more

parameters :

vi) Multiflex foot and
vii) SACH flex foot.

All the above requirements resulted in the

following planning of the experimental procedure :

Test N° Description of parameters involved
1 Neutral alignment - Multiflex - 0°- Rubber
2 " " 0° steel
3 " " 90° Rubber
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4 Neutral alignment SACH 0°

Rubber
5 " " 90° "
6 Socket max.flexion " 0° "
and SAPS (-)
7 " " 9 00 n
8 Socket max.flexion " 0° "
and SAPS (+)
9 " " 9 00 "

Each of the above tests was repeated three times.
Before and after the whole of the test procedure zero
readings were taken with all eighteen channels under no
load; as far as the pylon transducer is concerned, for
these readings to be taken the subject had to sit at a
certain height and suspend his artificial shank without
contacting the floor and in a balanced condition .

10.6 Manipulation of the Files

The data capture was done automatically by the
microVAX computer and separate files for all sessions
were created. These files were given the extension
.C3D by the VICON program itself and were not ASCII
files.

For the conversion of these files to ASCII files
with the extension .DAT, the same method , as described
in chapter 9, was used.

Before any actual processing the datum for each
acquired signal had to be determined. Software based on
the Minitab program available in the main frame VAX,
averaged the data of the files corresponding to
zero-readings and provided with values for the
base-lines of all eighteen channels. The net values of
all signals could thus be calculated.

The program was responsible for the conversion of
the force plates signals into forces and moments. This
was done by multiplying the net force platforms signals
by the appropriate factors already determined by
calibration of the force plates. These factors are
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Tilt AP Zhift Rotation - Cabsolute values) against the shin CkND at the knee axis CkND
rubber stop steel stop rubber stop steel stop rubber stop steel stop
force pylon |force pylon} force pylon| force| pylon| force pylon| force| pylon
plates| tran. |[plates| tran. | plates| tran. |plates| tran. | plates| tran. [plates| tran.
59.7 56.1 85.0 85.0 2.8 2.6 3.7 3.7 2.3 2.2 3.3 3.3
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68.3 63.1 3.2 2.9 2.7 .9
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88.1 84.7 4.1 4.0 3.6 3.8
90° 88.7 B85.7 4.2 4.1 3.6 3.5
* * * * * *
79.8 74.6 3.5 3.3 3.1 2.9
o° 79.1 73.8 3.6 3.3 3.1 2.9
2 =
back ward Q4.7 88,2 4.2 3.9 3.7 3.5
bt 76.9 | 74.6 3.6 | 3.3 3.1 | 2.8
N a0 82.2 73.5 3.6 3.3 3.2 2.9
f1axed 95. 6 88. 2 4.3 4.1 3.8 3.
at the SACH
Limit g91.8 86. 3 1 4.1 3.9 3.6 3.4
] 80.9 7S, 4 3.6 3.4 3.1 2.9
forward g2. 2 86.1 4.1 3.8 3.6 3.3
lz’_i‘;t‘ 115.4 |113.86 5.1 5.0 4.6 4.6
a0® 133.2 [126.6 5.8 5.5 5.3 5.0
100.3 Q9.7 4.9 4.5 4.4 4,0
——— e
* Unsuccessfull data acquisition
Table 410.1 and
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always stored in the parameters file of the VICON
package, in the microvax computer.
The program was also responsible for the

conversion of the pylon transducer signals into loads.

This was done by first converting the net microvVaX

signals to mVolts ( division by 1.625 as mentioned in

chapter 9 ) and then by using the pylon transducer
calibration matrix.

10.7 Results

The values of the parameters P, to Pg for every
configuration tested, as well as an analytical
presentation of the results from the pilot tests are
exhibited in appendix IV.

There was practically no difference between the
first and 1last zero readings and therefore those
recorded in the beginning of the tests were taken as
the general base lines.

The maximum developed loads, as derived from force
platform data and from pylon transducer data are shown
in table (10.1). These loads are the "nutcracker"
moment MN , the shear force S developed at the contact
between knee chassis and the shin and the shear force K
developed at the knee axis.

Table 10.2 exhibits the values of welight leverarm
for each configuration and figures 10.10 and 10.11 show
the change in the "nutcracker" moment M, and the forces
S and K with the weight 1leverarm, for the results

obtained using the force platforms .

After having carried out the pilot tests, another
set of tests was conducted. It consisted of 15 tests
and it only involved one configuration. The patient was

the same patient as before, but his new weight was

increased to 104.1 kg .
The main objective in this series of tests was to

acquire further data using only one configuration on
the artificial leg. This configuration was chosen to be
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the configuration the patient felt more comfortably
with. No toe-out rotation was used and the foot mounted
on the prosthesis was of SACH type.

The analytical results of these tests are also
presented in appendix IV. In this section, however,
some general results from these latter tests are
presented.

It was noted that during the second series of
tests the values of the 1loads under study reached

higher 1levels, in comparison to the values reached
during the pilot tests :

moment MN varied between -81.4 and -165.6 Nm
force S varied between 3.6 and 7.1 kN
force K varied between 3.2 and 6.6 XN

Another important finding of the tests was the
fact that the value of the "nutcracker" moment can be
predicted for any patient and any configuration with a
satisfactory and safe approximation. Referring to
figure 10.9 it can be seen that the "nutcracker" moment

should be approximately :

(percentage of weight)
100 (10.26)

(weight) - (weight lever) -

The experimentally determined values of this moment
were, for both series of tests very close to the values
provided by the above formula. The ratio between the
absolute value of the '"nutcracker" moment and the above
product was, in all cases, very close to unity as shown
in table 10.3 . If therefore an estimation of the
weight lever of a patient can be made, formula (10.26)
provides the "nutcracker" moment for various
percentages of supported weight, in a very accurate
way. Furthermore these prediction are safe because they

have proved to provide higher values ( ratios < 1 ).
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Tﬁ minimum maximum mean standard
value value value deviation
_ ]
pilot 0.9266 | 0.9727 0. 9554 0.0152
tests
second
series 0.9344 0.9554 0.9514 0.0052
cf tests
O

nle 10.3 The statistical data of the ratio between

- Teb
the "nutcracker" moment and the product of formula 10.26
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10.8 Discussion and Conclusions

The main objective of the tests
establishment of values

was the
for the high static 1loads

kneeling position. The loads of
interest were found to be the

developed at the

"nutcracker" moment
MN and the two forces S and K acting on the shin wall
and the knee axis respectively.

Another objective of the tests was the study of
the influence that various parameters have on the
resulting loads. Since the beginning of the tests , the
anticipated result was that the loads would be
increased for any configuration favouring the
translation of the amputee’s centre of gravity (CG)
towards the posterior side; in other words, for any
configuration which would allow the subject to lean
farther back. From figures 10.3 and 10.9 it can be
appreciated that such a configuration would involve
socket set-back, socket full flexion, toe-out rotation
and maybe use of the rubber stop in the stance flex
mechanism (flexible component). It was also anticipated
that the configuration involving all the above
simultaneously would result in the heaviest loads.

However the results obtained from the tests did
not support all the assumptions stated above : although
the loads did increase as a result of the increase in
the weight lever ( see figures 10.10 and 10.11 ) , this
latter increase was not always obtained by the
anticipated configurations.

This observation was thought to be due to the
subject’s own positioning and control over it. The
amputee’s hip musculature was able to compensate for
any configuration, which was not felt safe enough.
Therefore each time the subject felt that the
particular setting would impose a leaning too far back,
used the hip flexors to translate the CG forward.
Although this was possible for socket set-back and full
flexion, in the case of 90° toe-out rotation , where

the displacement of the ischial seat was very large
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(see figure 10.3), the patient had little control and

as a result of this situation the loads were increased.
It is lnteresting to note that whereas the 90° toe
rotation has beneficial effects on the artificial legs

of BK amputees as Al— Turaiki (1990) has reported , the

work presented in this chapter proved that such a

rotation is dangerous for the AK artificial legs

because it results in very high static loads.

The tests were also to answer whether the type of
foot makes any difference. From the results presented
in tables 10.1 to 10.4 such conclusion cannot be drawn.
In fact the use of multiflex or SACH feet did not
result in different values. There is however a
difference which was observed during the actual tests :
due to the flexibility of the multiflex ankle and the
shape of this foot, the centre of pressure was
displaced towards the axis of the shank, thus
decreasing the ML lever ( parameter P3 in figure 10.5 )
of the ground reaction. This change did not affect the
results because the study concerns the AP plane in
which there was no change. Even if parameter P3 was not
measured from the beginning, but was derived by the
program as the ratio of the pylon loads (MYp/FXp), the
results would not be different either, for the same
reason.

Finally, the results obtained by the force plates
and pylon transducer were considered in most of the
cases comparable and therefore satisfactory.
Discrepancies were thought to be due to the assumptions
regarding the geometry of the tests.

The major conclusions drawn from this work may be

presented as follows :

1) During kneeling the AK amputee applies very heavy
static loads on the prosthesis. The 41 tests carried
out showed that the "nutcracker" moment can reach

values as high as 165 Nm for a heavily built subject

with corresponding shear forces at the shin wall and
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ee axi
kn 1s of about 7 kN. as a general conclusion it can

be stated that the 1loads developed during kneeling can

reach very high values and could well lead to wear of
the knee mechanism and fracture of the

. shin wall,
particularly when of dynamic nature.

2) The "nutcracker" moment can be predicted by formula
(10.26) for any configuration. Using this value and the
prosthesis’ geometry the shear forces can also be
estimated. The fact that this prediction method takes
into account the two percentage values shown gives to
the method a general wvalidity, because during the tests
it was noted that the patient may generally have a
considerable control on the position of the body centre
of gravity as well as on the amount of body weight
applied on the artificial side.

3) The only alignment change that has a drastic effect
on the developed loads is the toe-out angle. When a 90°
toe-out angle is established the developed loads should

be expected to reach relatively higher values.

This chapter was the concluding part of the
presentation of the work carried out during this
project. The next chapter presents a global discussion
and the general conclusions of the work as well as a

series of recommendations for future work.
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CHAPTER 11
DISCUSSION , CONCLUSIONS
AND FUTURE RECOMMENDATIONS
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11.1 Discussion

The multi-component pylon transducer designed and
reported by Berme et al. (1976) has been used , in
prosthetic loading measurements for the assessment of
many tasks during various amputee activities. The
project work conducted and reported in this thesis
consists of a series of theoretical studies and
‘experimental work which were carried out in order to
establish the behaviour of the transducer and develop
further equipment, methods and techniques for its use
in various prosthetic research applications.

The theoretical analysis of the pylon transducer,
presented in chapter 3, resulted in the quantitative
evaluation of its main effects. The main effects, as
explained in chapter 2 , are the sensitivities of the
six channels of the transducer to the corresponding
load components. The fact that +the sensitivity
coefficients obtained theoretically, were found to
compare very closely to the values derived during
calibration using dead-weights , conducted by former
researchers, was a verification that the design and the
main behaviour of the six channels is acceptable.

As discussed in detail in the thesis, strain-gauge
transducers generally exhibit cross-effects, which must
be quantified by calibration together with the main
effects. The dead-weights method used by former
researchers proved to be the most accurate approach for
this purpose. The use of the Instron materials testing
machine, despite the highly controllable mode of load
application it provides , generally introduces unwanted
friction-effects.

The above comment is a conclusion drawn from the
presented work and is in agreement with the force
measurement literature (eg Bray et al.1990, chapter 7).
The use of the Instron machine , particularly when it
involves complex devices , is likely to result in
peculiar propagation of the stress field and therefore

is not recommended for tests like the calibration or
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the evaluation of force transducers. The set - ups

developed and presented in chapters 4 and 5 of this
thesis led to various problems and uncertainties. Some
of these  set-ups proved not suitable at all ( see
bending moment and torque tests) and some others remain
under question until more tests are carried out to
justify their reliability ( see axial load and
validation tests ). The shear load set-up, however, was
not considered affected by any of the problens
mentioned above.

It is always desirable to conduct tests of a
similar nature using the same equipment , for reasons
related to metrological and statistical considerations.
Therefore , the author of this thesis suggests that a
specially designed rig should be developed in the
future for all the above tests, which using dead-
weights and the useful principles already established
by former researchers, would provide the possibility of
single and multiple 1loading configurations of any
order . Particularly the multi - load component
configurations are of major importance because they
supply information about the behaviour of the
transducer under combined loading.

The second-order calibration model presented in
the introductory investigation of chapter 6 and the
subsequent comparisons to the linear model proved that,
despite the ambiguity of some of the results, the
contribution of higher order terms is not, practically,
sizeable.

The pylon transducer can also be used in order to
evaluate the effect of alignment on the walking pattern
of amputees. The assessment of prosthetic alignment for
such a purpose should be a fast process allowing the
determination of the alignment parameters among
different trials without any need of removing the
prosthesis from the subject and measuring it
separately. The new alignment assessment method

presented in chapter 7 and 8 provides such an important
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?0551b111ty. The method was usegd during amputee tests;
it was evaluated and further improvements became clear.

This method based on a 3-D modelling of the Otto
Bock modular system and the

adjustability of its
adaptors was simulated with a computer program and can
provide the prosthetist with an immediate quantitative
feed-back. By calculating the position and orientation
of all frames of reference of the prosthesis this
method also provides the mathematical background for
the pylon transducer detected loads to be transferred
to all prosthetic or anatomical joints.

The amputee tests presented in chapters 9 and 10
supplied useful information on the loads occurring on
the prosthetic side of an amputee during level
walking and kneeling. The walking tests showed that
some of the loading values currently recommended by the
standards might be rather low to meet the loads applied
by a "heavily built" active amputee . Loads encountered
during Kkneeling are well above the corresponding values
during walking. This was the reason that the
international committee actually asked for such tests
to be conducted.

The study of kneeling presented in chapter 10 is
the first ever conducted study on this in particular
activity. Its significance relates to the fact that
many amputees , due to cultural or religious reasons,
very often kneel and therefore the loads measured
during the presented tests are some time of repetitive

nature. Such loads could lead to unexpected failure and

subsequent injuries.

11.2 Conclusions

1) The theoretical analysis of the pylon transducer and
the comparison of the results to experimentally derived

values proved that the main effects of the transducer

in practice behave Vver
predictions ( refer to table 4.5 ) .

y similarly to the theoretical

221



2) The use of the Instron machine was not successful

for all loading configqurations during calibration tests
because of friction and possibly other unquantified
effects ( refer to figures 4.7 to 4.9 ). The tests
which were not affected by the above effects did,
however, provide results comparing closely to the
theoretically predicted values (refer to table 4.5).

3) The validation of the calibration matrix , by
applying a known combined load, is a major determinant
for the reliability of the pylon transducer and must
always be carried out after a calibration. The results
of the tests carried out for this purpose are
questionable, mainly because further investigations are
needed for the Jjustification of the device used.
However, the prediction errors calculated were
generally not very high and can be used as a reference
for future work ( refer to table 5.1 and figures 5.7
and 5.8 ).

4) The introductory investigations of the second-order
calibration model showed that for most combinations of
load components the adoption of this model, instead of
the simple linear model, is not recommended. Further
investigations are, however, recommended for a full
justification of the above comment ( for results refer

to tables 6.3 and 6.4 ).

5) The mathematical modelling of Otto Bock modular
prostheses and the simulation of prosthetic alignment
changes has provided a useful tool for the assessment
of alignment ; and if further developed could

’

successfully be used in association with the pylon

transducer for combined prosthetic loading and

alignment studies ( for results refer to section 8.6 ).

6) Amputee kneeling proved to apply very high loads,

which in some cases are of dynamic nature. The bending
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moment applied through the shin of the Endolite

prosthesis reached the value of 165 Nm, corresponding

to shear forces of 7 kN at the knee axis and the

posterior edges of the cradle ( for highly loaded areas
refer to ﬁigure 10.3 b ).

11.3 Future Recommendations

The work presented highlighted some topics where
further developments and more research work is needed :

1) A specially designed rig should be developed which,
making use of dead-weights will provide the possibility
of collecting data for derivation and validation of the

calibration models ( refer to the discussions in
chapters 4 and 5 ).

2) The new method for the assessment of prosthetic
alignment should be further developed and improved in
order to obtain greater accuracy , decrease of the time
needed for the measurements and a more versatile
display of the alignment results ( refer to the

discussions in chapters 7, 8 and 9 ).

3) Further investigations are required for the solution
of the inverse alignment problem, which is presented in
detail in appendix X and the factorial experimentation

described in appendix XII.

The use of pylon transducers in prosthetics has
contributed greatly in the development of the field and
the quality of amputee management. However, there are
more tasks to be met and requirements to be fulfilled
and undoubtedly there is always a good motive : the

relief and the satisfactory service provided to the

amputee.
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