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Abstract

Massive orthopaedic implants made of Titanium-6A1-4V alloy have been custom 

made at Stanmore for limb preservation in cases of bone tumour since the method 

was pioneered in 1949. In this technique, the diseased bone and synovial joint are 

replaced with a metal prosthesis and plastic bearing surface. In the majority of 

cases, the hip or knee joint together with part of the associated femur or tibia is 

replaced, and the prosthesis is spigotted into the intramedullary canal of the 

remaining bone, traditionally fixed using polymethylmethacrylate bone cement. 

Amputation, which was previously the usual alternative, is thereby avoided and the 

patient enjoys good mobility. Despite general success, several problems exist in the 

medium to long term, of which the most severe is progressive loosening of the 

prosthesis in the remaining bone, the mechanism of which is not yet fully 

understood.

This thesis describes the development and use of a telemetry system for 

measurement of forces acting upon massive orthopaedic implants, in man, in order 

to determine the load distribution throughout the prosthesis during routine activities 

and the way in which this progresses with time. The telemetry system comprises: 

the implanted instrumented prosthesis, mechanically modified to enclose strain 

gauges and electronics, an inductive power supply / telemeter, and equipment for 

data logging and display using a portable computer. When measurements are not 

being taken, there is nothing visually to distinguish the instrumented subject from 

any other. The main operational features of this system are: permanently implanted 

hermetically sealed instrumentation, power induction and data telemetry using the 

same pair of coils, no trailing cables from the patient during measurements, and real 

time data logging and display.

Details of the aims and methodology for two generations of instrumented prosthesis 

are given, and results from a 2 year follow-up reported.
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Nomenclature

The following abbreviations have been used throughout the text. 
Other symbols are defined where used in the text.

(0 angular frequency (radians per second)
(|) magnetic flux
|i Poisson’s ratio

I  I  ‘in parallel with’
p8 microstrain
Ob, cjc bending stress, compressive stress
AP antero-posterior
B magnetic flux density
Bi-CMOS biploar-CMOS
BW multiples of Bodyweight
C capacitance
CMOS complementary metal oxide semiconductor
CMRR common mode rejection ratio
distal furthest fi*om or away from the centre of the body
E Young’s modulus of elasticity
EMG electromyograph
G amplifier gain, acceleration due to gravity
GBW gain-bandwidth product
GF gauge factor
HA hydroxyapatite
I second moment of area of section
IC integrated circuit
ID, OD inside diameter, outside diameter
IM intramedullary (also the initials of the first subject)
k coupling coefficient, gauge factor
kcrit critical coupling
L self inductance
M cycles million cycles
M mutual inductance
ML medio-lateral
MOSFET metal-oxide-semiconductor field effect transistor
MPa, GPa MegaPascals, GigaPascals
N force in Newtons
Nm moment in Newton-metres
PC personal computer
ppm parts per million
proximal nearest or towards the centre of the body
Q tuned circuit quality factor
R resistance, coil radius
rpm revolutions per minute
SMILES Stanmore modular individualised lower extremity system
UART universal asynchronous receiver transmitter
UHMWPE ultra-high molecular weight polyethylene
Z impedance
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Introduction

In the Centre for Biomedical Engineering (BME) at the Institute of Orthopaedics 

in Stanmore over 5000 massive implants have been custom designed and made for 

individual patients since 1949, most of which were for bone tumour replacement. 

Prior to the clinical use of massive implants for restoring function and mobility in 

such cases, amputation of the limb was the usual procedure. This thesis reports the 

work accomplished over a ten year period comprising the development, 

construction and in vivo use of a telemetry system for recording strains in 

instrumented femoral replacement prostheses permanently implanted in man.

Massive orthopaedic implants are those where a segment of the bone shaft (e.g. 

the femur or tibia) as well as the joint itself, is replaced with a metal prosthesis. 

This is in contrast to a total joint implant (e.g. the hip or knee joint) where the 

bone shaft is preserved and only the joint itself is replaced. Early designs of 

massive implants used integral extra-cortical metal plates enclosing one end of the 

bone shaft to fix the implant to the bone, but this method was soon abandoned (at 

that time) in favour of intramedullary fixation where a long metal stem, bolted to 

or integral with the prosthesis shaft, was cemented into the medullary cavity of the 

remaining sound bone. This method of fixation has been used for the last 40 years 

at Stanmore, and has been largely successful. A serious problem remains however 

in the medium to long term, involving aseptic loosening of the prosthesis in the 

bone and eventual failure of the fixation, experienced as pain and loss of support. 

Bone remodelling at the transection site starts to occur after insertion of the 

prosthesis due to the altered loading conditions, and the accompanying bone loss 

and interface changes combine to weaken the fixation. A fiirther (revision) 

operation is eventually required in which the fixation is repaired with a 

replacement prosthesis. As this second operation further reduces the bone stock 

the fixation is then more prone to failure than the original. The best way to prevent 

this deterioration process is to ensure adequate fixation in the first place. The 

severity of the problem is dependent upon the type and extent of the prosthetic 

replacement [#4.2.1 and #4.9.1], and is most urgent in cases where the patient 

would otherwise have a good outlook, especially the young.
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Reasons for the telemetry work

The current telemetry project was conceived in order to investigate the mechanism 

of this loosening process, as well as to provide greater insight into the mechanism 

of load transfer in massive fixations, and to provide a quantifiable means of testing 

various methods of enhancing fixation. Direct measurement of forces acting upon 

and distributed throughout the prosthesis was seen as the method most likely to 

provide reliable in vivo data on mechanical changes taking place causing 

loosening, and to lead to significant improvements in methods and materials to 

prolong the life of the fixation. Three generations of instrumented prosthesis were 

envisaged, each design building upon the previous one and having more strain 

gauged sites in order to provide increasingly comprehensive data. The first two of 

these (the Mkl and Mk2) were developed and implanted, but the third was never 

advanced beyond the conceptual stage [#2.2].

The Mkl instrumented prosthesis measures axial force at 2 sections in the 

prosthesis. The ratio of these forces is of particular interest in determining the 

loosening mechanism. The Mk2 instrumented prosthesis has 7 channels, of which 

5 are used to telemeter forces and moments and 2 are used for monitoring 

purposes. In addition, both devices measure temperature and humidity within the 

cavities occupied by the strain gauges and electronics. The Mkl prosthesis was 

implanted into two subjects (in July and December 1991), the development phase 

of the Mk2 design was completed in 1994 and the device implanted into two 

further subjects in February and November 1995. When the project commenced, 

loosening of proximal femoral replacements was the primary concern, and 

therefore the Mkl device was designed as a proximal replacement. Clinical 

follow-up now shows that loosening is a more severe problem in distal femoral 

replacements, these also now outnumbering proximal replacements by about 5 to 

1, and so the Mk2 instrumentation has been designed for distal replacements. This 

design measures the axial forces and, additionally, bending in 2 planes and axial 

torque. It was designed primarily to test two main hypotheses relating to methods 

and materials used in fixation [#2.3].
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Presentation of material

The material presented will first describe the background to interest in the 

measurement of forces acting at the hip joint, and give a clinical overview of the 

loosening problem. A statement of the objectives of the reported work will be 

presented. A historical review of telemetric force measurement in total hip joint 

replacement since 1966 will follow. The methodology will first present the basic 

design choices (strain gauge types and location, encapsulation methods, method of 

power supply and data telemetry). Work on the mechanical and electrical designs 

for each device will then be described in detail, followed by calibration procedures 

and final preparations for implantation. The principal results fi*om the Mkl and 

Mk2 subjects will be given (although a more thorough presentation and analysis 

of these is not within the scope of this thesis), and the findings and operational 

aspects of the system discussed. After outlining possible further work the thesis 

will be briefly summarised.

Originality of the work and the contributions o f others

In a project as extensive as this, which spans several disciplines, it is inevitable 

that some of the work will have been carried out by others. My role throughout 

has been that of project leader and chief design engineer. I have been responsible 

for the initiation, direction and co-ordination of the technical work, and for the 

overall design philosophy. I established the electronics laboratory and clean rooms 

for thick film circuit production within BME, and have been responsible for 

selecting and deploying staff on the project over the years. Unusually, for 

leadership of an orthopaedic biomechanics project, I am qualified as an electronics 

engineer, some knowledge of biomechanics having been acquired along the way.

Consequently, most of the mechanical design and testing required the 

collaboration of others, although I am fully conversant with and have participated 

in these aspects of the development. Mechanical design of the instrumented
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implants was carried out by BME staff Jay Meswania and John Perry. Strain 

gauging of the prostheses and electron beam welding were carried out by 

specialist firms. The concepts of energising the implant by inductive coupling and 

of telemetry by passive signalling are not original, and have been employed 

elsewhere. The two methods were used together by Dr Nick Donaldson when at 

the MRC Neurological Prosthesis Unit, and I adapted these ideas for this 

application. To my knowledge, these two methods have not been used together 

before in an application whose physical constraints required an inductive link 

geometry in which the two coils were very different in size. This was, surprisingly 

at first, not prohibitive to the operation of either scheme. Nick also contributed 

greatly to the implant coil encapsulation strategy (he drew figure 4.16, page 114), 

and wrote the assembler code for the Mk2 microcontroller. The Mkl 

microcontroller code was written by Dr Graham Phillips, then at the FES unit at 

Stanmore. Several other Research Assistants and students worked on various 

aspects of the project over the years. Parts of #1.5 and #1.6 were originally written 

by Professor Walker.

Funding

The project was initially funded over the first five years by Action Research, who 

then subsequently renewed the grant for a further year for the Mk2 late 

development and implantation phase. Additional support during other periods was 

provided by Professor Walker from Departmental funds.

m
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1 Background and clinical overview

In this opening chapter, a review is made of the historical background concerning 

estimation of the forces acting on and around the hip joint and femoral shaft. A 

selection of the literature is presented in which mathematical models have been 

used to derive the forces at the hip joint. The accepted model of the proximal 

femur as a simple crane is re-examined. A simple anatomy of the natural hip joint 

and femur is presented, with a simplified geometric estimate of the hip joint force. 

This is followed by the current method for limb preservation using replacement 

massive metal prostheses. The loosening problems that necessitated the telemetry 

project are then discussed, and possible solutions presented. Finally, the 

significance of the work in relation to clinical problems and alternative methods of 

limb salvage is given, and the contribution of telemetric measurements discussed.

1.1 Historical and recent models and hypotheses

Many workers since the middle of the 19̂*̂ Century (and a few since the mid 17̂ *’ 

Centuiy) have studied the loadbearing characteristics of the human skeleton and of 

the hip joint in particular, e.g. Pauwels (1935). Knowledge of the forces and 

moments applied to the femoral head and neck during activities of daily living has 

long been of interest for a number of reasons. Several workers over the years have 

demonstrated a relationship between the structure (form) and fimction of bones 

(e.g. Wolff 1892) and in particular of the femoral head and neck (Hackman 1957). 

It came to be realised that the skeleton as a loadbearing structure can respond to 

changes in mechanical demand by remodelling bone. "In his classic law of bone 

remodelling, Julius Wolff (1892) forwarded two concepts, first that the 

architecture of a bone is adjusted to best withstand the prevailing loads and 

secondly, that the mass of the skeletal element will be appropriate for the 

magnitude of the currently applied loads. The hypothesis put forward by Wolff 

was based on observations in bone form and assumptions regarding the changes in 

the prevailing mechanical environment. An understanding of stress-related 

remodelling is vital, not only to determine the functional stresses of the skeleton
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but also to determine, in a predictable manner, the influence of an orthopaedic 

implant on the normal mechanical environment and the consequent biological 

response to the presence of such an implant. ... To verify Wolffs hypotheses it is 

necessary to quantify both the prevailing mechanical environment and the 

resultant biological response." (Goodship 1992). W olffs Law has been restated in 

several different ways by others, e.g. “1. The inner structure and external form of 

human bone are closely adapted to the mechanical conditions existing at every 

point in the bone. 2. The irmer architecture of normal bone is determined by the 

definite and exact requirements of mathematical and mechanical laws to produce a 

maximum of strength with a minimum of material.” (Koch 1917, pp273-4), and 

“bone is constructed in a manner appropriate to its function...” (Pauwels 1935, 

p i67). Instrumented prostheses having strain sensors at several different sites for 

measuring forces in vivo are useful tools to help verify these hypotheses, as the 

measured stress distribution can be correlated with observed changes in bone 

structure from x-rays. However, account must be taken of the altered musculature 

in the prosthetic fixation when seeking to model the revised structure (Lu et al., in 

press). A comprehensive summary of the literature then available on estimation of 

the force acting on the hip joint, and of the stresses in the femur, was given by 

Rydell (1968).

Prior to the advent of technology for direct measurement of forces in vivo, and 

now supplementary to such measurements, many workers have developed 

mathematical models of bones and muscular attachments in order to derive the 

force acting on the natural hip joint during one- and two-legged stance and during 

gait, e.g. Pauwels 1935, Paul 1967a, Williams and Svennson 1968, Seireg and 

Arvikar 1975, Crowninshield et al. 1978, Collins and O’Connor 1991. These have 

generally required cine film or video kinematics, ground reaction force 

measurement and electromyography in order to animate the model. Some have 

used cadaveric specimens to build their model, e.g. Munih et al. 1992. Others have 

taken excised femora, mounted strain gauges at intervals along the bone, and 

applied static and dynamic loads without simulating any musculature (Wright et 

al. 1984). These models all have their separate aims which guided the 

development and complexity of each model. All are compromised to a lesser or
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greater degree by the simplifications which were necessary to avoid over

complication of the model. All have built-in assumptions regarding geometry, 

muscle behaviour and load sharing between muscles. The problem of redundancy 

in the number of available muscles has been approached in several different ways 

by adopting different principles by which the muscles are programmed to act in a 

concerted way to achieve a given set of criteria.

Sometimes it is necessary to alter existing models to take account of new evidence 

which comes to light. The model of proximal femoral biomechanics based on the 

Fairbaim Crane analogy (Koch 1917) has until recently been widely held to be 

valid, as the model has been shown to be valid insofar as the study of proximal 

femoral fractures is concerned. This model predicts that during unilateral stance 

(such as the mid-stance phase of gait) the normal intact femur experiences 

compressive stresses along its medial cortex and tensile stresses along its lateral 

cortex, except for a small region of the distal femur. This model is (unsurprisingly) 

consistent with stresses found in excised femora when loaded at the femoral head, 

without simulated musculature attached. However, this simple model completely 

ignores the effect of muscle action, which the author justified by saying “though it 

is recognised that the action of the muscles exerts an appreciable effect on the 

stresses in the femur, it is relatively small and very complex to analyse” (Koch 

1917, pp224-5). Pauwels (1935) showed that the simple crane model of the 

proximal femur as a loadbearing structure is inconsistent with W olffs Law and 

does not satisfactorily explain the economy of bone found in the femoral 

geometry. He showed that a modified crane structure, in which tension bands are 

used to reduce bending stresses and therefore permit greater economy of material, 

shows very close correspondence with the actual bone geometry and available 

muscles. (Modem types of crane commonly seen on civil construction sites have a 

similar structure.) The use of bone counterbending, double mono-articular muscles 

and single bi-articular muscles were shown to reduce the overall state of stress in 

the bone. Pauwels demonstrated the effectiveness of the ilio-tibial band acting as a 

bi-articular tension band along the femoral shaft in reducing the bending of the 

femur during the single support phase of unilateral stance, by marginally
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increasing the compressive stress which the bone shaft is far better equipped to 

resist.

More recently also, the femur has been shown to be loaded primarily in 

compression rather than in bending (Fetto and Austin 1994, Ling et al. 1996, 

Taylor et al. 1996). Muscle action is now recognised as being important in the 

estimation of not only the magnitude of the hip joint force but also the state of 

stress prevailing in the bone shaft. Only the inclusion of the muscles acting across 

the hip joint including the hitherto underestimated ilio-tibial band into the analysis 

explains all the observed findings from cadaveric and bone morphologic studies, 

mathematical analysis and photoelastic studies under load (Fetto and Austin 

1994). Models which include the relevant muscles predict that the intact femur is 

compressively loaded both medially and laterally, resulting in reduced bending 

stresses. Pauwels believed that the muscles were in part designed to protect the 

long bones from dangerous levels of bending stress (Pauwels 1935, ppl60, 171). 

Bending stress in the bone shaft has implications for implant fixation, and in the 

case of massive bone replacement prostheses (where neither the natural bone 

geometry nor the complete musculature is preserved) measurement of the 

compressive and bending strains in the prosthesis can yield insight into the altered 

biomechanics of the fixation, perhaps leading to improved fixation techniques.

1.2 Anatomy of the hip joint

A detailed anatomy of the natural hip joint and associated structures is presented 

elsewhere (Wright 1981, Gray 1972). Backman (1957) has made detailed 

measurements of the geometry of the femur, particularly the femoral head and 

neck. A simplified anatomy for the purpose of estimating the force applied across 

the joint requires the proximal end of the femur, the pelvis and acetabular socket, 

and the major muscle groups which hold the joint together and provide the 

necessary lever arm actions for movement and force equilibration. The simplified 

bony anatomy viewed in the frontal (coronal) plane is shown in figure 1.1. The 

acetabulum is the bearing surface within the pelvis inside which the femoral head
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articulates, and is lined with cartilage which is enlarged around the border of the 

socket to form a rim for retaining the femoral head. The femoral head is similarly 

lined, and the joint is enclosed in a capsule, lubricated with synovial fluid. The 

term ’synovial’ is given to those joints, including the hip, which have a cavity 

between the articulating bones containing synovial fluid. These joints are 

remarkable bearings which allow the relative motion of one bone segment past 

another with minimal friction while transmitting considerable loads (several times 

bodyweight during activity, [#3]).

pelvis

acetabulum

femoral head

greater__
trochanter

lesser
trochanterfemur

Figure 1.1 Bony structure of the hip joint, proximal femur and hemi-pelvis 

(hip dislocated for clarity).

The femoral head consists of about two-thirds of a sphere, and is connected to the 

femoral shaft by an elongated neck, of diameter smaller than that of the head, 

which makes an angle of about 125° with the femoral shaft. The geometry of the 

neck allows the femur to have considerable range of movement about the hip joint
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centre, whilst also providing a lever arm for the muscles inserted into the proximal 

femur. Two prominences at the proximal end of the femur, the greater and lesser 

trochanter, provide insertion points for these muscles. The femoral shaft is 

directed downwards, inwards, and slightly forwards during erect stance, and 

culminates in the femoral condyles of the knee joint. Structurally the shaft is an 

outer shell of dense cortical bone enclosing cancellous or spongy bone. The femur 

is the longest bone in the human body.

A total of 22 muscles are responsible for the movement and integrity of the hip 

joint, although some play a minor role as far as force or torque transmission is 

concerned. A summary of the role of each muscle as determined by four different 

authorities is given by Paul (1967b). The muscles are grouped as flexors, 

extensors, abductors and adductors according to the major actions which they 

produce, and may be subdivided into one- or two-joint muscles depending upon 

the number of skeletal joints between their origins and insertions. Various of these 

muscle groups act as agonist and antagonist muscles in order to maintain the 

integrity of the joint and equilibrate the external moments of the body to provide 

controlled motions. Since the lever arms of the muscles about the hip joint are 

small in comparison to those of the external loads, large muscle forces are 

required to balance the external forces and moments. Consequently the force 

across the hip joint is also large (O’Connor 1992) [#1.3, #3].

1.3 Simplified geometrical estimation of the hip joint force

In the natural anatomy, a basic geometric model (assumed to act in the frontal 

plane only, for simplicity and with little loss of accuracy) can be used to show that 

considerable forces are developed across the hip joint and in the equilibrating 

muscles during unilateral stance. (This position is most easily analysed since all 

the bodyweight must be supported by one leg, and corresponds approximately to 

the stance phase of slow walking as inertial effects may then be ignored.) This 

simplified analysis does not take into account the ilio-tibial band or other muscles 

which insert below the greater trochanter, but these are more important for



background and clinical overview 24

analysis of the state of stress in the femur and are not likely to greatly affect the 

hip joint force magnitude (Ling et al. 1996). Ignoring the effects of antagonistic 

muscle action and joint friction, and assuming that all supporting muscle origins 

on the pelvis have their insertions on the greater trochanter, the following relations 

under these conditions can be simply approximated by taking moments about the 

greater trochanter and resolving forces horizontally and vertically (Backman 1957, 

English & Dowson 1981) in figure 1.2:

J y  = W’ (x + y)-------- --------------------------------------- (1.1)

H = T cos <|) ---------------------------------------(1.2)

J = T sin (|) + W ----------------------------------------------- (1.3)

where H and J are the horizontal and vertical components of the hip joint force, T 

is the tension in the lumped muscle insertions at the greater trochanter, and x and y 

are the horizontal distances from the centre of the femoral head to the vertical line 

of action of the supported bodyweight W  and the muscle insertion point on the 

greater trochanter respectively, (j) is the angle of T to the horizontal.

The ratio of x/y is reported to be 2.23 during unilateral stance, when the supported 

bodyweight W  (the total bodyweight minus the weight of the supporting leg) is 

displaced away from the supporting leg for equilibration, and W  is reported to be 

typically 83% of bodyweight. The angle ^  was not accurately known but was 

estimated to be between 75° and 80° (English & Dowson 1981). The force vector 

diagram comprising R, T and W  is shown in figure 1.2. Using these figures the 

resultant hip joint force R is calculated to lie between 2.70 and 2.73 times 

bodyweight (depending on the value of (|)), and its angle to the horizontal 0 to be

between 83° and 79.5°. These values are in fairly good agreement with peak

forces measured during the stance phase of slow walking in instrumented total hip 

joint prostheses, where the greater trochanter and muscles were not detached 

(Rydell, Bergmann, English [#3]). Higher walking speeds would be expected to 

increase the peak force due to inertial effects. Bergmann et al. (1993) determined
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Lines of action:

W  = supported 
bodyweight

W = total bodyweight 

R = hip joint resultant 

T = abductors

Vector diagram

T

Figure 1.2 Simplified hip biomechanics showing the lines of action of the 

bodyweight, abductors and hip joint resultant during single leg stance. The vector 

diagram constructed for these three force actions shows the relative magnitudes.
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the angle between the resultant hip force and the femoral long axis to be about 25° 

at the peak force during slow walking. Assuming the angle of inclination of the 

femur to the vertical in the frontal plane is 9° (Bergmann et al. 1993) this results in 

a value for 0 of 74° (the same value as Pauwels determined) leading to a revised 

estimate for <|) of 67.5°. This makes only 3% difference to the magnitude of R.

1.4 Massive prosthetic replacement of the proximal and distal femur

The discussion so far has been mainly concerned with the natural femur and hip 

joint. The advent of the very successful and now routine total hip replacement 

operation, mainly for cases of osteoarthritis, has promoted interest in the 

biomechanics of hip replacement, and means are continually sought to further 

enhance the procedure and in particular to increase the longevity of the fixation. 

For malignant bone tumour cases, massive orthopaedic endoprostheses typically 

made from Titanium-6A1-4V alloy have been successfully used to salvage the 

limb and avoid amputation since the method was pioneered at Stanmore in 1949 

(Wright et al. 1984, Wright 1986). In this procedure the affected femoral bone, as 

well as the joint, is replaced with a custom-made prosthesis. A Stanmore proximal 

femoral replacement fixation is shown in figure 1.3. The prosthesis consists of a 

femoral head and neck, the main shaft, and intramedullary stem. The femoral head 

bears against an artificial acetabular cup made of ultra high molecular weight 

polyethylene (UHMWPE). The femoral head is made of cobalt-chrome alloy in 

order to reduce wear against the acetabular cup, because titanium is a poor bearing 

surface by comparison. The neck is spigotted onto the femoral head and main 

shaft of the prosthesis by shrink fitting. The shoulder bears on the remaining 

femoral bone, and the fixation is achieved by cementing the intramedullary stem 

into the medullary canal of the bone with polymethylmethacrylate (PMMA) bone 

cement. Early designs used two bolts to attach the intramedullary stem to the shaft, 

but this practice has now been discontinued in favour of an integral stem and 

shaft. The stem is often set (slightly curved) to follow the anatomical axis of the 

femoral shaft. The femoral neck is angled to the shaft axis to simulate the natural
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acetabular cup

resected bone

R16

neck
femoral head

shaft
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Figure 1.3 Cemented fixation of a typical large-resection Stanmore proximal 

femoral replacement. The hip joint and all femoral bone proximal to the shoulder 

of the prosthesis is resected.
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anatomical geometry. No attempt is currently made to simulate the greater 

trochanter, although the detached abductor muscles are usually sutured onto the 

femoral neck which enables them to exert some leverage for abduction. The 

normal prosthesis is solid throughout.

A Stanmore distal femoral replacement is shown in figure 1.4. The prosthesis is 

again made of Titanium-6A1-4V alloy and replaces the distal part of the femur 

together with the knee joint. Intramedullary fixation is used to fix the stem in the 

proximal bone using bone cement. The distal end of the prosthetic shaft is 

spigotted onto the femoral part of the prosthetic knee joint. To fix the tibial part of 

the knee the tibial condyles are resected to form a tibial plateau. The tibial 

medullary cavity is reamed to accept an intramedullary stem attached to the tibial 

part of the prosthetic knee. Until about 1990 a fixed hinge knee joint was used. 

This allowed no internal/external rotation and is thought to produce large torsional 

stresses in the fixation. By comparison the more recent SMILES rotating hinge 

knee joint allows the tibial stem to rotate within a plastic lining, thus relieving 

torsional stress.

1.5 Loosening mechanisms and possible solutions

The operative aim is to permanently fix the metal prosthesis into the remaining 

bone. In practice, whilst the fixation may be sound immediately postoperatively, 

this ideal situation does not persist for long. Within as little as a few months the 

fixation is observed radiographically to alter, and the prosthesis will start to 

become loose in the bone. Certain findings have been made into the mechanisms 

of loosening, based on biomechanical and biological laboratory studies on 

retrieved specimens (Blunn et al. 1991, Hua & Walker 1991). During the 

operation to clear the tumour and insert the prosthesis, muscles are detached fi*om 

the affected bone and the bone shaft is transected to leave only sound bone 

remaining. During gait, these muscles normally act to apply a combination of 

compressive and bending load to the femur (the relative proportions of which are 

disputed), but an incomplete set of muscles must alter the manner in which the
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bone

Figure 1.4 Cemented fixation of a large Stanmore distal femoral replacement. 

The knee joint and all femoral bone distal to the shoulder of the prosthesis is 

resected.
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loading is applied to the remaining bone. Without the natural greater trochanter, 

and therefore a large part of the abductor muscles which normally insert into it, a 

significant bending moment is likely to be applied to the implant and bone, which 

is especially unfavourable at the shoulder region where the prosthesis shaft bears 

on the transected bone [#4.2.3]. Because of the change in section of the prosthesis 

at this point, and because of the greatly different elastic moduli of titanium, 

PMMA and bone, micromovement occurs during dynamic loading, causing 

deterioration of the prosthesis-cement and cement-bone interfaces. This 

combination of adverse mechanical loading and bone transection leads to the 

‘biological response’ of bone remodelling (figure 1.5), characterised by the 

following features:

i) At the prosthesis shoulder, bone apposition occurs at the medial and posterior 

aspects of the interface and resorption at the lateral and anterior aspects, due to 

localised loading and to the way in which bone responds to applied load. This 

is observed as a bone pedicle,

ii) As the bone resorbs away from the unloaded regions of the prosthesis shoulder 

a gap opens up on the lateral and anterior aspects,

iii) The cortex below the shoulder reduces in diameter (osteoporosis),

iv) The interfaces between the bone and cement, and between the cement and the 

prosthesis stem, separate and can be seen as radiolucent lines,

v) The newly formed fibrous tissue which invades the region as gaps open up, 

causes the bone cement to fragment.

Combinations of these various interlinking factors cause the interfaces to weaken, 

micromovement to occur, and loosening to progress. Instead of being borne by the 

shoulder the load is progressively more carried in shear by the intramedullary (IM) 

stem towards its tip. The bone resorption is exacerbated by the cellular response to 

the ingress of titanium alloy particles worn away from the body of the prosthesis 

by the soft tissues. Radiolucent lines, indicating loss of bone density, have been 

observed within as little as a few months post-operative. Loosening of the 

prostiiesis in the remaining bone is now the most serious long term problem with 

the technique of massive femoral replacement.
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Figure 1.5 Bone remodelling features commonly observed in cemented 

fixations of massive prostheses.
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As for possible solutions to the loosening problem, it has been demonstrated 

theoretically that extra-cortical bony bridging into a porous-coated region on the 

prosthesis just above the shoulder would increase torsional and bending stability 

(Gottsauner-Wolf et al. 1991). Success has been achieved with the method in an 

animal but attempts to reproduce this in humans by several investigators has had 

mixed results. However, hydroxyapatite coating onto the surface of macrogrooves 

machined into the shoulder region of the prosthesis [#2.2, #4.9.6] has been 

observed from radiographs to promote bony bridging to the prosthesis within 6 

months post-op (Cobb et al. 1991). The most recent stage of the current project 

seeks to determine the effectiveness of this procedure in reducing load transfer to 

the tip of the intramedullary stem. Alternative techniques, using uncemented stems 

with porous coating, augmented by side-plates with screw fixation has usually 

resulted in rigid fixation, but problems of implant fracture and serious bone 

resorption have not been overcome (Samek et al. 1991).

1.6 Significance of implant fixation and the use of telemetry

Unwin et al. (1991) determined that the probability of avoiding loosening in 10 

years was 92% for proximal femoral replacements but only 72% for distal femoral 

replacements. Considering only patients under 20 years of age the probability of 

avoiding loosening of distal femoral replacements in 10 years reduced to 47%. 

This represents a serious problem considering that the average age of all patients 

included in the study was only 27 years and that having survived tumours these 

patients would have good life expectancy.

Similar results have been found with other implants incorporating an artificial 

knee joint (total knee and proximal tibial as well as distal femoral replacements). 

Inglis & Walker (1991) studied the failure of hinged knees used for cases of 

serious instability or for revision of failed condylar knees and reported that the 

failure rate and resulting disability was a serious problem. In all cases of large 

implant failure, whether for tumour or revision knees, the revision involves further 

bone resection and the eventual prospect of complete disability or amputation.
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Cabb et al. (1991) found that there was a steady deterioration of the cement-bone 

interface over time and that this deterioration correlated with a diniinishirig 

clinical performance. This meant that even before loosening reached the point 

where revision was essential, the patients experienced pain and diminished 

function.

The problem of treating bone tumours (which occur mostly in the young) and 

revising failed knee and hip implants, where a part of the bone shaft is involved as 

well as the joint, is a complex one. Several hundred people in the UK require such 

treatment each year. Apart from amputation, the two major methods of treatment 

are using combined allografts and joint replacements, or large implants with joint 

replacements. The former method, popular in the USA, is becoming more and 

more impractical for reasons of disease, availability and cost, while there are still 

many serious unresolved problems including non-union, infection and fracture. 

Artificial components on the other hand are highly successful in the early years, in 

terms of both function and fixation. However, the two long term problems are: 

stem loosening and wear of the metallic shaft causing metal uptake by the tissues. 

Wear in the joint itself has also been a problem, but the use of cobalt-chrome alloy 

bearing upon UHMWPE has been shown to reduce this, although doubts remain 

about the performance of this combination of materials in the long term.

By combining biological, biomaterials and biomechanical technologies, solutions 

to both the problems of wear and loosening may be possible. Recent wear testing 

has indicated that various types of coating on the titanium alloy surfaces, e.g. 

titanium nitride, greatly reduces the wear in the soft tissues. If cobalt-chrome was 

used for the body of the prosthesis, as well as for the femoral head, the soft tissue 

wear would be greatly reduced. However, titanium alloy is used for three main 

reasons: it is more lightweight, and more easily machinable than stainless steel or 

cobalt-chrome, and biocompatible. New designs and coatings such as 

hydroxyapatite may achieve the rigid bone-implant fixation necessary for 

indefinite fixation. Achievement of these goals will have a dramatic effect on the 

lives of the individuals requiring such prostheses. Furthermore, the technologies 

can be applied not only to these specialised implants but to total joints in general.



background and clinical overview 34

Direct telemetric measurement of the forces acting on the prosthesis, and the 

distribution of those forces throughout it, enables quantitative assessment of the 

fixation in vivo, in contrast to radiographic observations from which no forces can 

be derived. Measurements can be made at regular intervals without risk to the 

patient and the loading patterns logged for a variety of activities, thus enabling a 

history of the load distribution to be produced. Such data, together with 

complementary radiographic analysis, are valuable in the advancement of our 

understanding o f the mechanism of loosening, and for pointing towards methods 

of improvement in design to extend the life of the fixation. Measurement of the 

forces and moments within implants incorporating such improved design features 

will provide direct evidence of the efficacy or otherwise of those features, 

particularly in the area of fixation. This data might also highlight other effects, 

such as the linearity of the fixation [#5.3.4], providing fiirther insight into implant 

design for the long term.

The ultimate step might be to routinely incorporate telemetric measurements into 

orthopaedic implants, to provide constant feedback of the stress distribution in the 

prosthesis and to warn of potential failure conditions. Instrumenting the bone itself 

would also yield usefiil data, e.g. on stress shielding. Since routine telemetry 

would increase the cost of implants and require regular monitoring, such major 

advances are unlikely to occur within the foreseeable future.
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2 Study objectives and telemetric device phases

This chapter introduces the specific goals of the project. The two implanted 

generations of telemetric device, Mkl and Mk2, are specified in terms of their 

force measurement functionality. The scientific objectives relating to fixation- 

enhancing features are specified, with the plan for testing the hypotheses using the 

telemetric devices.

2.1 Basic aims and specifications

From the outset the aims of this project were to develop a series of instrumented 

prostheses for permanent implantation in man, in order to determine the way in 

which applied loads were distributed from the prosthesis to the supporting bone, 

and how this distribution changed over the course of time. The forces and 

moments applied to the femoral shaft were also of interest per se, both during a 

given activity and over the course of time. Forces would be compared between 

different fixation techniques and between different designs of knee joint. Both 

static and dynamic loads were relevant, since any change in load distribution from 

the static to the dynamic state and throughout the activity gives insight into the 

mechanism of load transfer, for example ratios of dynamic forces give information 

about nonlinearity in the fixation (friction and slippage, observed as hysteresis). 

The design of the instrumented prostheses should involve as few changes as 

possible to the usual implant so as not to invalidate the results by altering the 

environment of the fixation. It was highly desirable that the instrumented 

prostheses be powered and interrogated remotely [#4.1.1] so that the 

measurements would be non-invasive and would present no risk to the patient, and 

that the implanted instrumentation be contained within the body of the prosthesis 

in order to prevent failure through mechanical damage or electrical leakage 

[#4.1.4]. It is significant that those Research Groups, reviewed in chapter 3, which 

designed instrumented prostheses in which a) power was induced, and b) the 

strain gauges were hermetically sealed from the body tissues by welding, and c) 

the telemeter was sited inside the prosthesis, were the only ones to experience
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long-term survival of the instrumentation. On the other hand, those designs in 

which a) implanted batteries were used, or b) the strain gauges were encapsulated 

in silicone rubber and/or epoxy only, or c) the telemeter was sited in the soft tissue 

remote from the prosthesis, were those that experienced early failure [#3.7].

2.2 Development stages of the telemetric implants

A series of three generations of device was conceived, although only the first two 

were realised. These three telemetric devices were to have the following 

measurement capability, figure 2.1:

Mkl : Axial compression/tension at the tip of the intramedullary stem and at the 

mid-shaft region (AXT and AXS),

Mk2: Bending moments in two orthogonal planes and axial torque at the mid

shaft (BML, BAP, TOR), in addition to the Mkl measurements,

Mk3: Axial compression at sites around the shoulder (DAX), in addition to the 

Mk2 measurements.

The Mkl device would provide data regarding axial loading from two channels 

only. It was designed to yield the following data, from proximal femoral 

replacements:

1 The proportion of total bodyweight transmitted to the levels of the two 

gauged sites, and their ratio, during a variety of exercises and activities of 

daily living,

2 Variations of these forces and their ratio with time since implantation.

The Mk2 device would require more complex mechanical engineering and 

additional electronics in order to telemeter the additional data channels. The 

clinical study aims of the Mk2 device were to directly test two methods of 

enhancing long term fixation: the use of the recently developed SMILES
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axial torque (TOR)

A

M L bending moment about M-L axis 
(BML)

bending moment about A-P axis 
(BAP)

shaft axial force (AXS)

shaft instrumented sites

distribution of axial force 
around the shoulder (DAX)

axial force at stem tip (AXT)

Figure 2.1 Proposed measurements and sites for the 3 generations of 

telemetric prosthesis (shown for a proximal femoral replacement).
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(Stanmore Modular Individualised Lower Extremity System) rotating hinge knee 

joint rather than the traditional Stanmore fixed hinge type, and the use of a 

synthetic coating (hydroxyapatite) on the shoulder region of the prosthesis in order 

to promote bony bridging to the prosthesis.

The Mk3 device would require not only a further increase in channel capacity, but 

satisfactory means of instrumenting the shoulder. This stage would have provided 

more detailed data about load sharing between the shoulder and the stem, but was 

abandoned because of insufficient time and resources. A further (Mk4) stage was 

originally envisaged in which the intramedullary stem was also instrumented. 

Several methods were proposed for bonding the gauges within the stem structure, 

but all of these had practical difficulties, and this stage was also abandoned. The 

rationale will later be presented for sealing the strain gauges within an hermetic 

cavity rather than bonding them to the external surface of the prosthesis, which 

was rejected for a number of reasons [#4.1.4].

2.3 Scientific objectives

The main overall objective was to investigate the loosening mechanism of massive 

femoral implants. For the Mkl proximal femoral replacements, the change in the 

ratio of the tip force to the shaft force, both in the short term during activity and 

over the longer term, would indicate the redistribution of load within the fixation. 

An increase in this tip/shaft ratio would be interpreted as loss of support at the 

shoulder and upper stem, indicating a loosening process [#1.5], and a maintenance 

or decrease in the ratio would indicate continuing or improved support. These 

measurements would be compared with radiographs, which would be studied for 

the particular features associated with loosening as confirmation. Shaft forces 

would also be compared with joint forces in total hip prostheses, for which 

instrumentation had been previously developed [#3].

Having established the feasibility of a ratiometric method of determining changes 

in the fixation, and having gained over 4 subject-years total in vivo experience
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with the Mkl device in proximal femoral replacements, it was intended that the 

Mk2 device should be used to test two hypotheses of clinical importance relating 

to the fixation of distal femoral replacements:

1 A fixed knee hinge transmits high torques to the fixation, leading to

fibrous membrane formation and loosening, whereas a rotating hinge 

should alleviate the torque and lead to a more secure fixation,

2 Compared to an untreated cemented fixation, a cemented intramedullary

design, with particular features to encourage extra-cortical bony bridging, 

should result in more direct stress transfer to the bone, reduce bone 

resorption, and hence prolong fixation.

The bony bridging has the potential to improve the fixation in two ways:

1 Since the bridging should transmit axial, bending and torsional stresses, 

the overall state of stress on the stem should be reduced. The stem should 

therefore remain more securely fixed,

2 Increased stress should be provided to the bone at the transection site,

around the root of the stem. This would mimic the natural situation in 

which the bone is loaded, and avoid the stress shielding which occurs 

when no bridging is used.

Distal rather than proximal femoral replacements are to be used in these Mk2 

studies. When the telemetry project began in 1987 proximal replacements greatly 

outnumbered distals because osteosarcoma (the most common type of tumour 

occurring in the distal femur) had then only recently begun to be treated by 

prosthetic replacement. Distal femoral arthroplasty is now an established practice 

and the incidence of tumours requiring distal femoral replacement now 

outnumbers that for proximal replacements, by about 5 to 1. Moreover, loosening 

is observed in more distal than proximal replacements for the same postoperative 

stage (Unwin et al. 1996), and since the age group of patients requiring distal 

femoral replacement is significantly younger than that for proximals this 

represents a more serious long term survivorship problem (Unwin et al. 1993).



study objectives and telemetric device phases 43

The above hypotheses will be tested by comparing the distribution of forces and 

moments in each Mk2 prosthesis, during activity and over extended periods of 

time. It was planned that one study should compare the performance of the 

Stanmore fixed hinge knee with that of the more recent SMILES knee. This would 

provide design data for the development of improved knee joints. In particular, the 

comparison of shaft torque measurements between the two types of knee joint 

would indicate the effectiveness or otherwise of the additional degree of freedom 

in reducing the torque transmitted to the fixation, and the measurement of tip to 

shaft axial force ratio would indicate the effect which this has on the integrity of 

the fixation over a long period. This comparison will only be possible if suitable 

subjects can be found for the Stanmore fixed hinge knee type. Since the 

development of the SMILES type, the fixed hinge is no longer used except for 

certain revision cases. However, even if no fixed hinge knees are used, the 

SMILES type will provide torque data for comparison with that for the normal 

anatomy from the literature (determined by calculation).

The objective of the second study is to determine the effectiveness of coatings 

such as hydroxyapatite (HA) in promoting bony bridging and force transmission 

between the bone and the shoulder. Results will be compared with those obtained 

for similar non-coated prostheses. Bone remodelling in the region of the shoulder, 

as described in #1.5, generally results in a reduced area of contact, and eventually 

no contact, between the bone and shoulder. Force measurements on prostheses 

without coating should show how this reduces the forces transmitted through the 

shoulder, and hence increases the forces on the remainder of the fixation, 

contributing to loosening (as currently observed in the first Mkl instrumented 

proximal femur, #5.3). It is anticipated that HA coating in the shoulder area will 

be shown to maintain or even enhance the transmission of forces through the 

shoulder, both axially and laterally. If this is successful further studies could 

include the effect of modifying the shoulder geometry to accommodate or 

encourage beneficial bone remodelling. Radiographs will be used to assess the 

extent of the bridging subjectively, and compared to the data. Radiographic and 

other analyses of the data are outside the scope of this thesis, however.
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It was planned to implant three groups of subjects as follows:

Group A SMILES rotating hinge knee, without HA coated shoulder.

Group B SMILES rotating hinge knee, with HA coated shoulder.

Group C Stanmore fixed hinge knee, with HA coated shoulder.

2.4 Implantations and measurement sessions

At time of writing, two subjects have been implanted with a Mkl prosthesis, and 

two with the Mk2 prosthesis (the first Mk2 having HA coating on the shoulder 

and the second having no HA coating). Both Mk2 implants have the SMILES type 

knee joint. It is not now anticipated that any subjects will be implanted with the 

Stanmore fixed hinge type of knee joint, due to ethical considerations.

Data acquisition commenced immediately postoperatively and continued for at 

least 2 years for each subject. The intervals between test sessions were: initially 

weekly, then fortnightly, monthly, bi-monthly, increasing to three-monthly at 1 

year post-op (15 sessions in the first year). The second year intervals were three- 

monthly for Mkl and bi-monthly for Mk2. This pattern has proved useful in 

capturing early rapid changes in the peak forces. Test sessions comprised a variety 

of standardised activities including unilateral and bilateral standing, walking, stair 

climbing, treadmill walking and jogging.

2.5 Further Work

Current plans are to now implant fiirther Mk2 distal femoral prostheses as time 

and resources permit. Mk2 instrumented prostheses may also be implanted as 

proximal femoral replacements, with HA coating. These would be used for 

comparison with data firom the first Mkl subject, in which no HA coating was 

used.
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The telemetry work is now primarily focused on measurement of forces in total 

knee replacements, and development of an instrumented total condylar type has 

started [#7]. This system will use the same fundamental principles as for the 

existing system, which have been proven over 8 man-years so far. The data from 

this total knee study will have several applications, including future implant 

designs, as well as for comparison with the data in the literature obtained by 

calculation.
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3 Historical review of hip joint telemetry in orthopaedics

The word 'telemetry' is derived from the combination of the Greek 'tele-', meaning 

'at or over a distance' and '-metry', meaning 'the process or science of 

measurement'. Thus telemetry is the process or science of measurement at or over 

a distance. Clearly, the word may therefore be applied to many processes by which 

information is conveyed from one location to another, over various distances and 

by various means. In the context of this and the previously reported work 

reviewed here, the word is used to describe the conveyance of measurements made 

within a permanently implanted orthopaedic prosthesis to the outside of the body, 

and in particular across the soft tissues of the limb, without the use of wires or 

other invasive devices. One exception to this is the pioneer telemetry system of 

Rydell, in which wires were used for transcutaneous telemetry.

The first study of direct measurement of forces in orthopaedic implants in man 

was reported by Rydell (1966). Similar investigations by several other research 

groups in Europe and the USA have followed, using wireless telemetry with 

power supplied either by implanted batteries or by inductive coupling. In addition, 

force measurement studies in animals have been performed by several groups, 

sometimes as precursors to studies in man (Berilla et al. 1990, Bergmann et al. 

1988).

A survey of the relevant literature is presented here, from RydelTs work onwards, 

by major investigator. Only reported studies of telemetered hip joint forces and 

pressures in man are included, although the literature also contains reports of 

forces from instrumented hip nails (Bumy et al. 1990, Brown et al. 1982, 

Schneider et al. 1990) and spinal rods (Nachemson & Elfstrom 1971, Rohlmann et 

al. 1990). Telemetry is by means of radio transmission from the implant or 

inductive coupling. Estimation of joint and limb forces using external forceplate 

measurements, geometric models, kinematics and electromyography is in itself a 

well developed technology and will not be included in this review.
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3.1 Rydell, 1966

This pioneering work from the University of Goteborg, Sweden, is widely 

considered to be a milestone in the field of force measurement in orthopaedics, in 

man. Prior to this investigation, theoretical analysis alone had been used to 

determine the forces and moments acting on the hip joint. Although the ideal aim 

was to determine the forces acting across the natural hip joint, this posed ethical 

and technical problems. Rydell therefore used the total hip prosthesis as a medium 

for reliably mounting the instrumentation, and acknowledged that the forces 

measured under these conditions would unavoidably be somewhat different to 

those experienced by the natural joint. (All succeeding work has done likewise.) 

Two total hip prostheses, of the Moore design but having somewhat larger 

dimensions, were specially made. The femoral neck was hollowed and strain 

gauges mounted on the inside walls to enable measurement of the 3 orthogonal 

components of the resultant force vector acting on the femoral head. When 

assembled onto the femoral head and stem, the gauges were effectively enclosed 

within a metal cavity, sealed with resin, which provided some barrier to moisture 

ingress in the short term, preventing strain gauge leakage currents. On the second 

prosthesis, the coefficient of friction between the head and the acetabulum was 

additionally determined by measuring axial torque. Half bridges of gauges were 

used in all but the axial torque channel, and the bridges were completed outside 

the body using a three-wire temperature compensation technique during 

measurements. The leads from the gauges passed through a PTFE sleeve in the 

neck, encapsulated in epoxy resin, and were wired to a multi-pole connector 

housed inside an hermetic cylinder made of the same material as the prosthesis. 

For calibration of the prostheses, the strain gauge bridges were completed by 

connecting the wires to an external balancing unit. Controlled loading was applied 

without the femoral head via an adapter.

Two subjects were selected, both having suffered a femoral neck fracture during a 

fall. During arthroplasty, the encapsulated leads and connector were embedded in 

the soft tissue, and six months allowed to elapse before measurements were made, 

to allow the subject time to regain walking ability. An incision was then made to
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expose the connector, and a further two days allowed for the wound to heal 

Measurements were taken over the next 6 to 8 days after which the tests were 

discontinued and the leads removed. Table 3.1 lists the activities undertaken, and 

the peak forces measured in two subjects (in bodyweights, xBW).

Activity Peak forces (xBW)

Subject 1 Subject 2

Static flexion (prosthesis leg) 1.08 1.07

" (opposite leg) 0.59 0.70

Dynamic flexion (prosthesis leg) 1.29 1.35

Maximum extension (prone position) 1.35 2.11

" " (opposite leg) - 1.62

Abduction to 30° (unresisted) 0.66 0.77

" (opposite leg) 0.25 0.17

Sitting (hips and knees at 90°) 0.00 0.22

One leg support (prosthesis leg) 2.30 2.80

" (opposite leg) 0.65 0.94

Level walking (0.9 and 1.1 m/s resp.) 1.59 2.95

" (1.3 and 1.4 m/s resp.) 1.80 3.27

Stair walking (upstairs) 1.54 3.38

" (downstairs) 1.59 2.83

Level running (2.5 m/s) - 4.33

Table 3.1 Peak forces measured during various activities for the two subjects.

A specially constructed instrumented walkway was used to record ground reaction 

forces during level walking, and the exercises were cine-filmed in order to 

correlate the forces measured with the various phases of gait, and thus determine 

the resultant force on the femoral head with respect to the position of the leg. The 

recording and analysis of human gait forms a study in itself, and the science of
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‘gait analysis' has since matured with the availability of video technology and 

computer reconstruction techniques. Rydell used two continuous instrumented 

beams in order to record forces over several gait cycles, whereas most modem gait 

laboratories are equipped with one or two smaller forceplates which record forces 

during individual footfalls, for one or both feet. A disadvantage of Rydell's 

platform was that it had an inherently low natural frequency, about 50Hz, whereas 

for modem forceplates this is usually about IkHz, allowing the higher frequency 

components of gait to be recorded with greater accuracy. Rydell used ten normal 

subjects to determine normal force reactions during gait, for comparison with the 

instrumented subjects.

The combination of resin-sealed metal encapsulation and mechanical protection 

for the gauges and the simplicity of the design helped to ensure the success of the 

study, while the short duration of the study allowed the use of transcutaneous 

wires and avoided the necessity for an implanted telemetry system. A longer term 

study would have required a more elaborate connector arrangement as well as 

prolonging the risk of infection.

3.2 English et a!., 1979

A stimulus for further in vivo hip force measurements arose during the 

development of the English total hip prosthesis (English 1975) because of the 

observed incidence of fatigue and fracture in existing implant designs. Several 

workers had by then predicted various values of peak hip load and angle during 

activity using a variety of indirect methods (Williams and Svensson 1968, Table 

5), and a large range of peak loads had been reported (0.8 to 6 xBW). The English 

method of total hip replacement preserved a larger portion of the greater 

trochanter than in other surgical techniques (Kilvington and Goodman 1981).

This was the first reported study in humans involving the use of wireless telemetry 

rather than using wires connecting the subject to the recording equipment. The
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prosthesis was a modified English model C, involving the salvaged trochanteric 

approach previously used in 222 previous patients (English 1975). This prosthesis 

was manufactured as separate head and stem parts. The head part was extended to 

form a piston which was spigotted inside the neck of the stem. A load cell inserted 

into the neck cavity was formed using a full bridge of 4 foil gauges wired for 

sensitivity to axial strain, and the connecting leads brought out through the side of 

the neck on the anterior side. 350Q platinum-tungsten strain gauges having a 

gauge factor of 4.5 were used, providing a useful improvement in sensitivity over 

constantan and other types having the more common gauge factor of about 2. A 

battery, bridge oscillator and radiotransmitter were sited in the soft tissue, and 

these together with the cormecting leads were encapsulated in silicone rubber, 

which was also used to seal the gap between the head and stem, and between the 

wires and their exit from the stem. Two reed switches, operated from outside the 

body, were used to connect the implanted cells in circuit during measurements, 

which gave a cumulative implant measurement operating life of 70 hours.

The implant data transmitter system adopted appears to have been chosen in order 

to avoid the use of strain gauge amplifiers, to keep the implanted hardware to a 

minimum, as well as to preserve battery life. A IkHz oscillator excited the bridge 

with a IV square wave. The very small bridge full scale output (which was well 

matched to the input range of the transmitter) drove an P.M. transmitter operating 

in the existing biotelemetry band of 102.3 MHz. A loop antenna taped to the 

subject's leg was connected to an P.M. receiver and the detected signal was 

bandpass filtered at IkHz, rectified and low-pass filtered at 15Hz in order to 

smooth out the 2kHz ripple. The authors cite several aspects of the design which 

limit the system accuracy: lack of gauge temperature compensation, transmitter 

frequency variation with temperature, variation in signal with receiver tuning, 

sensitivity to loading modes other than purely axial, and metal deformation and 

gauge creep. The system was reported to give dependable and repeatable results 

when tested at body temperature, over several months, and over the period of 

transmitter battery life. The resolution was 40N in the range 0-2224N, and overall 

system accuracy estimated to be +/-10%.
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One subject only was implanted with the English instrumented prosthesis, a 59 

year old female weighing 80kg, who had severe osteoarthritis of the left hip. The 

prosthesis was implanted using the English trochanteric approach. Force 

measurements were logged during the operative procedure. As the instrumentation 

was somewhat temperature sensitive, the device was calibrated for zero load after 

cementing into the femur with the transmitter buried in the fat at 37°C, with the 

hip still dislocated. After reduction of the joint, the recorded load increased fi*om 

zero to 0.2 times bodyweight (xBW). Further increases in compressive force were 

recorded after reattaching the greater trochanter and after suturing the deep fascia 

over it. The force increased still further during the early postoperative days whilst 

the subject was supine, from 0.61 BW on day 1 to 1.0 BW on day 12. Comparison 

between peak forces measured on days 12 and 40 for standing (on two legs and on 

the prosthesis leg alone) and walking are given in Table 3.2.

Activity Day 12 (xBW) Day 40 (xBW)

Stance Swing Stance Swing

Standing, double support 1.43 - 1.26 -

Standing, prosthesis leg 

only

2.54 2.18

Walking 2.00 0.93 1.90 0.90

Table 3.2 Peak forces measured on 2 days for standing and walking.

On day 35, some intermittent interference in the transmitted signal was detected, 

and no further signals were received after day 40. The suspected reason for failure 

was corrosion of the gauges or solder connections, due to the type of silicone 

rubber encapsulant used. This could not be established without removing the 

implant; clearly not an option at that stage.
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3.3 Mann et al., 1990

This group from the Massachusetts Institute of Technology, USA, had an 

extensive research programme spanning over a decade, in which a rather different 

type of instrumented hip prosthesis was developed (Carlson et al. 1974, Hodge et 

al. 1989). The aim of this study, in contrast with others reviewed in this chapter, 

was to measure the pressure distribution caused by the femoral head bearing on 

acetabular cartilage. The distribution of pressure between the two articulating 

surfaces of synovial joints is of importance in understanding the tribology of the 

joint. The prosthesis was constructed of a cobalt-chromium-carbon alloy, Stellite 

21. The femoral head was constructed as two hollow hemispheres, and the top one 

machined to contain 14 individual pressure sensors equispaced over the bearing 

surface. Each sensor was constructed by electron discharge machining a 4mm 

diameter recess in the 5.1mm diameter wall of the hemisphere, to leave a 0.45mm 

thick diaphragm acting as a local pressure-sensitive bearing surface. (The latter 

two dimensions had been doubled from a previous design in which a crack had 

been discovered after pressurisation.) The exterior surfaces of the diaphragms 

were continuous with the polished loadbearing surface. Movement of each 

diaphragm was detected by a pin sliding in a plastic bush which deflected the free 

end of a silicon crystal cantilever beam. The beam had 4 silicon strain gauges 

diffused into its surface, connected as a full bridge. Outputs from individual 

sensors were wired to hybrid circuits mounted inside the femoral head cavity. 

Some mechanical crosstalk between sensors was found, and corrected for using a 

cross-sensitivity matrix during calibration.

The implanted circuit was powered by inductive coupling between an external coil 

and an implanted coil located at the tip of the prosthesis stem. In order to 

maximise the coupling between the coils, and therefore the power transfer 

efficiency, the implanted coil had a ferrite core and was housed in a PTFE sleeve 

spigotted onto the end of the stem. A hole along the stem axis allowed wires to 

connect the coil to the circuitry inside the femoral head. This hole was filled with 

silicone rubber and an additional (hermetic) seal was used at the entrance of the 

stem hole into the ball. The external coil was applied around the subject's leg
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during measurements. (This arrangement is very similar to that used in the system 

reported in this thesis.) Both the external and implanted coils were connected in 

parallel-resonant circuits tuned to lOOkHz, and an external power oscillator drove 

the external coil. The implant circuits required 500mW for operation, and the 

geometry of the inductive link resulted in a power transfer efficiency of 10%. The 

choice of frequency was a compromise between the bulk of the implant circuit 

components and the ability of the oscillator to generate several Watts of power.

The method of telemetry adopted was a pulse amplitude, frequency modulated 

system. Voltages from the 14 pressure sensors were sequentially scaimed and used 

to frequency modulate a lOOMHz transmitter within a fixed 4ms time frame. A 

low cost FM receiver was used to detect the modulating signal, which was low 

pass filtered to remove components at lOOkHz, and the signal stored on magnetic 

tape. Subsequent data analysis yielded the pressure distribution over the ball, and 

the resultant load vector by integrating over the surface of the ball, during any 

given sample.

Testing and calibration were performed in a temperature-controlled hydrostatic 

pressure vessel over a pressure range of 0-7 MPa, and over a 35-40°C temperature 

range. 10 of the 14 sensors were found to have linear pressure and temperature 

calibration curves, and 4 were rejected as failing to meet the specification.

In June 1984, the instrumented prosthesis was implanted into a 73 year old female 

weighing 68kg. Results were reported (Hodge et al. 1989) for the above activities 

over the first 3 years post-op. The maximum pressures recorded for walking, stair 

climbing and rising from a chair during various specific sessions are given in 

Table 3.3. One interesting observation noticed during walking was that the subject 

seemed to be contracting the hip prior to heel strike: femoral head pressures were 

observed to lead the force plate recordings (Mann and Hodge 1990). This has also 

been regularly observed in the subjects from the telemetric studies reported in this 

thesis (figure 5.13, #5.4.2).
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Pressure (MPa)

Months post-op Walking Stair climbing Rising from chair

0.5 2.4 - -

6.0 5.3 6.7 7.7

12.0 5.5 10.7 18.0

15.0 5.4 7.5 15.0

18.0 5.4 7.7 8.9

24.0 4.6 6.4 7.5

30.0 4.2 6.7 7.9

36.0 4.0 4.5 9.7

Table 3.3 Maximum pressures recorded for walking, stair climbing and rising 

from a chair.

3.4 Bergmann et al., 1990a

This group from the Free University of Berlin, Germany, have 20 years experience 

in implantable telemetry in orthopaedics. Their early work was with instrumented 

total hip joint prostheses implanted in sheep (Bergmann et al. 1979). In the first 

design, strain gauges were bonded to the femoral neck and brought out of the 

animal with wires. This methodology was similar to that of Rydell (apart from the 

use of the 'matrix method' described below). A second design used implanted 

telemetry circuitry powered by inductive coupling, and was the forerunner to that 

used in human implantations. To date, three instrumented prostheses using this 

design approach have been implanted in two human subjects: subject 1 in May 

and August 1988 (bilateral), subject 2 in March 1990. The methodology used in 

the design of the implant appears to be the main reason for this long term success, 

as both inductive coupling for the implant power supply and hermetic sealing of 

the implanted instrumentation were used.
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The Berlin implant was instrumented to measure the three components of force 

acting on the femoral head, by hollowing out the femoral neck and bonding strain 

gauges to the inside walls at approximately 120° spacing. The gauges were 

aligned longitudinally w.r.t. the neck axis. The femoral head was assumed to be 

frictionless, so that measured strains were attributed entirely to the 3 orthogonal 

forces acting on the femoral head. The data could then be expressed as 3 

components of force, or as their resultant acting in a direction specified by two 

angles. Bending moments and torque in the prosthesis were then calculated with 

knowledge of the geometry of the prosthesis. This part of the arrangement is 

similar to Rydell's first prosthesis, except that in this case only 3 gauges are 

required as the force in each direction is deduced from all 3 strain gauge signals. 

This 'matrix method' of combining strains (Bergmann et al. 1982) minimises the 

number of gauges required (this being equal to the number of variables to be 

determined), but involves more numerical processing to determine each load 

magnitude. In this technique, no attempt is made to align gauges with specific 

strain directions, but each gauge responds to each load vector. During calibration, 

the output sensitivities from gauges due to applied load vectors are combined in a 

matrix. Inversion of the matrix yields the original load vectors. Also in contrast to 

Rydell, semiconductor strain gauges were used in order to maximise sensitivity to 

strain and avoid the need for amplifiers. The resistance change in each gauge, due 

to an applied strain, controlled a current source whose current was inversely 

proportional to the gauge resistance. This current was mainly drained through a 

'constant' current sink, with the resulting current difference representing the signal. 

This signal current varied approximately linearly with strain in the measurement 

gauge. The signal current charged a capacitor, producing a voltage ramp, which 

was reset when a threshold voltage had been reached. The reset pulses clocked a 

multiplexer to select the next strain channel and also provided the serial pulse data 

train for modulating a radio transmitter. The resulting pulse intervals were 

approximately inversely proportional to strain. The gauge temperature sensitivity 

(the major drawback with semiconductor gauges [Appendix A]), and the inherent 

temperature dependence of the current sources, was compensated for by 

telemetering the implant temperature as a separate channel and applying
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corrections according to the temperature coefficients deduced previously during 

calibration. Gauge nonlinearities were also compensated for after telemetry, before 

using the matrix method to determine each load magnitude.

The implant was powered by inductive coupling between an external coil placed 

around the leg and a small implant coil located inside the femoral neck cavity. A 

low magnetic resistance alloy, Megapem 40L, was used to concentrate the 

induced flux and thereby increase the coupling efficiency. The magnetic alloy also 

served as housing for the implant electronics, realised as a hybrid circuit. As the 

femoral head was made of alumina, it was possible to house the transmitter 

antenna inside the head. A feedthrough was used to connect the antenna to the 

transmitter which remained hermetically sealed. The encapsulation strategy was 

therefore to seal everything possible inside welded cavities in order to maximise 

long term survival of the implant. The penalty for housing the implant coil inside 

the hermetic cavity was resultant poor inductive coupling efficiency, typically 

0.06%. The design of the implant circuit however, using small variable currents as 

the signals rather than voltages from a Wheatstone bridge which would have 

required larger currents using the same strain gauge resistances, minimised the 

implant power requirements such that only 25-35W were required to supply the 

implant with the coils coplanar (Bergmann et al. 1990b). In practice an SOW 

supply was used to allow for variations in the coil coupling. This was supplied by 

an oscillator connected to the coil by a 10m cable which is claimed not to restrict 

the subject's mobility. The oscillator frequency was chosen as a compromise 

between maximising coupling efficiency and minimising implant capacitor size. 

Increasing the frequency reduced the amount of power coupled into the coil by the 

Megapem cylinder, but decreasing it required a larger smoothing capacitor. A 

compromise frequency of 4kHz was chosen.

Readily obtainable 350Q semiconductor gauges were well suited to this implant 

design, and the use of current rather than voltage as the strain dependent variable 

allowed a multiplexer to be used to switch between channels without concern 

about variation in switch ‘on’ resistances. The active circuitry was integrated as
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several discrete dice wirebonded to the printed substrate conductors, and passive 

chip components were soldered. The result was a 4-channel hybrid circuit 

measuring 15x7mm, with components mounted on both sides of the substrate.

The principal advantages of the method are that:

i) all implanted instrumentation including the implant coil is hermetically 

sealed inside welded cavities,

ii) no clinical compromises or modifications to the normal procedure have 

been made apart from the femoral neck cavity (the design having been 

fatigue tested to well above the required limits),

iii) the design requires the minimum number of strain gauges and few implant 

components.

The disadvantages of the method are that:

i) bundled cables are required to connect the external coil with the energising 

equipment and to connect the receiving antenna to the R.F. receiver, 

thereby imposing at least a psychological restraint on the subject’s 

movements, and preventing easy portability of the equipment,

ii) the telemetered pulse intervals are a nonlinear function of each measured 

strain over the measuring range, and are inherently sensitive to 

temperature, requiring numerical compensation in addition to that required 

for the matrix calculations,

iii) the matrix method used requires operation of all gauges for each channel. 

If  any one gauge signal is lost, no accurate measurements are possible. 

Also, if any one gauge experiences drift, all channels are affected in an 

unpredictable way.

Since the first human implantations in 1988 about 20 implant-years of in vivo data 

have now been recorded from the first two subjects (3 instrumented prostheses), 

without instrumentation failures as far as is known. There have been several 

published reports of in vivo data (e.g. Bergmann et al. 1993, Bergmann et al. 

1995). The numbers of subjects, clinical trials carried out to investigate different 

scenarios, multiple activities reported, and multiple forces and moments measured
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and calculated preclude all but the most cursory attempt to summarise the large 

volume of data reported by this group. Table 3.4 gives a summary of data reported 

recently for both hips of the first subject (Bergmarm et al. 1993). The values given 

are the maximum peak values reported during the activity. For each activity, the 

following parameters are reported:

B-max

Otf (Rmax) 

Ott (Rmax)

Mf

Mt

resultant magnitude of the measured three dimensional 

force vector (peak force)

angle of R^ax in the frontal plane w.r.t. femoral axis 

angle of Rmax in the transverse plane w.r.t. femoral axis 

bending moment in the frontal plane (about the A-P axis) 

torsional moment about the stem axis

Activity hip B-max
(xBW)

CCf (Rmax) 
(degrees)

Ctt(Rmax)
(degrees)

Mf
(BWcm)

Mt
(BWcm)

walking,
Ikm/h

left 2.93 23 0 5.3 1.3

right 2.93 23 14 5.3 1.4

walking,
3km/h

left 3.30 26 14 5.2 2.1

right 3.52 24 22 6.0 2.8

walking,
5km/h

left 3.94 25 23 6.5 3.5

right 4.71 24 26 8.2 4.2

jogging, 5km/h left 5.22 27 21 7.9 4.4

right 5.09 24 27 8.9 4.8

jogging, 7km/h left 5.50 27 24 7.9 5.1

right 5.40 23 30 9.9 5.3

stumbling left 7.20 19 15 14.8 5.4

Table 3.4 

implants.

Data recorded from the same subject having bilateral instrumented
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3.5 Davy et al., 1988

This group from the Case Western Reserve University in Cleveland Ohio, USA, 

also have a lengthy record of telemetry work in orthopaedic implants (Davy et al. 

1990). Their initial studies were with instrumented hip nails (Brown et al. 1982), 

and the instrumented total hip work was a direct extension of that earlier work. 

The instrumentation concepts were similar to that of the Berlin group, but with 

several notable differences. As in the Berlin design, semiconductor strain gauges 

were bonded to the internal walls of a cavity in the neck of the prosthesis, and 

these were oriented to measure the 3 components of load acting on the femoral 

head. The electronics package was housed in the neck cavity, and the data was 

telemetered by radio from an aerial protruding from the femoral head. However, 

separate gauge bridges were used to measure the three components of load, rather 

than using a matrix. The other differences are in the encapsulation techniques and 

the implant power supply, both of which appear to have been responsible for 

failures. An implanted battery was used to power the instrumentation, designed to 

be switchable externally using a magnetic reed switch to conserve power. This 

appears to have been problematic: initially a latching reed switch was used but this 

failed to switch off after surgery. The battery used with that design allowed only 

50 hours of useful life, and little useful data was obtained from that implant. A 

second design used a momentary reed switch and circuitry to switch the power off 

automatically after a predetermined time (20 minutes). A pacemaker type lithium 

cell was used with this second design, requiring the neck (19mm OD) to be further 

hollowed out to 14mm ID to accept it. Inductive coupling was considered as a 

possible option for the power supply but ‘the rugged packaging, and sealing of the 

batteries, their long service life, and the freedom from any external power anteima 

were persuasive factors in the decision to stay with an internal power supply’ 

(Davy et al. 1990). However, this too failed within a short time (70 days) on one 

prosthesis, due to an internal current drain during the power shutoff.

Also in contrast to the Berlin design, the prosthesis was not hermetically sealed, 

but relied on a combination of mating metal parts bonded under pressure, epoxy 

resin and silicone rubber. The loop antenna, which was wound around the femoral
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head, was encapsulated in a polymer and connected to the implant electronics via 

a feedthrough. The antenna fractured at the base of the head after 45 days on one 

prosthesis. Serious strain gauge drift was also reported, which was quite possibly 

caused by moisture in the gauge adhesive. Wheatstone bridges were used for the 

strain gauges, powered by individual Wein Bridge oscillators at separate 

frequencies. Signals from the three bridge outputs were summed and used to 

modulate an FM transmitter. Each instrumented prosthesis was calibrated by 

applying several fixed loads over a range, as a function of battery voltage and 

temperature which were telemetered separately. The calibration curves were fitted 

using linear regression.

Data are given in Table 3.5 for one subject (female age 67), for 4 sessions over the 

first 31 days post-op. The tabulated values are peak resultant forces recorded 

during the activities, expressed in bodyweights (Davy et al. 1988).

Activity Maximum resultant force (xBW)

3 days 6 days 16 days 31 days

Straight leg raise - 1.0 1.5 1.8

Getting out of bed 0.8 1.0 1.2 1.4

Getting into bed 0.8 1.0 1.5 1.5

Double-leg stance 0.5* 0.7 0.9 1.0

Prosthesis leg stance 1.2* 1.3 1.4 2.1

Walking with crutches 1.0* 1.5 2.6 2.8

* using a walker

Table 3.5 Forces recorded from one subject on four separate days post-op.



historical review 61

3.6 Barlow et al., 1984

The Exeter Telemetry System (Lee and Barlow 1990) was intended specifically to 

measure the strains developed in the stem of an implanted total hip prosthesis, as 

well as the force transmitted from the femoral head. The aim was to investigate 

how the mechanical design of the stem affects the load transmission through the 

stem and into the femoral bone. Unfortunately the system was never implanted in 

vivo, although in vitro tests were carried out successfully. It is included here in 

order to complete the published design record of instrumented hip prostheses, and 

because the telemetry system has some different features to those discussed above. 

This brief review is therefore limited to the instrumentation aspects of the system. 

It is interesting to note however that this is the only reported device which was in 

part specifically aimed at investigating the stresses in the fixation stem, as are the 

devices reported in this thesis.

The implantable telemeter was fabricated using sandwiched thick film circuits, 

which resulted in a larger size (5 cm diameter) than could be accommodated inside 

a total hip prosthesis. The design therefore necessitated housing it in the soft 

tissues. Semiconductor strain gauges (nominal resistance IkD) were bonded to the 

outside of the stem of a Christiansen prosthesis, recessed into grooves. These were 

wired to the electronics pack using flexible silicone encapsulated leads. Epoxy 

was used to fill the recesses in the stem. For the implantable devices, it was 

intended to mount the gauges directly onto the stem surface, to avoid stress 

concentrations, and encapsulate with a thin layer of epoxy followed by bone 

cement. Implant power was provided using inductive coupling between two 

untuned coils, and data telemetry was accomplished using another pair of coils. 

The power induction frequency was 4kHz. The two implant coils were arranged 

side by side, and the two external coils arranged correspondingly so that each pair 

would have maximal mutual coupling when the external set was placed over the 

implanted set. Unlike the previous systems reviewed, the coils were flat, air-cored 

types, designed to be separated only by a layer of subcutaneous fat. This 

arrangement, which allowed much greater power transfer efficiency to be achieved
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(figure 4.7A, #4.1.6), was possible because the implanted telemeter was housed in 

the soft tissue. The 15 semiconductor gauges were serially supplied with current, 

and the developed voltages were multiplexed and used to modulate a voltage 

controlled oscillator. The resulting signal was telemetered using the second pair of 

coils, and a high frequency clock was counted over a set number of telemetered 

cycles for each strain channel. Strain resolution was 3pe, over a range o f+1570 to 

-2000p8. Overall accuracy was estimated to be <5%. As far as is known there 

have been no implantations of this system into either animals or man.

3.7 Summary of principal features of reviewed systems

Each of the telemetry systems reviewed above has a unique combination of 

principal features. The choice of features for each system is tabulated below. 

Table 3.7. The system reported in this thesis is included for comparison (Taylor).

Key (Investigators): Rydell, English, Mann, Bergmann, Davy, Barlow, Taylor.

Key (Parameters): Implant power source: Implanted Battery

Inductive Coupling 

Direct Wire

Method of telemetry: Radio Transmission

Inductive Coupling 

Passive Signalling 

Direct Wire

Strain gauge type: Foil

Semiconductor 

Thin film
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Strain gauge sites: Inside Prosthesis 

Outside Prosthesis

Sealing of gauges: Welding 

Silicones, Epoxy

Site of telemeter: Soft Tissue 

Inside Prosthesis

Implant coil site: Inside Prosthesis 

Outside Prosthesis

Also tabulated are the numbers of subjects reported, and the (estimated) number of 

implant-years for which successful regular operation has been achieved to date.

Parameters Research groups

RYD ENG MAN BER DAV BAR TAY

Implant Power source DW IB IC IC IB IC IC
Method of Telemetiy DW RT RT RT RT IC PS
Type of strain gauge F F S S S s F ,T
Strain gauge sites IP IP IP IP IP OP IP
Sealing of gauges SE SE W W SE SE W
Site of telemeter - ST IP IP IP ST IP
Implant coil site - - OP IP - OP OP
Number of subjects 2 1 1 * 3 * 3 * 0 4 *

Implant-years of in vivo 

data

0.5
**

O.I >5
***

20 0.25 0 8

*reported thus far. Further implantations possible.

**includes rehabilitation period during which no measurements were made. May 

be artificially low due to the measurements having been deliberately terminated 

after 8 days.

***multiple sensor sites; some failures.

Table 3.6 Principal features of the telemetry systems reviewed.
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3.8 Features important for long term survival

It can be seen from Table 3.6 that those systems in which the strain gauges were 

welded inside metal cavities (Mann, Bergmann and Taylor) had a far greater long 

term success rate than those in which either an epoxy or silicone sealant were used 

as the primary gauge encapsulant. In these systems the implant circuitry was also 

housed inside the prosthesis, and an inductively coupled power supply was used. 

The above accumulated evidence would strongly suggest that these combined 

features are the main determinants of successful long term operation. With the 

exception of Rydell, whose measurements were deliberately terminated early for 

the safety of the subject, the groups which employed batteries and soft 

encapsulants (Davy and English) attributed their premature failures in vivo to the 

use of these materials.

The method of telemetry (VHP radio, passive signalling or inductive coupling 

using separate coils) and site of the implant coil (inside the prosthesis or outside 

but integral with the prosthesis) have not been found to be critical factors in long 

term survivability. This is because the former is largely independent of the 

environment and a careful coil encapsulation strategy was devised for the case 

where the implant coil is housed outside the prosthesis [#4.2.4]. The advantages of 

the system reported in this thesis (Taylor et al. 1997) are that:

i) only one implant and one external coil is needed for both power supply and 

telemetry,

ii) no implanted radiotransmitter is needed,

iii) the implant coil location (outside the prosthesis) allows for good power 

transfer efficiency (enabling the system to be powered from batteries rather 

than a cable).
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4 Methodology

In this main chapter the design and development work will be presented for the 

Mkl and Mk2 instrumented prostheses and associated telemetry systems. 

Alternatives for the major design features (as reviewed for the previous systems, 

#3.7) will first be discussed. Then will follow the material relating to the 

mechanical structure: the biomechanics background, implant geometry, stress 

analysis, welding, fatigue testing, and the design of the implanted induction coil. 

The strain gauging procedure and associated sensitivity calculations follows this. 

Next the electrical design will be described in detail: the main design features, the 

inductive link, the implant circuit, the external circuitry, data coding/decoding and 

logging. The implant assembly techniques will then be given, followed by the 

calibration, sterilisation and implantation procedures. Finally an overview of the 

data acquisition software will be presented. In this way first the Mkl design will 

be presented, and then the Mk2 where there are differences from the Mkl.

4.1 Alternatives for the principal design features

The implanted portion of the instrumentation was considered to be the most 

critical part of the telemetry system design because of the restricted space 

available, and because of its inaccessibility and vulnerability. Key requirements 

were that it should be small, light, robust, consume low power and operate 

reliably, if intermittently, over long periods of time. Key aspects of the implant 

instrumentation design were the method of power supply, the type and location of 

strain sensors, and the location of the implanted electronics required for 

amplification, signal conditioning and telemetry. The choice of any one option for 

each of these aspects has a bearing upon the choice of the others, i.e. they are to 

some extent interdependent. For example, if mounting the strain sensors on the 

outside of the prosthesis is satisfactory, then a natural consequence is to wire them 

to circuitry encapsulated in the soft tissue, and to provide power via inductive 

coupling between one coil situated in the soft tissue just subcutaneously and 

another placed coaxially with the first on the outside of the leg. However, if the
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sensors are mounted inside the prosthesis, it would seem convenient to have the 

implant circuit also inside the prosthesis. If an inductive power supply is used 

there is then the choice between an implant coil mounted within, or integral with, 

the prosthesis and one encapsulated within the soft tissue closely coupled to the 

external coil. The key choices of the type of implant power supply and the type 

and location of the strain gauges will first be addressed.

4.1.1 Implant power supply options

The implanted prosthesis should be able to remain functional for several years, 

although needing to be powered only periodically. Several options exist for its 

power supply:

1 A connection to an external power supply, by direct wire,

2 An implanted battery, continuously powering the implant,

3 An implanted battery, supplying power only when measurements are

required,

4 An inductive power supply.

The first option requires a transcutaneous connection. For long term 

measurements to be possible, the subcutaneous part would need to be exposed 

during measurements and remain implanted at all other times without risk of 

repeated infection. Although this method was used by Rydell (1966), the limited 

study period was not long enough to test the method in the longer term. Due to the 

obvious risks to the subject and to the integrity of the instrumentation, this method 

was not considered further.

The second option, continuous powering by an implanted battery, offers only a 

finite useful lifetime for the implanted instrumentation. Even if the implant current 

were as low as 100 microamps, a SOOmAh, 9V battery would only provide an 

implant life of 125 days. Other disadvantages of this option are the possibility of
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excess currents being drawn due to leakage paths and the presence of highly toxic 

substances inside the body with the possible evolution of gas.

The third alternative is to connect the battery to the implant circuit via a magnetic 

device such as a reed switch, figure 4.1 (top). This method was used by at least

remotely
switched

battery

inductive
coupling

implant coil

energiser coil

+  -

%

/

Figure 4.1 Two alternative implant powering schemes: a remotely switched 

implanted battery (top), and inductive coupling (bottom).
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two groups, but problems have been experienced with failure of the reed switch in 

the 'on' state, causing the battery to be exhausted rapidly (Davy 1990). Possible 

solutions to this problem might include a timer to limit the maximum ‘on’ time or 

the use of two switches in series. However, this all adds additional hardware.

The fourth alternative, inductive coupling, is the most attractive option in terms of 

reliability, safety and required space (for a small implant coil). Furthermore, 

implant data may be telemetered over the same link in the opposite direction 

[#4.4.2.5]. Inductive powering requires two coils, one connected to the implant 

and the other externally applied, to be sufficiently coupled electromagnetically so 

as to enable enough power to be induced for the implant to operate, figure 4.1 

(bottom). The method has been used in numerous medical as well as other 

applications (Donaldson 1987a, 1987b, 1987c, Hochmair 1984). This method was 

chosen for powering the implant.

The four power supply options are assessed in Table 4.1 below.

Direct
wire

Battery
permanently
‘on’

Switched
battery

Inductive
coupling

Subject
safety

poor average average good

Reliability poor good poor good
Lifetime unlimited* limited to a few 

months
very good unlimited*

Ease of use average good maybe good average
Use of same 
link for data

yes no no yes

* except by wire breakage or encapsulant breakdown

Table 4.1 Assessment of the four alternative power supply schemes.
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4.1.2. Options for the type of strain gauge

A strain gauge is a device which is used to measure the mechanical strain on the 

surface of a material, in one main direction (the direction of the principal axis of 

the gauge). Available in several forms, it essentially consists of an electrical 

resistive element, and is bonded to the material on which strain is to be measured. 

The element geometry is designed to maximise its strain-dependent properties. 

Three strain gauges would be required to describe the complete state of strain at 

any one point on a surface. The strain gauge should ideally not affect the stiffness 

of the surface (causing reinforcement errors) or be sensitive to parameters other 

than strain, such as temperature. Several types of strain gauge are available. The 

earliest types were made from fine wire, but were improved upon with the 

invention of the foil strain gauge (Stein 1992). More recent types include 

semiconductor, thick-film and thin-film gauges. Several relevant parameters for 

each of these types of gauge are tabulated in Table 4.2 [#4.1.2.3]. All these gauges 

depend to some extent on both the dimensional and piezoresistive effects of the 

strain-sensitive element (Appendix A). An alternative strain measuring device, the 

mechanically resonant beam, operates on an entirely different principle and is also 

included for comparison. The two types of gauge used in the instrumented 

prostheses will now be described and their merits and drawbacks discussed. The 

three other types which were not used are discussed in Appendix A. Data from an 

experiment to assess the likely rates of drift in foil gauges under different 

conditions are reported. First the common terms applying to all the resistive gauge 

types will be defined.

Both the dimensional and piezoresistive effects (described in Appendix A) cause 

the electrical resistance of the conductor to vary with the applied strain. For the 

small strains usually applied the effects are linear. The term ’gauge factor’ (GF) is 

used to indicate the per unit change in electrical resistance produced by a strain 

gauge in response to an applied strain in the direction of the gauge element. The 

gauge factor is a function of the properties of the gauge metal, and has a value of

2.1 for most metals including high resistance alloys commonly used for strain 

gauges. The gauge alloy is usually specified for use with particular materials for
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temperature matching, and temperature coefficients may be quoted for use with 

other materials. Best results are usually achieved by using four gauges in a full 

bridge arrangement, figure 4.2, in which all four gauges contribute to the bridge 

output signal, thereby maximising sensitivity to the desired strain direction as well 

as providing immunity to strains acting in other directions. Due to the very small 

changes in resistance which occur for typical strains, a stable high-gain low-noise 

differential amplifier is usually required [#4.4.3.2, Appendix D]. Half-bridge 

configurations can also be used, achieving half the full bridge sensitivity.

Positive supply Positive supply

Output 1

Negative supply

Output 2 Output

Negative supply

Full bridge Half bridge

Figure 4.2 Full and half bridge arrangements for strain gauge connections.

4.1.2.1 The metal foil strain gauge

The metal foil strain gauge is the earliest type of practical strain gauge. A vast 

literature exists for this device, which has found extensive application in strain, 

load and pressure measurement in a variety of applications (Stein 1992). The 

notion of bonding a thin metal foil to a surface for use as a strain measuring device 

was conceived as an extension of the printed circuit board principle, where thin 

conductive tracks are bonded to a glass fibre backing material. Necessity was the 

mother of its invention, as at the time a means was urgently needed for measuring
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strains developed in helicopter rotor blades. It was the pioneer strain measurement 

device, and still has a number of advantages over its competitors, including low 

cost and ease of application, requiring no expensive capital equipment. Two 

disadvantages which are of relevance in this application are i) gauge resistance is 

usually limited to a maximum of 5kD (with more typical values of 1200 and 

3500), the gauges thus drawing several milliamps of current when used in a 

bridge configuration, ii) ’zero drift’ may occur under less than ideal environmental 

conditions, causing apparent strains to be measured [#4.1.2.4].

The modem device consists of a foil of resistance alloy, typically constantan or 

karma, bonded to a thin insulating backing material. A thin layer of acrylic 

adhesive is used to bond the backing to the test piece and the strain is transmitted 

to the foil via the adhesive and the backing. The foil is laid out in the form of a 

grid, figure 4.3, and the gauge is usually aligned so that the grid lies longitudinally 

along the axis of the strain to be measured. At one end of the grid solid conductor 

regions are provided for electrical connections, made either by directly soldering 

small leads to the pads or by ultrasonically wirebonding to an adjacent pad for 

subsequent solder connection. One uncertainty surrounding the use of foil gauges 

is the role played by the adhesive layer, which is sometimes suspected of causing 

artificial strain drift through moisture induced adhesive creep. For this and other 

reasons [#4.1.4], the foil gauge is best used under dry conditions [#4.1.2.4].

< >
strain measurement axis

Figure 4.3 Typical foil strain gauge pattern.
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4.1.2.2 The thin film strain gauge

The principle of operation of the thin film gauge is the same as that of the foil 

gauge. However, the fabrication process is quite different, and specialised capital 

equipment is required. Thin films are deposited by sputtering an insulator 

(typically silica or horosilicate), followed by nichrome or other suitable high 

resistivity alloy onto a highly polished metal surface. The thickness of the 

insulating layer is typically 3-6 pm and the conductor layer <1 pm. The gauge 

pattern is defined by photolithography or laser etching, which allow tight 

tolerances to be achieved for the unstrained resistance value (typ 0.1%). A highly 

polished surface of overall flatness to within 0.1mm is required, to enable the laser 

to be constantly focused on the metallization when forming the grid. Electrical 

connections to adjacent pads are made with ultrasonic wirebonds.

This type of gauge is common in mass produced load cells, as the process is 

readily automated. Gauge factors and temperature performance are typically the 

same as foil gauges, since a metal grid is used. However, the main advantage of 

this technique is that gauges can be deposited directly onto the test piece whose 

strain is to be measured, eliminating the adhesive layer required for foil and 

semiconductor gauges. This eliminates gauge drift due to creep in the adhesive. 

Very good long term stability has been observed using thin film gauges. One 

company. Strain Measurement Devices Ltd., have measured an apparent drift of 1 

microstrain over 5 years on unstrained stainless steel at room temperature. No long 

term drift rates of thin film gauges on titanium have yet been measured, although 

equipment has been constructed at BME to measure the changes in characteristics 

of foil and thin film gauges under dynamic loading. Thin film gauges were chosen 

for the Mk2 instrumented prosthesis because of their potential long term stability 

and also because of the larger resistance values obtainable (20kQ) compared to 

foil gauges. The automated process also enabled better directional accuracy and 

repeatability, and the larger number of gauges used in the Mk2 were more easily 

interconnected due to the ability to define the interconnection conductor pattern as 

part of the gauge definition.
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4.1.2.3 Assessment of suitable gauge types

77

The two gauge types reviewed here and the other three discussed in Appendix A 

are compared in Table 4.2 below (from Taylor & Donaldson 1992) for strain and 

temperature sensitivities and drift rate. Ideally a combination of high strain 

sensitivity, low temperature coefficient and low drift rate is required. These 

properties are largely inherent in the gauge type although there is some variation 

with the type of material to which the gauge is bonded.

Gauge type Strain sensitivity 
(gauge factor)

temperature
coefficient
(ppm/°C)

Unstrained drift 
rate

metal foil 2.1 material 
selected to 
minimise 
thermal effects 
(Measurements 
Group 1983)

20pe/year (with 
practice) 
(Freynik 1976)

thin film* 1.9 20 <0.02% of full scale 
per year

thick film 2 to 50 (Cattaneo 
1980)

10 to 400 
(Cattaneo 1980)

Approx. 2pe/year

semiconductor** Up to 200 Up to 10,000
vibrating
beam***

700 3 (deduced) 0.03pe per lOOOh at 
50°C (deduced)

* Strain Measurement Devices Ltd, Sharon Road, Bury St Edmunds IP33 3TZ. 

** Kulite Sensors Ltd, Marbaix House, Besemer road, Basingstoke RG21 3LG. 

*** Haroda et al. 1986.

Table 4.2 

1992).

Comparison of strain sensor types (from Taylor & Donaldson

The choice of gauge type depends on several aspects including those listed in 

Table 4.2. These wider aspects are listed in Table 4.3 and a score is given against 

each for the various gauge types, from 0 (indicating no correspondence) to 3
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(indicating high correspondence). The significance of these scores in the present 

Mkl application is subjectively weighted using a further ‘weighting factor’ from 0 

(insignificant) to 5 (highly significant). For example, although thin and thick film 

gauges offer flexible geometries, this was thought to be one of the least important 

considerations. A total score is calculated based on the individual scores 

multiplied by the weighting factor, and indicates that for the Mkl system, the 

metal foil gauge is preferable. This subjective assessment can only be used as a 

rough guide, but indicates the types of criteria which were considered when the 

gauge type was chosen. A different set of weighting factors were applied in the 

case of the Mk2, leading to the choice of thin film gauges.

Aspect Weight
factor

Metal
foil

Thin
film

Thick
film

Semicon
ductor

Resonant
beam

Low cost 2 3 1 3 2 1
Availability 4 3 2 3 2 1
Ease of application to 
internal curved surface

5 3 0 1 1 1

Flexibility of geometry 1 2 3 3 1 2
High resistance option 3 2 3 3 1 (3)
Strain sensitivity 3 1 1 2 3 3
Long term stability 3 1 3 2 2 3
Temperature stability 1 3 3 2 1 3
Simplicity of 
electronics

3 3 3 3 3 1

Total weighted score 
for gauge type

59 46 58 46 46

Table 4.3 Suitability of various types of Mkl strain gauge, by parameter.

A choice of one of the less common types of gauge such as thick film or resonant 

beams (especially in an unusual or demanding application) would have applied a 

degree of risk to the success of the project which may not have been warranted. 

For the Mkl device, it was thought desirable to have the simplest combination of 

mechanical geometry and strain gauges. This was achieved with a single solid 

tubular shaft and foil gauges mounted on the inside walls [#4.2.2]. This 

arrangement has the great advantage that the technology is largely tried and tested.
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as down-hole strain gauging is an established specialist art. Moreover, the solid 

tubular structure provided predictable strain characterisation with applied load.

4.1.2.4 Foil strain gauge drift

The most uncertain aspect about the use of foil gauges is the drift rates that are 

likely to occur with time. Drift in this context is defined as the observed change in 

measured strain due to no change in applied strain. This effect becomes 

increasingly significant as its magnitude increases compared to the dynamic range 

of strain over which the gauge normally operates. In the Mkl instrumented 

prosthesis the longitudinal shaft gauges experience a strain change of 40 

microstrain per applied 70kg bodyweight. A drift rate of 20 microstrain per year, 

typical of foil gauges at high humidity (Freynik 1976) would therefore be 

measured as a change of 0.5 bodyweight per year, which is an unacceptable error 

especially when accumulated over several years. In a laboratory experiment, it is 

often possible to correct for any drift in the strain gauges by removing the stress 

and then either nulling the instrumentation or recording the new 'zero' reading. 

However, in an implant the gauges are inaccessible and it is not possible to 

reliably induce a state of zero stress in order to reconstruct the 'zero' conditions. It 

is therefore essential to create conditions in which the drift is acceptably low, or if 

this is not possible, to have some knowledge of the rate of drift likely to prevail.

The parameters known to have an effect on gauge drift were temperature, 

humidity and applied strain. An experiment was set up in order to find out how 

much drift might be expected from foil gauges under various conditions of applied 

strain and humidity at 37°C. The experiment was originally conceived in the early 

months of the project when it was thought likely that all the instrumentation might 

have to be housed outside the prosthesis, with the gauges on the external surface 

exposed to a wet environment. However, even after it had been decided to enclose 

the instrumentation within sealed cavities [#4.1.4], it was still unclear how dry the 

cavities needed to be to attain an acceptably low level of drift; strain gauge
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manufacturers are reluctant or unable to publish data on drift, and therefore the 

experiment was required.

Sets of foil gauges were mounted on titanium strips and strained in tension using 

3-point bending to 0, 500 and 2000 microstrain (pe). Subsets of gauges at each 

level of applied strain were exposed to relative humidities of 0 and 75% relative 

humidity (RH) in a thermostatted cabinet held at 37°C. Each gauge was bonded 

according to the manufacturers instructions and wired as one quarter of a full 

bridge. A reference gauge (unstrained and over silica gel) and two high-stability 

resistors completed each bridge. A single strain gauge amplifier was used for all 

gauges, and readings were logged at intervals of several days by manually 

switching each bridge at a time into circuit. Any amplifier offset drift was noted at 

each measurement. Three such bridges containing one test gauge were 

investigated under each set of conditions. Three full bridges of the same high- 

stability resistors were used to determine the drift due to the resistors alone, to 

establish confidence limits for the measurements.

Results showed that the unstrained dry gauges exhibited no detectable drift rates 

compared to the all-resistor bridges; at 75%RH they exhibited between 12 and 

44pe drift over the first 100 days. The dry gauges at 500ps tension exhibited no 

net drift. The dry gauges at 2000ps tension showed significant drift rates (varying 

between 40 and 11 Ope during the first 100 days), and a similar drift rate was 

found in 2000pe gauges at 75%RH.

These results suggest that i) above a certain level of humidity (somewhere 

between diy and 75%RH) drift is induced even in unstrained gauges, ii) there may 

be a critical strain level, between 500 and 2000pe, above which drift starts to 

become apparent, even when dry. The experiment did not determine how dry the 

gauges need to be nor what maximum strain can be tolerated to ensure reasonable 

stability over long periods. A substantial amount of work would have been 

required to determine the mechanism of drift under various levels of applied strain 

and humidity, and the results were therefore used only as a guide.
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Since the peak dynamic strains experienced at either gauged site are unlikely to be 

more than 500pe, it was concluded that serious drift of foil gauges would not 

occur if the cavities could be kept at a low relative humidity. Also, it would be 

possible to monitor the drift occurring in an identically instrumented non

implanted prosthesis, and this would act as a control for monitoring drift in the 

implanted units.

A further experiment to determine the drift of various types of gauge during 

dynamic strain cycling was set up. A machine, nicknamed the 'Wobbler', was built 

to apply bidirectional bending at up to 4Hz to up to 80 thin metal strips having 

mounted or printed strain gauges, figure 4.4. Instrumentation was designed and 

built to measure the instantaneous resistance of each gauge at up to 100 times per 

machine cycle, and to interface with a computer for data logging. Due to problems 

in interfacing the software with the instrumentation, and to pressure of other work, 

this test has not yet been carried out.

8

Figure 4.4 The ‘Wobbler’. Titanium strips having strain gauges bonded are 

cyclically strained, and the gauge resistance monitored.
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In retrospect, experience with the first two Mkl patients has shown little evidence 

of strain gauge drift. During resting, shaft readings have varied by no more than 

0.25BW (lOpe) in either subject over a 3 year period. The variation is not 

cumulative, suggesting that it is due at least in part to varying muscle tension. This 

low level of drift is most likely due to the low average strains experienced by the 

gauges and their relatively dry (<40% RH), constant temperature environment. 

Humidity sensors were used in the implanted devices, and the %RH values 

telemetered along with the strain and temperature data, to warn of any change over 

time [#4.4.3.6]. No large RH changes were ever detected in any of the 4 subjects.

4.1.3 Options for the strain dependent variable: current or voltage

Two basic schemes have been used by previous workers reviewed earlier for the 

’front-end’ part of the strain sensing instrumentation. One scheme uses current as 

the strain dependent variable (Bergmann 1988), and the other uses voltage (Davy 

1990, Mann 1990). The first scheme uses the inverse relationship between current 

1 and ’tail’ resistance R of the top current source in figure 4.5:

1 = A T / R  ------------------------------------------------ (4.1.1)

where A is a constant for the device and T is absolute temperature. By replacing R 

with a strain gauge, the tail current becomes a function of strain 8. A further 

current source connected in series (bottom of figure 4.5) can be used to offset the 

current corresponding to zero strain, using a fixed resistor, and provide some 

temperature compensation, such that the current difference I1-I2 is obtained. This 

current can then be multiplexed with outputs from other current source pairs, and 

used to modulate a transmitter. The scheme is similar to a half bridge in which 

only one gauge is active. Its advantages are:

1 The operating current can be low, perhaps 200pA, compared to a few 

milliamps for a strain gauge bridge;

2 No precision voltage reference is required;
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Multiplexing is not dependent on the multiplexer 'on' resistance since the 

measurand is a current. This however is not a major advantage over 

schemes in which several voltages are multiplexed because of the 

availability of low bias current operational amplifiers which develop an 

insignificant additional voltage across the multiplexing switch.

h =  AT/R

Figure 4.5 Cascaded current sources for offset current method of strain 

measurement. The current difference is inversely proportional to strain.

There are disadvantages, however. These include:

1 Nonlinearity in the transfer function if high gauge factor strain gauges 

(needed for sufficient sensitivity to strain with this method) are used;

2 The relationship between current and strain is directly affected by absolute 

temperature. This effect is compensated for in the current difference 

method, if both current sources experience the same temperature;
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3 The small changes in difference current resulting from small changes in 

strain must be significantly larger than the leakage currents of the 

multiplexer and modulating circuitry;

4 Each contributary gauge requires its own current source. A full bridge 

would need 4 such devices. However, the 4 currents could simply be 

summed at a junction if the current sources were configured appropriately.

The second scheme, using voltage as the strain dependent variable, is the one 

traditionally used. A full or half bridge of strain gauges (figure 4.2) is supplied 

either from a precision d.c. voltage source or from an alternating voltage source. 

The bridge output is usually amplified using a single-ended (for a half bridge) or 

differential (for a full bridge) amplifier, and this signal used to modulate a 

telemeter. The main advantage of this method is that up to 4 gauges can contribute 

to the signal, typically offering an increase in sensitivity of 2.7 times that of a 

single gauge if care is taken over positioning the gauges. Good temperature 

compensation is inherent, particularly if the gauge foil and test piece have well 

matched expansion coefficients. The main disadvantage with this method, as noted 

above, is that more current is generally required than with the current source 

method, even with low supply voltages, since the whole supply voltage is applied 

across the bridge. However, if gauges with large resistance values are chosen, e.g. 

5kQ, the bridge current is reduced to 2mA for a bridge excitation of lOV.

It was the choice of strain gauge, however, which ultimately led to the choice of 

the latter method, since the current source method only gives adequate sensitivity 

if high gauge factor gauges are used, and in any event it was thought desirable to 

avoid nonlinearities which would then be significant. Also, the implant current 

consumption is of less importance if the inductive coupling is maximised by 

locating the implant coil outside the body of the prosthesis [#4.1.5].

The only other choice remaining was whether to use a direct or alternating bridge 

supply voltage. Alternating supplies are conveniently used where the bridge is 

supplied from the secondary of a transformer, e.g. for isolation. A.c. amplifiers
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can then be used, and an output isolation transformer used to pass the signal to a 

rectifier. However, these two general advantages, namely isolation of the bridge 

and the use of a.c. amplifiers, are not advantageous to the instrumented prosthesis, 

since the implant circuit is itself isolated and enclosed within the prosthesis 

[#4.1.4], and low current d.c. amplifiers are available, as are small precision 

voltage references. Furthermore, the a.c. supply option would require a low 

frequency supply to be generated since the inductive link operates at 1.4MHz 

[#4.4.7.2], which is too high for accurate measurements due to the stray 

capacitances which would then become significant. A d.c. powered full bridge and 

d.c. amplifier was therefore chosen for the implant 'front end' circuit.

4.1.4. Options for the location of strain gauges and implant electronics

The most obvious and easiest method of instrumenting the prosthesis is to attach 

the strain gauges to the external surface, figure 4.6 (left). The instrumentation and 

telemeter could then be sited in soft tissue, separated from the prosthesis, and 

connected to the strain gauges with an umbilical cable. The advantages of such a 

method are that:

a) no structural modifications to the implant are required;

b) strain gauges could easily be bonded and inspected;

c) the telemeter could be subcutaneous, and therefore close to the external 

coil, giving better coupling.

However, if the gauges were protected only by soft adhesive encapsulant several 

likely problems remain:

a) The gauges and their connecting wires are exposed to forces from the 

overlying muscles;

b) The umbilical cable is vulnerable to shearing movements of muscles over 

the surface of the prosthesis causing fatigue fracture;

c) The gauges are at risk of corrosion, or shunting by ionic leakage currents, 

due to the possibility of liquid condensation at the encapsulant interface 

resulting from poor bonding to either the gauge alloy or the bacicÎAj ;
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Figure 4.6 Alternatives for location of strain gauges and implant electronics. 

External; bonding gauges to the external surface and wiring to a remote telemeter, 

Internal: hermetically sealing gauges and telemeter inside the prosthesis.



methodology 87

d) The gauges are liable to exhibit drift due to moisture permeating the foil 

adhesive [#4.1.2.7],

These disadvantages are made more severe because of the need to make long-term 

measurements, over several years. It would be impossible to distinguish between a 

gradual change in strain due to bone remodelling and a real or apparent change in 

electrical resistance of the gauge due to corrosion or leakage currents developing 

over a period of time.

These constraints on the accuracy of the measurements and the integrity of the 

implant were considered too severe, and the alternative scheme of figure 4.6 

(right) was adopted: the strain gauges and electronics would be housed in welded 

cavities within the body of the prosthesis. This would greatly alleviate doubt about 

the integrity of the strain gauges, particularly if they could have a dry environment 

(Taylor 1992), and if the humidity was monitored to confirm this. The main 

penalty for this method is that the gauges must be bonded to the internal cavity 

walls, unless an insert is used. However, such 'down-hole' gauging techniques are 

well established. Creating a large cavity inside the prosthesis reduces the bending 

stiffness and strength, but the design can still be kept within safe limits for the 

maximum anticipated loads [#4.2.3]. Both the gauges and electronics would thus 

be housed in a mechanically secure, low humidity environment. Wire connections 

between the gauges and electronics would be short and secure mechanically and 

electrically, and the implanted electronics kept dry and at constant temperature.

4.1.5 Options for the location of the implanted coil: internal or external

An inductive power supply was chosen [#4.1.1, #4.4.2]. Massive prostheses are 

usually made at Stanmore of titanium alloy with a cobalt-chrome femoral head. If 

the implant coil was placed within a cavity inside the prosthesis (in order to 

hermetically seal it) the shielding effect of the titanium would result in very poor 

coil coupling, even if a high permeability material was used to concentrate the 

magnetic flux. This would preclude the use of a portable battery-powered
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energiser even if the implant consumed a current of less than 1 mA. Furthermore, 

such high permeability materials are usually most efficient at audio firequencies, 

which severely restricts the signal bandwidth if the same link is used to telemeter 

the data [#4.4.2.5]. The data must in that case be telemetered from the implant by 

a separate radiofrequency channel, which requires an electromagnetic ’window’ 

through which to pass. This type of design is used in one implanted telemetric hip 

which has a ceramic head, allowing radio propagation (Bergmann 1990).

Despite the clear advantage of having the implant coil integral with the electronics 

inside an hermetic cavity, it was considered most desirable for the subject to be 

unencumbered by a heavy trailing power lead. If the coil could be encapsulated 

outside the titanium body, a vast improvement in coupling could be achieved, 

allowing battery powering for the energiser, and a radio frequency passive 

telemetry system (Donaldson 1986) to be used for data transmission. The data 

would then be retransmitted by radio to a nearby receiver. The entire data 

acquisition system could then be battery powered, lightweight and therefore 

portable. These advantages led to the choice of an implant coil external to, but in 

close proximity with the prosthesis, and a biocompatible coil was designed which 

would remain operable in a moist environment over extended periods.

4.1.6 Choice of inductive link geometry

The geometry of the inductive link is dependent upon the allowable locations for 

the implant coil and the corresponding locations of the external coil which then 

give the best coupling efficiency. A geometry in which the coils are in close 

proximity and of similar diameter, figure 4.7 (A), would have been preferred as 

these two parameters are major factors in maximising the coupling coefficient 

between the two [#4.4.2.3]. This is an impractical arrangement however, since the 

implant coil would then have had to be sited remote from the prosthesis, an 

arrangement which would cause possible problems already discussed [#4.1.4].
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The Mkl and Mk2 implant coils were therefore designed to be both coaxial with 

the prosthesis axis, and close to (or integral with) the prosthesis itself. Both are 

constrained to be much smaller in diameter than the external coil, figure 4.7 (B), 

although their location on the prosthesis was different. In the Mkl coil assembly, 

figure 4.14 [#4.2.6], the coil was positioned 9mm from the stem tip, cast in 

silicone rubber and PMMA bone cement. In the case of the Mk2, the use of thin 

film gauges necessitated a different mechanical arrangement at the stem tip, and 

the more severe bending moment acting on the distal femoral stem tip required the 

tip cavity to be shorter than the Mkl [#4.9.2]. Both of these considerations led to 

less space being available at the stem tip both for electronics and for the 

mechanical arrangement required for the interface to the coil. The Mk2 coil was 

therefore resited in the main shaft region, closer to the main electronics cavity 

[#4.9.5].

Figure 4.7 A: Preferred relative coil positioning for good coupling: the 

magnetic flux from the primary coil (blue) couples to the adjacent turns of the 

secondary coil (red). B: Reduced coupling due to the secondary coil being integral 

with the body of the prosthesis and therefore having severely reduced diameter.

The resulting coil orientation (figure 4.7B) was convenient both in assembly of the 

implant coil and in the way the external coil is applied to the leg to complete the 

inductive link. The lightweight external coil is connected around the leg, which 

itself provides means for holding it in position, at the same level as the implant 

coil. Both coupled coils are therefore coplanar and coaxial, which produces the
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best coupling given that the implant coil is small in diameter and near the long 

axis of the leg.

It is coincidental that both coil locations for the proximal and distal femoral 

prosthesis result in the coil being sited at about the same position on the leg, for 

average length prostheses, between mid-thigh and knee. This position is 

favourable from the power efficiency aspect, since the girth of the leg is 

reasonably small in that region and so the coil diameters are less disparate, 

allowing the best possible coil coupling coefficient under the given constraints. 

Calculated and measured values for the coupling efficiency will be compared for 

the chosen geometries for the Mkl and Mk2 configurations in #4.4.2.6 and #4.11 

(summarised from calculations made in Appendix B).
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4.2 M kl mechanical design

In this section aspects relating to the mechanical design of proximal femoral 

replacements are discussed, and the modified construction for the Mkl 

instrumented proximal femoral replacement presented. Axial and bending stresses 

and factors of safety are calculated for several sections along the length of the 

modified prosthesis, and compared to those for normal implants. Welding and 

fatigue testing aspects are discussed. Finally the implant coil arrangement and its 

method of encapsulation is described.

4.2.1 Biomechanical aspects of proximal femoral replacement

Standard proximal femoral replacements are fixed by cementing the stem into the 

medullary cavity of the remaining femoral bone with PMMA bone cement (figure 

1.3). Although the transection site (the level at which the femur is resected to 

remove the diseased bone and tissue) can vary considerably according to the 

extent and location of the tumour, the figure is typical of many cases, and 

represents extensive replacement of bone. The femoral head is usually 32mm in 

diameter and its centre offset from the main axis by an amount depending on the 

individual geometry, typically 43mm. The shaft diameter is usually smaller than 

that of the femoral cortex and the shaft length customised so as to restore the 

original leg length. The intramedullary stem is usually standardised to 150mm in 

length, and is of uniform cross-section: several diameters from 8 to 14mm are 

routinely used according to the individual medullary cavity diameter and build of 

the patient. On the natural femur, muscles are attached to the greater and lesser 

trochanters and elsewhere along its length, in order to adduct, abduct, flex, extend 

and rotate the thigh and shank. These muscles normally act in concert, as agonists 

and antagonists, to achieve precise movements and control position. The resultant 

load line during the single support phase of gait must pass from the centre of 

gravity of the supported body through the point of contact which the foot makes 

with the ground. The bending moments produced about the hip, knee and ankle 

joints must be equilibrated by muscles. There is evidence to show that some



methodology 94

muscles act as tension-bands across the joints to increase compressive stresses and 

reduce bending stresses in the shafts of the bones, thus reducing the overall stress 

levels [#1.1] (Taylor et al., 1996). During a massive femoral replacement 

operation, some of the muscles acting across the hip (or knee) joint may be 

detached in order to clear a tumour in the proximal (or distal) femur. The 

prosthesis has no muscular attachment (although it is thought that some muscles 

do reattach to the prosthesis over the course of time via a soft tissue sleeve, there 

is little evidence as to how effectively they can function) and may therefore, 

together with the fixation into the remaining bone, be subject to increased bending 

moments since the tension-band effect of the muscles has been reduced. (Large 

bending moments have been measured in the Mk2 instrumented prosthesis, 

particularly in the coronal plane, #5.4.1.) If the musculature acting across the 

proximal femoral neck or shaft is diminished the resultant loadline acting on the 

prosthesis would pass from the centre of the femoral head to close to the centre of 

the knee, figure 4.8. This would require the bodyweight to be supported more 

vertically above the femoral head. This type of offset gait has frequently been 

observed in proximal femoral patients, who attempt to compensate for the muscle 

loss by biassing their bodyweight towards the prosthetic leg. If the tension-band 

effect of the femoral muscles is reduced in this way a bending moment is applied 

to the fixation which is likely to increase as the distance x between the load line 

and the (inclined) neutral axis of the prosthesis increases, i.e. towards the hip.

The most susceptible point in the prosthesis is the point at which the combined 

axial and bending stress is greatest, which is where there is the combination of a 

large offset x and a small supporting cross-sectional area. The stiffness 

calculations at various levels on the prosthesis show that the distal tip region 

would be the most highly stressed region of all, if the supporting bone stiffiiess 

was ignored (Table 4.4, #4.2.3). The distal femoral bone and cement add 

significant additional stiffiiess however, and reduce the bending stress and strain 

in the stem of the prosthesis. It is likely fi’om purely mechanical considerations, 

therefore, that the most highly stressed region occurs at the root of the stem, at the 

change in section of the prosthesis (figure 4.8), since the offset x is changing 

slowly and the change in section represents a much larger change in second



methodology 95

femoral axis and shaft 
neutral axis

load line (assumed)

offset X
point o f maximum 
bending stress

transection point

Figure 4.8 Proximal femoral replacement fixation, with resultant loadline for 

the prosthesis assumed to act between the centre of the femoral head and the mid- 

condylar region of the knee.
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moment of area I (typically x20 or more) than occurs in x over the whole length of 

the prosthesis. Furthermore, this point is also vulnerable to stress concentrations if 

the change in section is not well radiused.

It is hypothesised that loosening of the intramedullary stem in the bone is initiated 

by the mechanical loading situation, and that this leads to a biological response 

which fiirther degrades the fixation [#1.5]. As the prosthesis is dynamically loaded 

during gait and other activities, micromovement occurs, causing the bone-cement 

and cement-titanium interfaces to deteriorate. The bone just below the transection 

point remodels due to the revised loading that it experiences and due to impaired 

blood supply. A gap is often visible on x-rays within a few months post-op 

between the shoulder and the bone on the lateral side, where the bone is unloaded, 

and a bone pedicle grows on the medial side, where the bone is under load due to 

the excessive bending imposed on the fixation (Unwin et al. 1993). Paradoxically, 

if loosening is indeed initiated by the bending stresses discussed above, a proximal 

femoral prosthesis having a longer shaft to replace more bone might be less 

susceptible to loosening and therefore likely to last longer [#4.9.1]. Conversely, a 

shorter prosthesis would be expected to show earlier signs of bone remodelling 

according to this simple model.

4.2.2 Structural modifications

In order to house the gauges and electronics within cavities inside the prosthesis, 

certain modifications were required to be made to the structure. The cavities also 

provided reduced stiffiiess in the prosthesis at the sites where strains were to be 

measured, in order to increase the sensitivity of the strain gauges to applied load. 

The cavities were not large enough to cause sufficiently high strains for the 

structure to fail however [#4.2.3], and the modified prosthesis design was fatigue 

tested to ensure safety [#4.2.5]. The instrumented prostheses were made in two 

sections: a standard instrumented part and a subject-specific part, figure 4.9. The 

instrumented part was machined axisymmetrically to become the IM stem and
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femoral head

titanium alloy shaft
Subject-specific part

\\
shaft cavity and 
strain gauges
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Standard (instrumented) 
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127
stem tip cavity and 
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Figure 4.9 Mkl instrumented prosthesis showing the instrumented part and 

the subject-specific part. These are finally welded together after instrumentation.

main shaft. The 30mm diameter shaft was machined integral with the stem, which 

tapered from a diameter of 14mm at the shoulder to 12mm along a length of 

95mm and then extended cylindrically for a further 30mm. The shaft was 

hollowed out to a depth of 65mm with a wall thickness of 2.5mm, and the tip of 

the stem to a depth of 25mm with a wall thickness of 1mm. A 5mm diameter hole 

was gun drilled axially to connect the two cavities, and honed to eliminate 

possible stress raisers. Three longitudinal flutes were then carved into the stem
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surface, at 120° spacing, of different lengths (to minimise stress concentrations at 

the runouts) and to a maximum depth of 1 mm, and a lug was spigotted into the flat 

face of the shoulder on what was thereafter defined as the medial side. These two 

features, the grooves and the lug, were standard practice at the time to prevent 

rotation of the stem in the cement. The shaft section was designed to be just long 

enough to house the main electronic circuit, having allowed sufficient length at the 

ends for the shoulder and spigot. The stem dimensions are larger than would 

normally be used, and it was accepted that this might necessarily restrict the 

choice of subject to those having large IM cavities. The slightly larger shaft 

diameter was desirable to allow sufficient room for the implant electronics whilst 

ensuring adequate wall thickness for safety, and would not restrict subject choice. 

All abrupt changes in section were appropriately radiused.

The tip of the stem was significantly modified due to its additional role as the 

interface between the prosthesis and the implant coil [#4.2.6]. Additional titanium 

components were machined for this arrangement, as shown in figure 4.10.

Figure 4.10 The implant coil wound on a ferrite former, and the mechanical 

parts comprising the stem tip assembly: end cap, split collars and endplug.

The subject-specific part of the prosthesis consisted of a cobalt-chrome alloy 

femoral head, spigotted onto a neck and proximal shaft machined from titanium 

alloy. The offset of the centre of the head from the shaft axis was fixed (43mm), 

and the proximal shaft length customised for the required resection length.
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4.2.3 Stress analysis and factors of safety

99

The above geometrical modifications to the prosthesis were made in order to 

maximise the sensitivity to axial force and yet keep within the maximum stresses 

which could be tolerated in the prosthesis for a given factor of safety. The 

achievable force sensitivity was thus determined by safety considerations as well 

as by the available dynamic range of the instrumentation [#4.3.2, #4.4.4.2]. The 

following calculations were used to establish the maximum stresses which would 

be applied to the various sections under worst case loading conditions, ignoring 

the effects of stress concentration. Considering an axis-symmetric tubular 

structure such as is shown in figure 4.11, loaded with force F acting along a 

loadline as shown, the compressive and bending stresses at any point P within the 

structure distant y from the neutral axis may be readily calculated as follows:

load line neutral axis

F

p

Figure 4.11 Load line offset from and at an angle to the neutral axis of an axis- 

symmetric tubular structure.
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Compressive stress ac = Fcosa / Tr(R^-r^)----------------------------- (4.2.1)

Bending stress ob = Fxy cosa / 1  (4.2.2)

where r, R are the internal and external tube radii, x is the distance from the 

loadline to the neutral axis at the point P, and I is the second moment of of 

the cross-section, given by

I = 7t( rV )  / 4 = 7i( R^-r^)( R V )  / 4  (4.2.3)

The combined compressive and bending stress at P is therefore given by:

CTb + ac = (Fcosa / n( R^-r^)) * (1 + 4xy / (R^+r^)) ------------------- (4.2.4)

and the ratio of bending to compressive stress at P is given by:

aB / ac = 4xy / (R^+r^)  (4.2.5)

Thus for the loading condition shown in figure 4.11, where the loadline passes 

outside the structure at P, the bending stress is greatest on the outer surface (y = R) 

and Qb is always greater than twice ac, the ratio increasing with the loadline 

offset. The bending stress therefore predominates, and the design must therefore 

primarily allow safe bending stresses to occur under adverse loading conditions.

Figure 4.12 gives the dimensions of the prostheses supplied to the two subjects, 

IM and DG. The offset distances x q , x r  and x t  (at the levels of the Gauges, stem 

Root and stem Tip respectively) may simply be calculated from the geometry, and 

these together with the other relevant data are tabulated below at the 3 sections in 

each prosthesis (Table 4.4). The prostheses differ primarily in their shaft lengths, 

which are determined by the amount of bone which required replacement. Figures 

are also tabulated for a ‘normal’ solid prosthesis of the same resection level as for 

subject DG, for comparison. The compressive and bending stresses are calculated
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(174.7)

Figure 4.12 Modified Mkl prosthesis showing principal dimensions for subject 

IM (dimensions in brackets for subject DG).
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at the 3 sections for each prosthesis, and a 'factor of safety' derived for each 

section. This is calculated using the material manufacturer's figure for 'direct- 

stress zero minimum fatigue limit' for smooth specimens, 690MPa [#4.2.5], The 

shaft inside and outside diameters were determined empirically, the resulting 

geometry allowing sufficient space for the electronics as well as providing an 

adequate safety margin as shown in the Table.

These factors of safety allow no margin for stress concentration due to sharp 

edges, poor polishing, or inadequately radiused changes in section. However, the 

tabulated figures also assume that all the applied stress is carried by the prosthesis, 

which is unrealistic, particularly at the tip cavity. In practice, if the bone resorbs 

away from the shoulder, the weakest part is the stem root, for which the lowest 

factor of safety is 2.8. In addition, due to their larger stem root diameter, the 

instrumented prostheses are stronger at this level than those routinely used in limb 

salvage, where mechanical failure (and, notably, stem root fracture) is a rare 

occurrence.

Subject Location on 
prosthesis

OD ID I X y Safety
factor

mm mm mm"̂ mm mm MPa MPa -

IM Shaft gauges 25 20 11321 26.5 12.5 12.7 65.8 8.8
Stem root 14 5 1855 22.5 7.0 16.8 191.0 3.3
Tip cavity* 12 10 527 13.7 6.0 65.1 351.0 1.7

DG Shaft gauges 25 20 11321 31.1 12.5 12.7 113 7.7
Stem root 14 5 1855 27.2 7.0 16.8 230.9 2.8
Tip cavity* 12 10 527 18.5 6.0 65.1 474.0 1.3

Solid Shaft gauges 25 0 19175 31.1 12.5 4.6 45.6 13.7
implant Stem root 12 0 1018 27.2 6.0 19.9 360.7 1.8

Tip cavity* 10 0 491 18.5 5.0 28.7 423.9 1.5
*at the change in section between the tip cavity and the stem hole

Table 4.4: Geometry, axial and bending stresses, and factors of safety at mid

shaft, stem root and stem tip for 2.25kN applied force. Figures are given for the 

two instrumented proximal femoral replacements and for a standard implant, and 

assume no contribution to the stiffness from the bone or cement.
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The prosthesis of subject DG is theoretically rather more prone to failure than that 

of subject IM, due to the smaller resection as discussed in #4.2.1 above, although 

still with a factor of safety of 2.8 at the stem root.

4.2.4 Welding

All implanted instrumentation except the inductive coil is housed within hermetic 

cavities sealed by welding. In the Mkl device, two circumferential welds and one 

planetary weld are required for hermeticity. These are respectively i) the shaft of 

the instrumented part to the customised upper shaft (figure 4.12), ii) the stem tip 

cavity to the endplug (figure 4.14), and iii) the feedthrough to the endplug (figure 

4.14). The first plan was to use Tungsten Inert Gas (TIG) welding. In the TIG 

process, a tungsten electrode is maintained a fixed distance from the weldpiece, 

and an arc is struck between them in an Argon environment. Certain weld 

parameters (arc current pulse waveform, upslope and downslope) are controlled 

electronically during the weld. TIG welding equipment is semi-portable and welds 

can be carried out in the laboratory. Setups can be easily and quickly adjusted, and 

little skill is needed. However, TIG arcs create a large weldpool and produce high 

temperatures at some distance from the weld site compared to other precision 

welding techniques. In the case of deep welds the 'heat affected zone' is extensive, 

and more metal is melted than with other methods. The excessive heat generated 

requires heatsinking of temperature-critical regions. This method was therefore 

only suitable for the welds at the stem tip, since these were small and required 

little depth (<2mm) of penetration.

For the main circumferential weld, at the junction of the instrumented and upper 

shaft, the joint shoulder is 5mm deep, and therefore a penetration depth of 6mm or 

more was required. The electron beam process was chosen for this weld, since this 

technique gives excellent penetration with minimal heat affected zone. Electron 

beam (e-beam) welding requires substantial plant and is unsuitable for carrying 

out in the laboratory. It was convenient to have both circumferential joints e-beam 

welded, as this allowed the temperature in the tip cavity to be reduced during the
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welding process. So that the welds could be made during the same despatch, the 

prosthesis was completely instrumented and assembled except for the implant coil 

which was assembled finally due to its vulnerability to mechanical damage. The 

weld sites were cleaned with alcohol and the mating parts assembled. Since a 

medially positioned anti-rotation lug, spigotted onto the shoulder, would be used 

to orientate the prosthesis during surgery, the upper shaft was anteverted w.r.t. the 

instrumented part by the usual 10° in order to restore the anatomical neck angle. 

The prosthesis was despatched for welding in this orientation. Upon its return the 

prosthesis was thoroughly polished.

4.2.5 Fatigue testing

It is good practice, and often a legal requirement, to fatigue test new designs of 

orthopaedic implant under the maximum anticipated loading conditions, to ensure 

that mechanical failure will not occur in vivo. Repeated loading and unloading 

should be carried out for a minimum number of cycles sufficient to cause the 

structure to fail in fatigue according to the stress-endurance characteristics of the 

material. Titanium and its alloys are among the materials which have a critical 

stress level (the ‘endurance limit’), below which fatigue failure does not occur. 

For IMI318 titanium alloy, from which the parts were made, this endurance limit 

is specified as 55-60% of Ultimate Tensile Strength (UTS). For a UTS of 

990MPa, this yields a minimum endurance limit of 545MPa. The endurance limit 

in theory applies equally for both compressive and tensile loading applied to the 

same testpiece. In cases where the stresses are ‘one-way’ only, i.e. where only 

either compressive or tensile stresses are applied, a higher level known as the 

‘direct-stress zero minimum fatigue limit’ is permitted. For 25mm diameter Ti 

IMI318 rod this is specified as 690MPa. Since offset loading would be applied to 

the prosthesis in one principle direction the bending stresses acting on any surface 

of a given section would also be principally ‘one-way’. This figure was therefore 

used in calculating the factors of safety for the instrumented prostheses in Tables

4.4 and 4.6.
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When the Mkl fatigue test was carried out, there was no British Standard for 

testing orthopaedic implants, but only a ’Draft for Development’, DD91, which 

suggested the loading arrangements, applied loading and number of loading cycles 

for a standard total hip prosthesis. No guidance was given for massive implants, as 

these form only a small proportion of hip prostheses. The test was set up as in 

figure 4.13. Four proximal femoral stems, modified as described in #4.2.2 were 

used, without implant electronics, but including the implant coil arrangement. The 

prostheses were welded [#4.2.4] and polished. The stems were cemented using 

PMMA into perspex tubes of similar stifïhess to cortical bone, with a large gap 

interposed between the shoulder and the tube end to simulate the extensive bone 

resorption which might exceptionally occur over the course of time in vivo. The 

top of the tube, the bone cement and the protruding part of the stem were all 

immersed in Ringer’s Solution, which is the accepted medium for load testing 

under simulated body conditions. A short prosthesis shaft length was used in order 

to simulate a worst-case fixation [#4.2.1]. A machine having six servo-hydraulic 

rams was used to apply the loading to each separate testpiece. The cyclic load 

frequency, load waveform and amplitude were adjustable. The prostheses were 

positioned with the simulated femoral head underneath the loading ram so as to 

apply an offset load. Large ball bearings were used to transmit the load between 

the ram and the simulated femoral head and between the metal tube and the 

machine bed.

Loading was applied approximately sinusoidally with a peak-peak force of 2.3kN. 

This is the DD91 recommended peak load and is greater than 3 bodyweights for 

an average man. This load magnitude would be expected to occur in vzvo, as 

previous [#3] and subsequent [#5.3, #5.4] measurements have confirmed. The 

cyclic loading frequency was set to 5Hz, and the test was set to run for 5M cycles. 

The loading fi*equency, although much faster than in real life, does not affect the 

fatigue life. It was therefore set as high as possible in order to expedite the test. In 

practice the stiffness of the testpiece imposes a limit on the maximum frequency 

attainable for a set load, since the hydraulics cannot maintain a load waveform 

beyond a certain frequency if the ram is required to move substantially to cope 

with the compliance of the testpiece.
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Figure 4.13 The original Mkl fatigue test setup. The servo-hydraulic loading 

machine applies an offset axial force to four test components. In this test the 

simulated bone resorption was excessive, and the stems broke at the tip cavity.
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The plastic tubes shown in figure 4.13 were found to be unsuitable for simulating 

the distal femur, and the arrangement as shown simulated excessive bone 

resorption. The stems fractured early in the test, partly due to the excessive 

stiffness of the tube/cement composite and partly due to the excessive bone 

resorption which produced a large bending moment at the change in section of the 

tip cavity with the stem. The setup was revised using artificial resin composite 

sawbones for the femurs and reducing the simulated bone resorption to 65mm 

which protected the tip cavity in a more realistic way. All prostheses survived the 

revised test without fixation failure. In order to assess any damage at the welds, 

caused either during the welding or during the fatigue test, the prostheses were 

despatched for sectioning and metallurgical analysis. The analysis showed that 

there was complete joint penetration by the welds and that there were no defects 

such as fatigue cracks.

4.2.6 Implant coil arrangement and encapsulation

A single implant coil is needed to power the implant and telemeter the data 

[#4.4.1]. It is positioned outside the body of the prosthesis in order to maximise 

the inductive power transfer efficiency and so enable portability of the battery 

powered external equipment. A single feedthrough is required to connect the coil 

to the implant electronics, as the prosthesis body can act as the electrical return. 

This coil was positioned 9mm below, and coaxial with, the tip of the stem, figure

4.14. It was found that sufficient coupling could be obtained between a 6mm 

diameter ferrite cored coil and an external leg coil of much larger diameter 

[#4.4.2, Appendix B], and therefore from an electrical point of view it would be 

possible to locate the implant coil in this position. Located beneath the tip of the 

stem, the coil is mechanically protected from muscle and soft tissue movement. In 

the normal fixation, since the IM cavity below the stem tip is not filled completely 

with cement, forces at the stem tip must be transmitted to the cement by 

compression at the tip (as well as by shear along the stem sides above the level of 

the tip), and thence by shear from the cement to the bone. The coil design allows
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Figure 4.14 Mkl implant coil assembly (dimensions in mm).

for compressive loads to continue to be carried by cement under the stem tip. The 

presence of the coil therefore only has the effect of slightly modifying the stress 

distribution beneath the stem tip, and should not affect the load magnitude 

measured at the gauged level. The materials used to construct the coil were chosen 

for their biocompatibility, and an encapsulation procedure was carefully prepared 

to ensure long term reliability, and to ensure mechanical protection during surgery.
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4.2.6.1 Encapsulation in an aqueous environment

Electrical devices required to work under wet conditions can be sealed either by 

hermetic packaging or polymer or epoxy encapsulation. The ideal seal is an 

hermetic one, since this creates a water vapour barrier which allows a low internal 

relative humidity to be maintained indefinitely despite a saturated external 

environment. In contrast to hermetic packaging, polymer encapsulation is not a 

water vapour barrier, and will allow the diffusion of water vapour through the 

encapsulant within days. However, the encapsulant will still function unless the 

vapour is allowed to condense (Donaldson 1981, 1989, 1991). Any ionic residues 

will then be dissolved in the condensate, and the resulting ionic solution can either 

cause corrosion or allow the passage of leakage currents. Condensation will occur 

where there are voids in the encapsulant (such as bubbles left after casting which 

are not evolved during curing), and for this method of sealing it is therefore 

important to eliminate these.

Silicone rubber is commonly used to encapsulate electronic assemblies in aqueous 

environments where an hermetic package (usually of metal) is not possible or 

desirable, as is the case with the implanted coil. Adhesive silicones have two 

important properties which make them suitable for this application, under the right 

conditions (Donaldson 1987):

1 they are highly flexible, so that shrinkage which occurs during the cure is 

relieved so that low stresses are maintained within the encapsulant or at the 

bond between the encapsulant and the components,

2 the adhesive bonds can be very stable even in the presence of water and so 

take a long time to fail under the imposed stresses.

Encapsulation of electronic assemblies which allows these properties to be 

exploited has been very successful. Where ionic residues are removed prior to 

applying the rubber, and an adhesive silicone rubber is used, and the casting 

technique is controlled to prevent the formation of voids, the encapsulant should 

allow the function of the implant to be maintained over several years. Although 

the above rationale constitutes good reasons for silicone rubber encapsulation of 

the implant coil, it would be inadequate for encapsulating the strain gauges since a
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very small leakage current (which would not affect the implant coil function) 

would be indistinguishable from a change in strain [#4.1.4],

4.2.6 2 Interfacing hermetic and encapsulated parts

Many implanted devices use both hermetic packaging and polymeric 

encapsulation. The rigid part, and especially where there are toxic substances such 

as solder contained, is hermetically sealed, and any flexible part would have 

polymeric encapsulation. In the current design, all the main circuitry including all 

soldered joints and strain gauges are hermetically sealed inside the rigid prosthesis 

and the implant coil is cast in rubber. It is the interface between the hermetic part 

and the encapsulated part which is often most difficult to seal. Individual 

feedthroughs must be used to convey each conductor through the hermetic wall, 

and the polymeric encapsulation must be effective right up to the external side of 

the feedthrough. This can be awkward as the feedthrough metal, often platinum, 

titanium or niobium, is not always the same as that to which it connects inside the 

soft encapsulant, and a reliable connection between the two metals must be used 

which does not employ toxic substances such as solder. Flexing of the 

encapsulated part in normal use must not damage the adhesion or cyclically strain 

the conductors leading to fatigue fracture. To prevent leakage currents flowing 

across the external surface of the insulator part of the feedthrough, the 

encapsulation must remain bonded to this insulator all the way round the pin. Each 

of these constraints were addressed in the design of the implant coil arrangement.

4 2.6.3 The feedthrough and coil connections

The mechanical arrangement chosen for the tip of the stem was shown in figure

4.14, and its constituent parts in figure 4.10. After the electronics assembly was 

completed and wired to the hermetic end of the feedthrough, a plug containing the 

welded feedthrough was spigotted inside the machined end of the stem, and 

welded to it [#4.5.3]. Only one feedthrough was required. A niobium-in-glass type
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was chosen, figure 4.15, which is the type used in artificial cardiac pacemakers. A 

0.5mm diameter niobium pin passes axially through the feedthrough, insulated 

from the outer body, also of niobium, by a sapphire bead. Gold brazing is used to 

seal the pin. A second niobium wire was inserted into a hole drilled through the 

plug, and welded from the hermetic side, for the return lead from the coil. The coil 

leads were of 0.3mm diameter insulated gold wire [#4.2.6.4].

pin

insulator

ferrule

braze

i 2.54 mm

2.6

Figure 4.15 The niobium feedthrough for the hermetic seal between the implant 

instrumentation and the implant coil: schematically (left) and welded into titanium.

Connections between the coil leads and the niobium wires were made by TIG 

welding, for the first Mkl prosthesis. Difficulties were experienced due to the 

dissimilarities in the melting temperatures of gold and niobium and also in the 

wire diameters. To overcome these problems a two stage process was used. 

0.5mm diameter gold wire was first welded to the niobium wire, followed by a 

welded joint of the two gold wires. The coil wire was wound around the larger
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gold wire to provide a greater contact area for the weld. The geometry of the plug 

and limited length of niobium pin allowed only a few millimetres of the niobium 

wire to protrude beyond the end of the plug, and it was therefore important that the 

weld should be reliable first time. Trial welding was performed on dummy 

components to arrive at a satisfactory technique.

Crimping the gold to the niobium wire was considered a more reliable technique 

than welding and was used for the second Mkl prosthesis. (This method is also 

used for the Mk2 implant coil [#4.9.5], although the coil geometry is different.) 

The wires to be crimped were bared and cleaned, and inserted from opposite ends 

into a 5mm length of 0.7mm I.D. gold tube. The crimp was made using a specially 

ground tool with a 'V’ shaped groove on one jaw and serrations on the other, to 

provide a repeatable crimp depth. To avoid applying any axial stress on the 

feedthrough, the prosthesis was mounted on soft foam during the crimp.

4.2.6 4 Coil geometry, positioning and winding

It was desirable that the implant coil be distant fi-om the tip of the prosthesis by 

several millimetres so that the minimum possible magnetic flux generated by the 

external coil would be dissipated in the titanium stem tip. In practice, a 9mm gap 

was used, as this produced an attenuation in induced power of only =5% compared 

to when no metal was present. The coil geometry itself was governed by the 

requirement that the coil and its encapsulation be smaller in diameter than the stem 

tip to ensure easy passage during surgery. The coil length was somewhat arbitrary 

as the exact length was not restricted either by mechanical or electrical 

considerations. The coil coupling coefficient was much improved by using a 

ferrite core [Appendix C], and it was convenient to use a 16mm long commercial 

screw core of 7mm diameter having a 1mm pitch and an axial slot. The ferrite 

material was a sintered mix of several ceramics.

The core was ground to remove most of the screw, reducing the diameter to 5mm, 

and held on a 1mm diameter rod passed through the central slot. Degassed
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silicone rubber was applied to the remaining screw thread, 14 turns of 0.3mm 

diameter polyurethane-insulated gold wire tightly wound into it, and then wound 

helically around the 1mm rod at one end, to a length of 15mm. The other end of 

the wire was returned along the length of the coil and wound helically over the 

first helix using a 3mm diameter tube. The helical arrangement was used to 

provide strain relief and to prevent fatigue fi*acture for the coil wires. The rubber 

was cured, with the fi*ee ends of the coil protruding fi*om the encapsulant.

4.2.6.S Coil encapsulation

The interface between the hermetic and encapsulated parts is at the bottom of the 

recess inside the stem plug, figure 4.14. This arrangement was designed in order 

to provide protection for the feedthrough wires and their connections to the coil 

wires, both mechanically and for the integrity of the encapsulation at the junction 

with the hermetic part. In the light of the previous discussion [#4.2.6.1 and 

#4.2.6.2], the problem of encapsulating the feedthrough when it is situated at the 

bottom of a deep recess is not insignificant. Silicone rubber shrinks slightly during 

cure and, if hot-cured, as it cools after curing. The rubber is highly incompressible 

so that the resulting volumetric strain must be relieved or large tensile stresses will 

occur within the rubber and at the adhesive interfaces. When encapsulating small 

components on a plane substrate, this relief occurs by contraction at the fi*ee 

surface. But if the rubber is constrained by closing the mould, adhesive or 

cohesive failure occurs (Donaldson 1976). If the cavity at the stem tip is filled 

with a rubber which bonds to the side and floor, the rubber tears away from the 

side leaving voids, figure 4.16a. Adhesion to the side was prevented by applying a 

release agent to this area after cleaning which was dissolved away after cure, 

leaving the rubber unstrained, figure 4.16b.

The rubber was cast in a mould of PTFE which enclosed the entire end of the stem 

and implant coil. The mould was made in two halves and was bolted together
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(a)

With s t r e s s  
re l ie f

(b)
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Figure 4.16 Mkl implant coil encapsulation techniques: the method of (a) 

results in tearing of the encapsulant; this is avoided in method (b) by preventing 

adhesion of the rubber to the sides of the plug. The encapsulant is compressed (c) 

by the domed nut.

around the lower part of the stem, figure 4.17. Two holes were provided in the 

mould: one for introducing the rubber, at the end of the coil, and a vent for 

releasing displaced air. The welded prosthesis complete with welded or crimped 

implant coil was placed into the mould which was then bolted together. A 

balanced centrifuge was used during the cure to force the rubber into the plug 

recess and particularly around the feedthrough. The prosthesis, with mould 

attached to the stem tip, was gripped with soft jaws and slung from one end of a 

crossbar, figure 4.18. The other end was weighted to maintain stability, and the 

crossbar was pivoted at the centre and connected to the shaft of a motor mounted 

vertically. When stationary the prosthesis hung vertically with the tip uppermost.
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top View

silicone rubber 
entry hole

PTFE mould

side view

prosthesis stem

Figure 4.17 Encapsulating the Mkl implant coil with silicone rubber, using a 

PTFE mould clamped around the tip of the prosthesis stem. Both the top and side 

views are shown. The split collars (figure 4.14) were fitted after the rubber was 

cured, and then the screw cap was applied and spot welded to compress the rubber 

against the feedthrough face.
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200 r.p.m.

counter-balance

motor

. J

Figure 4.18 Centrifuging arrangement for the Mkl implant coil encapsulant.

allowing degassed rubber to be slowly introduced into the mould via the hole at 

the end of the coil, until level with the mould edge. The centrifuge was rotated 

and its speed increased gradually to 200 rpm, when the prosthesis and counter

balance rotated to the horizontal position under the action of the centrifugal force. 

The rubber was thus compressed against the inside face of the endplug with an 

acceleration of 5G, forcibly displacing trapped air. The centrifuge was stopped 

periodically and the level of the rubber checked and topped up to replace that 

which had displaced the air in the plug recess. Centrifuging was then continued 

until no further topping up was required. The prosthesis was then removed from 

the centrifuge and placed overnight in an oven at 150°C to cure the rubber. The 

mould was carefully detached from the prosthesis and the excess rubber removed 

with a scalpel.
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To refill the void in the plug cavity left by shrinkage after the cure, two split 

collars (figures 4.10, 4.14) were screwed down with a domed nut which then 

formed the tip of the stem. This also compressed the rubber-to-glass adhesive 

bond at the feedthrough, figure 4.16c. The nut was locked using three spot TIG 

welds.
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4.3 Mkl strain gauging and amplifier interface

118

In this short section, the rationale for the strain gauging is presented. The interface 

to the amplifier is introduced and an expression derived for the required gain.

4.3.1 Gauge orientation, type and bonding

The Mkl instrumented prosthesis has instrumentation for axial strain 

measurement in the cavities at the mid-shaft and stem tip. The instrumentation is 

the same in either cavity. Four foil strain gauges were bonded to the internal walls 

as two half bridges opposing each other across the cavity. Each half bridge 

consisted of one longitudinally-aligned and one laterally-aligned gauge placed 

adjacent to each other, one just above the other, figure 4.19. The two half bridges

bonding pad

polyimide backing

I

■.HBT-

o
1 -

interconnecting wire

strain gauge grid (with strain sensitive direction)

Figure 4.19 Physical layout of one Mkl half bridge.
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were wired in opposition to each other in the bridge, figure 4.20, such that the 

bridge output was optimised for sensitivity to axial strain and was most immune to 

bending moments about the longitudinal axis. In order to further prevent bridge 

outputs due to the primary bending moment, which would most likely occur in the 

frontal plane due to the direction of the femoral head offset, the gauges were 

placed on a diameter in what would become the sagittal plane, figure 4.21. Each 

half bridge was wired separately, having 3 leads brought out, one of which (the 

common) was connected to an amplifier input, and the other two connected across 

a lOV reference. Fine (0.2mm diameter) polyurethane-coated wire was used for 

the gauges and leadwires. Accurate placement of the gauges was crucial for 

insensitivity to bending moments. During calibration, a small difference in 

sensitivity to axial force was found between 'true axial' and 'head-tip' loading 

[#4.6.2]. This was attributed to small errors in gauge positioning, and an analysis 

of the likely errors in measurement is given in Appendix E.

Positive supply Positive supply

longitudinal
gauge

Output 1Output 1

lateral gauge

Negative supplyNegative supply

Output 2

Figure 4.20 One half bridge, and one full bridge consisting of two such half 

bridges wired in opposition to each other. When the two strain gauge half bridges 

are positioned on opposite sides of a cavity the bridge output is most sensitive to 

axial compression.
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Shaft Gauges

A

Tip Gauges

P

Figure 4.21 Positioning of each strain gauge half bridge on an antero-posterior 

diameter minimises bridge outputs due to bending about this axis.

The gauges used were Measurements Group 'Transducer Class' type N3K-06- 

S022H-50C, having a resistance of 5kQ ±0.3%. The foil was made of Karma, a 

resistance alloy of typical composition 74.5% Ni, 20%Cr, balance A1 and Fe, and 

having high resistivity (133pQ cm) and low temperature coefficient of resistance 

(±20ppm/°C). The polyimide backing was 13pm thick, and the gauge was 

characterised for use on titanium. The use of a high resistance alloy foil material 

enables high gauge resistances to be achieved without appreciable grid size 

increase, and this enables the bridge current consumption and therefore the overall 

implant power dissipation and temperature rise in the cavities to be minimised. 

The gauge had integral solder pads for leads, figure 4.19.
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Bonding strain gauges to the inside walls of deep cavities requires 'down hole' 

gauging techniques, and the gauging was therefore carried out by a specialist firm. 

The technique used was to mount the pre-wired half-bridge configured gauges 

'inside out' onto silicone rubber pads on a split mandrel of a diameter 

commensurate with that of the cavity. Adhesive was applied to the 'underside' of 

each gauge and the assembly inserted into the cavity. A wedge was inserted into 

the mandrel in order to diametrically expand it and thus apply pressure to the 

gauges against the cavity wall. The prosthesis with the mandrel inserted was 

placed in an oven to cure the adhesive at 160°C. After removal of the wedge, 

mandrel and silicone rubber pads, the gauged prosthesis was returned to the oven 

for postcuring at 200°C. Finally, a temperature cycle was completed and the 

temperature stability of the gauges logged.

4.3.2 Load range and amplifier gain settings

Each strain gauge bridge has its own amplifier. The circuit topology is discussed 

in #4.4.3.2, and an analysis of the combined strain gauge bridge and amplifier 

circuit is given in Appendix D. In order to maximise the bridge output due to 

compression, and reject bending, opposite arms of the bridge should increase and 

decrease their resistance together, i.e. the two longitudinal and the two lateral (or 

transverse) gauges should be connected in opposite (rather than adjacent) arms of 

the bridge, figure 4.20. When this is the case, the change in the open circuit bridge 

output with longitudinal strain is given (for zero or low strains) by:

dVo/de = Vdd* k(l+p)/2  (4.3.1)

where k is the gauge factor for the gauge alloy and p is Poisson's Ratio for the 

strained cavity wall. Vo is the bridge differential output, and Vdd the precision lOV 

reference supplying the bridge and the amplifiers. When the bridge is connected to 

the amplifier (figure 4.22), it can be shown (Appendix D, eqn. D19) that the 

change in the (ideal) amplifier output with strain is given by:
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dVz/dE =  Vdd* k (l+ n )(R ,*R 3/(R 2*R o)-0 .25 )

122

.(4.3.2)

where Ro is the unstrained resistance of a single gauge and V2 is the amplifier 

output. The expression is strictly true only for zero or small (<500p8) strains, the 

presence of the strain-dependent terms in the ideal equation creating small errors 

which increase with strain. The strains measured in the instrumented prostheses 

during compression were much lower than those which would cause significant 

nonlinearity in the transfer function.

Vdd

Rt1 Rt2

Ra Rb R3V03V01
R2

V2Rc V02Rd

TLC27L7CD

CMRR = 97dB Vn = 68nV/Hz''0.5

Avd = 800V/mV GBW = 110kHz

Idd = 30uA Vio = 200uV

Figure 4.22 Strain gauge bridge (consisting of Ra, Rb, Rc and Rd) wired to the 

dual-stage amplifier. This circuit is analysed in Appendix D.

Dividing the RHS of eqn. 4.3.2 by that of eqn. 4.3.1 gives the combined amplifier 

gain G:

G =  dV 2/dV o =  2 (R i*R3/(R2*Ro)-0 .2 5 ) .(4.3.3)
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For the gauge alloy used k=2.1; for titanium, ^=0.33; Vdd=10V. From eqn. 4.3.1, 

substituting these values,

dV 2/d8= I4G  --------------------------------------------------------- (4.3.4)

To determine the required amplifier gain, the overall transfer function between 

applied axial force and amplifier output voltage must be derived. The compressive 

stress ac for each section is given by

ac = F /it(R V ) --------------------------------------------------------- (4.3.5)

and the corresponding axial strain by

ec = F/7t(R^-r^)E  (4.3.6)

where E is the Young's Modulus of the material, F is the applied load, and R and r 

are the outside and inside radii of the section. The overall ideal transfer function is 

therefore given by

dV2/dF = dV2/dEc*d6c/dF = 14 * G / 7u(R V )E  ---------- (4.3.7)

For each channel, the chosen load range Fr was selected to give an amplifier 

output voltage from 3 to 7V (a range of 4 Volts), the full range of the voltage to

period converter [#4.4.3.5]. From eqn. 4.3.7, the amplifier gain G was therefore

calculated as follows:

G = 47i(R V )E  / (14 ♦ Fr)----------------------------------------------------- (4.3.8)

In setting the amplifier gains, and therefore the load ranges for each channel, some 

allowance was made for the possibility of strain gauge drift. Laboratory tests of 

the stability of foil gauges under various loading and humidity conditions had 

previously been carried out [#4.1.2.7], but the results were inconclusive. In
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particular, the effects of dynamic loads had not been shown. It was also unclear 

how the altered biomechanics of the massive implant would alter the loading 

shown by previous workers to occur in total hip replacements [#3]. The chosen 

load ranges would have to be large enough to encompass the maximum 

anticipated loads, and allowing for some strain gauge drift, yet small enough to 

allow reasonable load resolution. Consequently a load range of 7.0 times 

bodyweight (1 bodyweight taken as 75kg) was selected for the shaft channel, and

6.5 for the tip. An additional nominal ±40pe was allowed for strain gauge drift per 

channel at both ends of the range. The 'zero' setting was offset (using a further 

resistor, #4.4.3.2) to allow for about 0.5 bodyweight of tension to be included in 

each range. These figures would encompass the vast majority of previous reports 

of axial load measurements in total hip replacements, and allow for almost all the 

applied load to be carried by the tip. The gains for the tip and shaft channels were 

therefore calculated using eqn. 4.3.8 (R and r values given in Table 4.4) and set to 

200 and 800 respectively*. These gains were split equally between the first and 

second stages of each amplifier [#4.4.3.2]. The amplifier resistor values required 

to set these gains were calculated from eqn. 4.3.3.

* Shaft channel: Total range =7.0BW + (2x 40pe) gauge drift + 0.5BW tension

=7.5 + 2.0BW =9.5BW =7.0kN: G=800

*Tip channel: Total range =6.5BW + (2 x 40pe) gauge drift + 0.5BW tension

=7.0 + 0.4BW =7.4BW =5.44kN: G=200
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4.4 Mkl electrical design

In this major section the electrical design of each part of the telemetry system is 

described. After an initial overview of the design features, the basic principles of 

electromagnetic induction are presented and the power induction system and data 

telemetry method are explained and efficiencies given. The implant signal 

processing circuitry is described by its separate functions. The operation of the 

external microcontroller for data digitising and serial encoding is explained, with a 

discussion about the data resolution. Finally the data radiotelemetry link is briefly 

reported.

4.4.1 Design features

The main features of the electrical design are:

1 Inductive powering for, and wireless data telemetry from, the implanted 

instrumentation, using the same pair of loosely coupled coils,

2 Sufficient electrical coupling between the coils to give good power transfer 

efficiency, allowing the energiser to be battery powered and therefore 

portable, and enabling the subject to be unhindered by trailing leads,

3 All implanted instrumentation (except the implant coil) hermetically sealed 

within cavities inside the prosthesis,

4 Real time telemetry, radiotransmission and display of the measured strains, 

avoiding the need for data logging at the patient.

The rationale for hermetically sealing the instrumentation has already been 

presented [#4.1.4]. The onus on the electronics design then was to provide a 

compact, low power, stable and reliable circuit for strain amplification and 

telemetry. Locating the implant coil outside the prosthesis yielded greatly 

improved power supply efficiency and enabled the inductive link to be operated at 

radiofrequency instead of at audiofrequency. This led to the advantage of being 

able to use the high bandwidth available in the link for telemetry, thereby avoiding 

the need for either a high bandwidth radio transmitter or means of coding the
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signal as a serial data stream in the implant. A single pair of coils is used both for 

powering and telemetry, the signal pulse-position-modulating the energising 

carrier wave.

Figure 4.23 shows the telemetry system electrical schematic. The system is in 

three physically separate parts: the implant, a portable external electronics box and 

external coil, and a remote receiver station. When the energiser is active, the 

voltage induced across the tuned implant coil is rectified, smoothed and applied to 

a precision voltage reference, whose output supplies the two strain gauge bridges 

and implant electronics. Measured strains, together with temperature and humidity 

signals, are amplified and converted to a serial pulse-position modulated signal 

and telemetered via impedance modulation of the same inductive link [#4.4.2.5, 

#4.4.3.?]. The reflected impedance change in the external coil as a result of this 

modulation is detected and amplified, and periods of the signal corresponding to 

data are then digitised using a fast counter controlled by a microcontroller. The 

encoded data is serially transmitted fi*om the subject over a 418 MHz UHF radio 

link to a receiver linked to a portable computer, where the data is decoded, 

displayed and logged in near real time.

Data Logger Patient carried Implant

Portable PC

RS232

Radio 
Receiver

r r Rectifier and

Regulator

Energiser

Demodulator

Switch

Counter

Microcontroller Multiplexer 
and 

Converter
I RS232

Radio 
T ransmitter

Strain gauge 

Bridges

Figure 4.23 The telemetry system electrical schematic. The system has three 

physically separate parts: the implant, a portable subject-carried external 

electronics box and external coil, and a remote data logger.
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4.4.2 Power induction and data telemetry

4.4.2.1 Inductive coupling in other medical applications

The transfer of power and signals by induction is hardly a recent innovation. 

Transformers from small pulse couplers to the large types found in power 

generation and distribution stations all employ the same principles of 

electromagnetic induction discovered by Faraday. In most applications, inductive 

coupling is between tightly coupled coils, often wound on the same former, 

designed to be as efficient as possible in transferring power from one circuit to 

another. Such coupling provides a convenient method of stepping alternating 

voltages up and down, determined by the primary to secondary turns ratio, and 

also provides electrical isolation between windings. The use of the same principle 

for powering inaccessible but physically near devices is a comparatively recent 

development, but is increasingly widely used today for non-contact measurement 

and control, in a variety of fields. In the medical instrumentation field, inductive 

coupling has been used successfully to couple power into many implanted devices, 

with induced power levels from microwatts to kilowatts. Heetderks (1988) showed 

that the method could be used for electrical stimulation using sub-millimetre sized 

implant coils (for <lmW induced power). At the other end of the scale, inductive 

recharging of implanted batteries for powering an artificial heart was shown to be 

feasible, and 1 kW was coupled transcutaneously in a dog over a short period 

(Schuder et al. 1971).

Inductive coupling is now used for signal telecommand to, and telemetry from, 

programmable cardiac pacemakers, and telemetry from devices such as implanted 

temperature and pH sensors (Colson & Watson 1979, Taylor 1983, Armstrong et 

al. 1987) and intracranial pressure gauges (Macellari 1981). Typically there is one 

external and one implanted coil for each mode, i.e. one pair for powering and 

another pair for signal telemetry (e.g. Forster 1981), although a single pair may be 

used for both functions (e.g. Tang et al. 1995), as in the present system [#4.4.2.3]. 

Multiple data channels may be telemetered by serially multiplexing the channels. 

In some applications, as in the present study, powering and telemetry are required
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to Operate continuously whilst the link is present, but in clinical monitoring 

applications data may be required only intermittently and the implanted device can 

be ‘woken up’ and interrogated at intervals. Because the coils have to be 

physically separate in these applications, tight coupling is not possible. Close, 

although not tight, coupling is often possible by positioning the implanted coil 

close to the surface of the soft tissue and using an external coil of similar geometry 

placed directly onto the skin (e.g. Forster 1981, Taylor 1983). In our system the 

physical constraints of the coil geometries [#4.1.6], particularly the implanted coil, 

further restrict the achievable coil coupling and therefore the operational range. 

What was at first surprising, until further investigation was made, was that the 

greatly dissimilar areas enclosed by the coils allowed as much coupling as they 

did. It was this larger than expected coupling, and therefore power transfer 

efficiency, which permitted the inductive powering to be achieved with a small 

battery-powered energiser. A theoretical analysis for the inductive link efficiency 

and comparison with that calculated from measured data is given in Appendix B, 

and a summary of the power transfer efficiencies is given in #4.4.2.6.

4.4.2 2 Magnetic induction background and theory

Transfer of power or signals between physically separate but close electrical 

circuits relies on the principles of electromagnetic induction discovered by 

Faraday and on the interrelationships between electricity and magnetism 

discovered by Oersted, Maxwell, Fleming and Ampere. An electric current 

flowing in a conductor induces magnetic ’lines of force' around the conductor. If 

the conductor is formed into a loop, or one turn of a coil, the lines of force are as 

shown in figure 4.24. If several turns are used, the effect is to concentrate the field 

inside the coil. If  the coil current varies, then the magnetic field also varies 

accordingly.

Faraday observed the inverse effect: a current is produced in a coil when in the 

presence of a varying magnetic field. The magnetic field can be produced either by 

a moving magnet or by a varying or momentarily applied current in another coil
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close by. The observed current is due to an induced e.m.f. E in the coil. The 

induced e.m.f. is proportional to the rate of change of magnetic flux (Faraday’s 

Law);

E a -n d ( |)/d t ........................................................................................(4.4.1)

where (|) is the flux linkage, i.e. the total flux linking each turn of the coil, and n is 

the number of turns. A changing current in one coil can therefore induce an e.m.f. 

in another coil close to it by inducing a magnetic field which links both coils. This 

is the principle of magnetic inductive coupling. The coils may be said to be 

'inductively coupled' if some proportion of the magnetic flux generated by one coil 

'links with' the other coil, so that both coils form part of the same magnetic circuit.

Figure 4.24 Magnetic lines of force created by a current flowing in a coil.

In figure 4.25, L, and L] are the primary and secondary coils of an inductively 

coupled circuit, having ni and n? turns respectively. If the primary coil Li is driven 

by a current I((Ot), a back-e.m.f. V, is developed across it:

Vi = -Li dl(cot) / dt -(4.4.2)

where L| is the self inductance of the primary coil (assumed to have zero 

resistance) and I(cot) is the current flowing through it.
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|V :

Figure 4.25 Voltages produced across Li and induced across L2 .

The induced magnetic field couples with the secondary coil L2, and produces a 

secondary voltage V2 across it. By Faraday’s Law, this voltage is not as a result of 

current flowing in L2 but by induction from Li. The induced voltage is 

proportional to n2, assuming that the magnetic field is uniform and links all the 

turns. The coils are inductively coupled by virtue of their relative positioning: the 

closer together they are the more magnetic flux induced by the primary coil links 

with the secondary coil, and the greater the secondary voltage for a given number 

of turns n2 . The coupling coefficient k is a measure of the tightness of the 

coupling, varying from zero for no coupling to unity for complete coupling (a 

virtually impossible condition). The mutual inductance M between the two coils is 

also a measure of the proximity of the coils, where the relationship between k and 

M is defined as:

k = M / (Li ♦ ----------------------------------------------------- (4.4.3)

From eqns. 4.4.1 and 4.4.2, if a coil contains n turns the flux linkage is given by

n (|) = L I ----------------------------------------------------- (4.4.4)

For a sinusoidal excitation current I(cot) = I sin cot,

Vi = -coLiI cos cot = -coni(|)i cos cot  (4.4.5)

and V2 = coMI cos cot = con2(j)2 cos cot ---------------------------------------- (4.4.6)
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where and ^2 are the magnetic flux linking Li and L2 respectively. In the 

particular case where the coils are identical in geometry, Li = L2 = L, and ni = n2 .

Then from eqns 4.4.3, 4.4.5, 4.4.6,

k = M /L  = (|)2/(|)i,  (4.4.7)

i.e. k is the proportion of primary flux linking the secondary coil.

If, however, the coils are dissimilar,

k = (<t>2 % / <|), n, )* (L, / L2)" '   (4.4.8)

Thus a larger than expected value for k is obtained when Li > L2 (for a 1:1 turns 

ratio).

The design of inductive links is not usually a straightforward exercise. There are 

several possible requirements which may be specified for a link, depending on its 

desired purpose. Commonly specifled parameters include (Donaldson & Perkins 

1983):

1 overall power transfer efficiency to the load,

2 voltage transfer frmction,

3 receiver output impedance,

4 variation in the above parameters due to changes in the coils relative 

positions, 'displacement tolerance',

5 size and bulk of the coils,

6 bandwidth available for data telemetry.

In this application, the most important of these are 1, 5 and 6. Displacement 

tolerance (4) is also an important consideration, but is made less severe by the 

geometry imposed by the anatomy [#4.4.2.3]. There are few design guidelines for 

inductive links, perhaps because of the diverse requirements of them, but also due 

to the complex relationships between the electrical, magnetic and geometric
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parameters of coils. It is often necessary therefore to design such links from first 

principles and by experiment, given the constraints of the application. In practice 

the inductive link described here was designed experimentally, and two detailed 

analyses were carried out in order to fiirther understand its operation and to 

compare certain aspects of its theoretical and measured performance [Appendices 

B, C]. In the following section [#4.4.2.3] the design will be discussed in terms of 

the constraints of this particular application.

It was found experimentally that the power transfer efficiency of the inductive link 

was much better than that anticipated from simple consideration of the geometry 

based on the assumption that the coupling coefficient would equal the proportion 

of the induced flux linking the secondary coil (eqn. 4.4.7), and that this would be 

less than the ratio of the coil areas. Consequently, sufficient implant power could 

be induced from a lightweight battery-powered energiser which could be carried 

by the subject. The theory of loosely-coupled tuned circuits has been developed 

elsewhere (e.g. Donaldson & Perkins 1983) but in the following sections certain 

established relationships will be reviewed to provide a basis for explaining the 

operation of the telemetry technique. The particular features of the orthopaedic 

link will be addressed, the requirements of the inductive energiser outlined, and 

the impedance modulation technique explained. Finally the link efficiency analysis 

given in Appendix B will be summarised. This analysis uses established formulae 

to enable theoretical link parameters to be calculated from known component 

values. These parameters are compared with their corresponding measured values.

4.4.2 3 Anatomical constraints

The chosen positions for the implant and external coils (figure 4.6), discussed 

above [#4.1.4 and #4.1.5] enable the prosthesis to have an almost integral implant 

coil (mounted in a recess in the prosthesis in the case of the Mk2 design, #4.9.5) 

and yet permit better than expected coupling between the coils despite the gross 

disparity in coil areas. In this configuration, the thigh muscles and tissues restrain 

the coils to remain approximately coaxial during activity, but changes in the
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separation of the planes of the coils can occur if the external coil is not well 

attached to the skin or if there is movement of the soft tissues during gait. There is 

therefore bound to be some change in the coil coupling during activity, and the 

electrical design of the link must permit this whilst enabling the efficiency to 

remain approximately constant or at least preventing it fi*om varying much.

In many applications the usual means of obtaining good power transfer efficiency 

and simultaneously ensuring efficiency immunity to coil displacement is to 

configure the link as two coupled tuned circuits and to operate at critical coupling 

kcrit- (The link efficiency is 50% at this value of k, Donaldson & Perkins 1983.) 

This is the value of the coupling coefficient at which the induced secondary 

voltage is maximum, and for coils of the same size this is usually obtained at a coil 

separation of about one coil diameter, which is often achievable for implanted 

coils placed subcutaneously. Although the disparity in coil sizes made it seemingly 

impractical to operate this link at critical coupling, a coupling coefficient of 

between 0.62 kcrit and 0.73 kcrit (for the Mkl link, depending on the implant load) 

was achieved using a ferrite-cored implant coil [Appendix B]. This enabled 

significant power to be coupled into the implant [#4.4.2.6], and also contributed 

towards a useful Mkl minimum voltage gain of 2.54 (for Rl = IkQ) [#B4].

The disparity in coil sizes actually helps to restrict the coupling coefficient fi*om 

vaiying greatly if some axial displacement of the external coil takes place as 

usually occurs in practice. This situation can be approximated by considering the 

air-cored implant coil to be located at a point on the axis of the energising coil (of 

radius R and turns N), and integrating the contributions of flux density ÔB from all 

incremental elements of length of the energising coil carrying current I (figure 

C.l, Appendix C). A value for each increment of flux density ôB can be obtained 

using the Biot-Savart Law [Appendix C], and the integral simply evaluated (in this 

case analytically) to yield the value of flux density at the implant coil. The 

resulting expression for the flux density B at the implant coil (eqn. C l.8) is:

B = poN I/(2R ) --------------------------------------------------------- (4.4.9)
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For initially coplanar coils, axial displacement of ±0.32R can occur before the flux 

density at the implant coil is reduced by 5%, considering only the effective 

increase in R, since the angular effect is small. For a typical energiser coil radius 

of 78mm, this displacement is ±25mm. (An estimate of the flux linkage through 

the implant coil, without making the assumption that the flux density is uniform in 

the plane of the implant coil, is given in Appendix C.)

In practice, sufficient coupling is maintained unless the energiser coil slips 

significantly on the leg due to its weight, which was found to be a problem 

initially. An arrangement which minimised the weight of the coil, which retained it 

at the same position on the leg during activity, and which allowed for small 

changes in thigh diameter, was required. An elastic material having Velcro’ 

fastenings to accommodate varying leg circumferences was used for the coil 

sleeve and a cotton lycra fabric was worn on the leg to provide good retention for 

the coil sleeve. The coil was made of 15-way ribbon cable, and was conveniently 

applied and removed by including a small IDC connector so that each turn of the 

coil passed through the connector. The ribbon cable on one side of the connector 

was displaced by one position w.r.t. its mating part in order to form the 15 turn 

coil. A lightweight lead to the external electronics box was used. This combination 

of features was successful in forming an effective coil and maintaining it in 

approximately the same position during activity whilst accommodating various 

thigh sizes. Large changes in k due to axial displacement were thereby avoided.

Stratagems for achieving coil displacement tolerance by operating at critical 

coupling were therefore not attempted, since critical coupling could not be 

guaranteed, and the inductive link was designed to provide the best possible 

efficiency whilst operating at a frequency which allowed a high enough bandwidth 

for the desired resolution of the telemetered data [#4.4.4.2]. The telemetered data 

were independent of the coupling so long as sufficient induced voltage was 

maintained to adequately regulate the lOV reference IC [#4.4.3.1], This condition 

was ensured by the properties of the link providing adequate gain (eqn. B3.2, 

#B3). Although not specifically designed for, this voltage gain was appropriate.
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4.4.2 4 Inductive energiser operation and efficiency considerations

135

The electrical design of the inductive energiser and tuned circuit arrangement 

follows that used by Donaldson (1987). The arrangement is shown schematically 

in figure 4.26. A CMOS push-pull output stage drives the series-configured 

energiser tuned circuit. A small feedback resistor of nichrome wire (nominally 

0.20) returns the tuned circuit to ground, and the small feedback signal across the 

resistor, a.c. coupled and suitably biassed, drives the push-pull stage via three 

cascaded CMOS inverters. A fourth inversion stage is provided by the transistor 

output stage, such that the overall feedback is positive. The oscillation fi-equency 

is tuned by a trimmer capacitor in the tuned circuit. This design is convenient 

where the transmitter must be tuned to the receiver, as is usual with implants, 

since only one adjustment is needed for tuning.

Vcc

p-type

n-type

Figure 4.26 The inductive energiser schematic. The drive is provided by a 

push-pull output stage having FETs of low ‘on’ resistance, and a feedback signal 

is from a small resistor in series with the tuned circuit. Three CMOS inverters are 

used to provide overall positive loop gain. (Biassing for inverters is not shown.)

The main objective is to maximise the magnetic flux generated by the primary coil 

in order to maximise the flux which cuts the secondary coil. From eqn. 4.4.4, 

n (|) = L I, and for short single layer solenoids (Terman 1943),
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L a N ^ R  ------------------------  (4.4.10)

Combining eqns. 4.4.4 and 4.4.10, the flux generated by a short coil varies as

< | ) aNRI  -----------------------------------------------------------------(4.4.11)

In order to maximise the primary circuit flux therefore, it is desirable to maximise 

the primary current, the coil radius and number of turns. Although increasing the 

coil radius R increases the primary flux, it decreases the flux cutting the secondary

(eqn. C2.4), thus defeating the overall objective which is to maximise the

secondary flux. Also, increasing N increases the overall resistance of the primary 

circuit Rl, which decreases the current I. In order to design the primary (and 

secondary) circuits for maximum power transfer efficiency, well-known 

relationships for coupled tuned circuits must be used. The link efficiency is 

maximised by maximising the quantity k/kcnt (Donaldson & Perkins 1983). This is 

given by

k/kcri. = k(QiQ2)^ ------------------------------------------------------- (4.4.12)

where Qi and Q2 are the quality factors for the primary and secondary tuned 

circuits respectively, k is dependent on the geometry (but was greater than 

expected. Appendix B). Q% and Q2 are best maximised by trial and error: there is 

no straightforward way in which to design for maximum Q, since the parameters 

are co-dependent. The quality factor for the series-tuned primary circuit [#4.4.2.5], 

Qi, is given by the alternative expressions

Qi = (bL, / Rl = l/(coCi Rl) =  (Ll/Cl)"’ /  Ri ------------------- (4.4.13)

For the shunt-tuned secondary, the corresponding expressions are

Q2 — R2 / C0L2 — C0C2 R2 ~ Rz/ (L2/C2)^’̂  ------------------- (4.4.14)
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From eqns. 4.4.13 and 4.4.14, The quantity Q 1Q2 is maximised by maximising C2 

and R2 and by minimising Ci and Ri. The lower limit for Ci is determined by the 

stray primary capacitance of the coil and its leads to the energiser. Also, a certain 

amount of capacitance is required to tune the energiser to the implant circuit. This 

gives a practical lower limit of a few tens of picofarads for Ci. The resistance Ri 

represents the losses in the primary tuned circuit. These losses include series 

resistance arising from the output resistance of the power supply, the 'on' 

resistance of each transistor, the leads to the coil, the coil windings (copper losses) 

and capacitive leakage. These can be partially reduced by choosing MOSFET 

transistors having low 'on' resistances (and ensuring that they are driven hard 'on' 

by the biassing arrangement). The MOSFETs are ideally either fully 'on' or fully 

'off in this design, in neither state dissipating much power (except where the 'on' 

resistance is not low), so that high power devices are not required. Convenient 

devices are the popular small-signal ZVN2106A and ZVP2106A available in 

T092 packages. These have nominal 'on' resistances of 2.5Q and 5Q respectively, 

and two p-type devices were therefore paralleled to present a balanced load during 

each half cycle. The overall series resistance of the primary circuit was measured 

as 17Q during analysis of the link [Appendix B], the main contribution being from 

the coil, and so efforts to reduce the MOSFET 'on' resistances further would have 

yielded little extra performance. For the secondary circuit, the resistance R2 

represents the parallel loss resistance of the tuned circuit and the load [#4.4.2.5], 

and should thus be maximised. Acceptably high values for Qi and Q2 were 

obtained, contributing to the higher than expected values found for k/kcnt [#B4].

4.4.2 5 Telemetry by impedance modulation

An analysis of the coupled tuned circuit arrangement has been given elsewhere 

(Donaldson & Perkins 1983), but the relevant aspects are presented in this section. 

The arrangement may be represented by figure 4.27. A voltage source Vi, of 

frequency 00 rad/s, drives the series-tuned primary circuit components Ro, Ci and 

Li. The secondary parallel-tuned circuit, comprising L2 and C2, is loosely coupled
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to the primary circuit. The secondary circuit load comprises the diode rectifier D, 

smoothing capacitor Cl and implant circuit resistance RL(dc). M is the mutual 

inductance between the coils. The combined losses for the primary and secondary 

reactances are represented by the series resistance Rs and the parallel resistance Rp 

respectively.

V,(CD)

RL. L

R^(dc)

Figure 4.27 Inductively coupled tuned circuits showing individual losses.

For easier analysis, the circuit may be redrawn as in figure 4.28, where the series 

losses in the primary circuit (Ro and Rs) are lumped as Ri and the secondary 

circuit is assumed to be a perfect peak rectifier with no diode voltage drop. R2 

represents the parallel combination of the parallel loss resistance of the secondary 

tuned circuit Rp and the equivalent resistance RlCuc) of the rectifier and load. The 

inductances are also separated into their self- and mutual- inductance parts.

Rl C-i M

L R

Figure 4.28 Inductively coupled tuned circuits showing lumped losses.
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An important and useful property of coupled tuned circuits is that the secondary 

impedance Z2 looking from the mutual inductance M will appear reflected in the 

primary circuit instead of M as series impedance figure 4.29 (Terman

1943). Modulation of this reflected impedance by abrupt changes in R2 enables 

data to be telemetered from the implant. Since the technique requires no separate 

power supply (or other hardware) it is known as ‘passive signalling’.

R

L

2 2 
(0 M / Z

Figure 4.29 Equivalent circuit with secondary reflected to the primary.

Since the series combination of Li and Ci at resonance has zero impedance, the 

primary impedance Zi is given by:

Zi — Rl + cô  / Z2 ■(4.4.15)

If Z2 is not complex, the primary impedance will be real for all values of M, and 

the primary tuning will then remain fixed regardless of the proximity of the 

secondary. It can be shown (Donaldson & Perkins 1983) that resonance occurs at 

a radian frequency very close to (L2C2)' '̂ .̂ To make Z2 real the secondary must be 

tuned to resonance. It can then be shown that:

Z2 — L2/(C2 * R2) (4.4.16)
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If the transmitter is also tuned for series resonance,

Zi = Rl + k^(C2/Ci)*R2  (4.4.17)

The primary circuit impedance Zi is therefore dependent not only on the constant 

series resistance Ri but also, to the extent that the circuits are coupled, on the 

secondary parallel loss resistance R2 . Calculations given in Appendix B show that 

the contribution to Zi from the secondary circuit can be made a significant part of 

the total primary impedance, due to the magnitude of k. Under these conditions 

therefore, a large change in R2 can be made to significantly alter the magnitude of 

Zj. This enables the 'passive signalling' technique to be a usefiil tool for data 

telemetry. The following paragraph will quantify this effect for the Mkl link.

The lumped secondary resistance R2 is defined as

R2 =  RrCac) I  I  Rp = (RrCac) * Rp)/ (RL(ac) + Rp) -------- (4.4.18)

where Rr(ac) = Rb(dc) /2  (4.4.19)

(Ko 1977) assuming the rectifier diode D (figure 4.27) to be ideal. The physical 

components used in the Mkl implant circuit lead to a measured value for Rp of 

1.23 kD at the resonant frequency used. The load itself, formed by the implant 

circuit including the strain gauges, draws 8mA from a lOV reference supplied 

with the induced voltage which is designed to range from about 15 to 33 V. The 

d.c. load resistance Ri(dc) therefore varies between 1.875 kD and 4.125 kQ, and 

therefore (from eqn. 4.4.19) Rt(ac) varies between 0.938 kQ and 2.063 kQ. 

Approximating these values to 1 kQ and 2 kQ for simple analysis, R2 has a range 

of 0.55 kQ to 0.76 kQ (eqn. 4.4.18). Using the circuit values for k, Ci and C2 

given in Appendix B, the contribution to Z] from the secondary therefore ranges 

from 6.8 Q to 9.3 Q (eqn. 4.4.17). These values cause a significant change in Z% 

since the primary resistance alone, Ri, is only 17 Q.
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The signal from the implant is telemetered by pulse position modulation of the 

induced 1.4MHz energising signal. Each pulse is created by momentarily 

producing a low resistance across the tuned circuit using a transistor [#4.4.3.7]. 

The secondary resistance is thus reduced to near zero, effectively disabling the 

secondary circuit and reducing the primary circuit resistance to R\. Short telemetry 

pulses therefore have the effect of reducing the primary resistance from about 

(170 + 6.80) to 170, in the case of a IkO secondary load. Since the energiser 

circuit may be approximated to a voltage source with low series impedance 

compared to Ri, this change in primary resistance causes an almost corresponding 

change in the primary current, and therefore in the voltage across the tuning 

capacitor. The signal is therefore detected as voltage modulation of the tuning 

capacitor carrier voltage, and the signal is tapped off (using a larger capacitor in 

series with the main tuning capacitor) and ac coupled to an amplifier before being 

digitised. The ‘modulation factor’ [Appendix B] is defined as the ratio of Z\ when 

the secondary is present to that when the secondary is absent (this latter case is the 

same as when R2 is zero), and ranges from 1.39 to 1.54 for the induced voltage 

range.

For a given secondary load, the impedance in the primary circuit increases as the 

secondary is approximated (due to increase in k, eqn. 4.4.17). For a given primary 

voltage, therefore, the primary current falls as the secondary is approximated by 

moving the external coil axially along the leg, and assumes a minimum value 

when the coils are coplanar, i.e. as closely coupled as they can be given the 

physical constraints on their relative positions. A convenient means of positioning 

the external coil, given access to the primary circuit only, is therefore to position 

the external coil for minimum primary current. This method is used routinely 

during measurement sessions, and requires only a dc voltmeter to monitor the 

primary current. Since in order to achieve the condition for tuning immunity to 

secondary proximity, the frequency is adjusted to a value close to (=0.5%) that of 

the secondary alone, it is practicable to tune the circuit using only Ci, using the 

same method. This single adjustment to tune the link makes it simple to operate.
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4.4.2 6 Summary of efficiency calculations and measurements

In Appendix B the inductive link is analysed electrically. Using certain known 

circuit element values, and established formulae for resonant circuit analysis, 

various link parameters are calculated and compared with measured values. In 

particular, several power transfer efficiencies are calculated and compared with 

corresponding measured values. This section summarises these results.

Several ways can be used to specify the power efficiency of the inductive link. For 

purposes of comparing the measured and calculated efficiencies, only the 

equivalent tuned circuits were analysed. Four such efficiency figures relating to 

the inductive link itself were identified:

i) the calculated total link efficiency, rji (c) = (k/kcrit)^ / [(k/kcrit)^ + 1 ]

ii) the measured total link efficiency, (m) = P2(tot) / Pi(lnk)

iii) the calculated useful link efficiency, pu (c) = Pt(c) Rp / (Rp + RrCac))

iv) the measured useful link efficiency, p u  (m) =  P 2 ( l o a d )  /  Pi( l n k )

where P i ( t o t )  m is the total input power to the energiser.

Pi (LNK) is the power dissipated in the inductive link,

P2(T0 T) is the total power dissipated in the secondary,

P2(L0 AD) is the useful power dissipated in the secondary.

Two additional efficiencies were measured:

v) the total link efficiency including energiser losses

(T|TE(m) =  P2(T0T)/ Pl(TOT)m),

vi) the useful link efficiency including energiser losses

(PUE(m) =  P2(LOAD) /  Pl(TOT)m)-

These efficiencies are tabulated below for the Mkl, for the 4 load cases 

considered. Table 4.5:
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Rl (Q) T1T(c) TlT(m) TlU(c) TlU(m) TlTE(m) PUE (m)

00 0.461 0.407 0 0 0.289 0

2k 0.349 0.333 0.133 0.126 0.238 0.090

Ik 0.281 0.268 0.155 0.148 0.193 0.107

0 0 0 0 0 0 0

Table 4.5 Calculated and measured Mkl link efficiencies (from Appendix B).

The total link efficiencies rjT(c) and r)T(m) are not a great deal less than 50%, the 

value corresponding to critical coupling. These efficiencies reflect the excellent 

coupling achieved, given the disparity in coil sizes. They are progressively 

degraded as the load and energiser dissipations are included.

The case R l= 0  applies only during the brief period when the secondary is short- 

circuited to send the next pulse edge, and may be neglected as this generally forms 

<0.5% of the total period. The case Rl=°o applies only when there is no load, and 

is of academic interest only. The cases R l  = 2 kD and R l  = 1 kQ represent the 

conditions applying when the implant is well coupled and poorly coupled to the 

primary circuit respectively, and are approximately the limits of valid operation of 

the link. In each of these comparisons, the calculated value slightly overestimated 

the corresponding measured value. The overall useful efficiencies of the system as 

a whole t|ue (m) were measured as 9% - 10.7%, which were high enough to enable 

the system to be battery operated.

An analysis of the link in terms of its magnetic flux is given in Appendix C. This 

was only possible using simple analytical techniques for air-cored coils, but 

enabled comparison between the measured value of k and that determined 

analytically using electromagnetic field theory. As above, the calculated value 

(0.0077) slightly overestimated the measured value (0.0071), but both were about 

6 times greater than the ratio of the coil areas (0.00124), which was the value 

which the coupling coefficient was initially expected to approximate.
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The effect of the ferrite core was to increase k by a factor of 3.86 and L2 by a 

factor of 10.9 (for the Mkl link). The flux induced in the secondary is given by 

eqn. 4.4.8: (|)2 oc k L2 '̂̂ . The ferrite therefore increased ^2 by a factor of 

3.86*(10.9)®‘̂  = 12.76. The increase in power transfer efficiency using ferrite was 

between 16.5 and 20.5 times over that without ferrite (Table B.3, #B5). However, 

this was only useful at all because of the higher than expected value found for k, 

even without a ferrite core, and the effect of this on the efficiency (Table C.2, 

#C3). This higher than expected value for k was due to the lower than expected 

dependency on the ratio of the coil areas [#C3].

4.4.3 Implant circuit design

As previously stated, the design of the implant circuit, both functionally and in its 

construction, was considered a key part of the telemetry system because the circuit 

would be inaccessible once implanted, with no possibility for repair or for 

accurate recalibration. It was therefore important that the circuit should be well 

characterised over its operating range and be mechanically robust. Thick film 

hybrid circuit technology was used, to promote long term reliability and because 

of the space constraints. A combination of surface mounted integrated circuits and 

passive chip components was used. An attempt was made to minimise implant 

power consumption, in order to avoid excessive temperature rises within the 

cavities and to minimise the power transfer demands on the battery powered 

inductive link.

The following choices were made, for which the rationale has been previously 

presented [#4.1]:

1 Axial strains would be measured using traditional 4-arm bridges in which 

all 4 arms were active. High resistance (5kQ} foil strain gauges, characterised for 

use on titanium, would be used in order to minimise the implant power 

dissipation. (In the Mk2 design 20kQ thin film gauges were used, #4.10.1.)
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2 The strain gauges and electronics would be housed within hermetically 

sealed cavities inside the prosthesis. Connection to the implant coil, located 

outside the body of the prosthesis, would be made via a metal-in-glass 

feedthrough, using the prosthesis as an electrical return.

The implant circuit is shown schematically in fig 4.30. The main circuit functions 

may be identified as follows:

1 Induced voltage rectification and stabilisation,

2 Strain gauge amplifiers with voltage offset facility,

3 Pulse counter and channel multiplexer,

4 Frame rate oscillator,

5 Voltage-to-period converter and voltage clamp,

6 Temperature and humidity measurement,

7 Passive signalling circuit.

200Hz

12.8kHz

Bridge 1 Bridge 2Rectifier Voltage reference

CK

HEF4526 counter

HEF4051 multiplexer 
(analog)

switch

low-Z
HEF4060 

frame rate oscillator

Voltage to period converter 
and

voltage clamp circuit

Figure 4.30 Mkl implant circuit schematic.

These functions (except for passive signalling) are realised by circuitry within the 

main cavity in the prosthesis shaft. The output signal passes down the stem into
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the stem tip cavity where a second, smaller, circuit (the ‘tip’ circuit) momentarily 

switches a low impedance across the tuned circuit in response to each output 

signal pulse. Each of the main circuit functions will now be described in detail.

4.4.3.1 Voltage rectification and stabilization

A single diode (Dl) is used to half-wave rectify the voltage induced in the implant 

tuned circuit, figure 4.31. A smoothing capacitor (Cl) follows the rectifier. 

Negligible ripple is produced with a capacitor value of lOOnF or higher due to the 

high induction frequency and light load. The induced d.c. voltage varies with the 

coil coupling, and a precision voltage reference IC (REFOl) is used to produce a 

stable d.c. voltage for the implant circuit and strain gauge bridges. This ensures a 

supply voltage of 10V±0.3%, temperature stabilised to within 3ppm/°C, with 

<10pV noise. A zener diode (D2) on the input to the REFOl protects the device in 

the event of induced line voltages above 33 V caused by load disconnection or a 

larger than usual induced field. A minimum of 13 V is required to maintain 

regulation. The load current at lOV output is 8mA, well within the limits of the 

REFOl supply current and power dissipation.

D l
REFOl

C l
= = 1ZY = =

D2

Implant
coil

Load

Implant body
chan

Signal from

V-P converter

Figure 4.31 Implant tuned circuit, voltage rectifier, reference, and passive 

signalling circuit. The part of this circuit including the rectifier and passive 

signalling circuit forms the ‘tip’ circuit, housed in the stem tip cavity in the M kl.
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4.4.3 2 Strain amplification and voltage offsetting

The requirements for the amplifiers were:

1 a flat frequency response to 250Hz, but not appreciably greater in order to 

reject noise and the inductive energiser frequency, and to band limit any 

higher components of the signal,

2 sufficiently low voltage and current noise figures,

3 input bias and offset currents below the incremental value of current 

flowing around the amplifier which would correspond to the target strain 

resolution,

4 supply current ideally of no more than a few hundred microamps per 

amplifier,

5 output voltage swing to within <2.5V of the supply rails,

6 low input offset voltage and variation with temperature,

7 available in surface mounted package.

It was convenient to supply the entire circuit, including the bridges and amplifiers, 

from the single precision voltage reference, REFOl. The amplifiers would 

effectively then be operated from a single lOV supply. This arrangement was very 

suitable since both outputs from the bridge would always have potentials at 

approximately half the supply voltage, in the middle of the linear range of the 

amplifier. Because of this, the common-mode rejection ratio (CMRR), although 

usually an important parameter in differential amplifier selection, need not be a 

particularly stringent consideration here, since common-mode signals are only 

those due to bending moments and are small (Appendix D). The lOpV voltage 

reference noise does not limit the overall resolution since the reference noise 

present in each half bridge output is well correlated and is therefore absent from 

the differential signal at the amplifier input.

The amplifier circuit used for each strain channel was shown in figure 4.22, 

repeated here as figure 4.32. The gain of each stage is derived in Appendix D. The 

configuration is similar to that of a standard differential amplifier, with some
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modifications. The chosen amplifier, type TLC27L7CD, was a dual Bi-CMOS 

operational amplifier housed in an 808 package, fulfilling all the above 

requirements. The two op-amps for each strain channel were connected in 

cascade. This particular arrangement was chosen for several reasons:

Vdd

Rt1 Rt2

Ra Rb R3V03V01
R2

V2Ro V02Rd

TLC27L7CD

CMRR = 97dB Vn = 68nV/Hz''0.5

Avd = 800V/mV GBW = 110kHz

Idd = 30uA Vio = 200uV

Figure 4.32 Strain gauge bridge (consisting of Ra, Rb, Rc and Rd) wired to the 

dual-stage amplifier. This circuit is analysed in Appendix D.

i) The strain gauge bridge outputs would be unbalanced due to gauge resistance 

tolerances, any residual strains locked-in during the adhesive cure and during 

welding. The resulting imbalance was often sufficient to saturate the output of the 

second amplifier, V2. It would therefore be necessary to have a convenient means 

of not only offsetting this unpredictable bridge imbalance but also of achieving an 

overall predictable voltage offset in order to set the desired strain amplifier range 

(mostly compressive). This might have been achieved using input offset voltage 

trimming pins usually supplied with single op-amps, although this would require 

more than one additional resistor and often results in reduced stability and 

temperature performance. The two-stage configuration used allows the offset
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adjustments to be made at the input to the second stage, after the strain gauge 

signal has been buffered and pre-amplified. Only one additional resistor is 

required (Rtl or Rt2), to change the output voltage of the second amplifier by the 

desired amount and direction. Since the signal has already been preamplified, the 

small changes in bridge offset voltage required can be corrected at the second 

amplifier using resistor values which would cause gross offsets if used to shunt 

one of the bridge gauges directly. Thus the required offsets can be made using 

resistor values in the lOOkQ to IMQ range which are readily available in chip 

form, with low temperature coefficients. Finally, only a single 8-pin device is 

required for both amplifiers since no voltage input offsetting pins are needed.

ii) The usual differential amplifier circuit topology is simplified by the omission of 

the two input resistors normally connected to the signal source. These are usually 

required to set the gain (together with the feedback and the potential dividing 

resistor) and to buffer the inputs, but are not required here as the bridge outputs 

are unbuffered and the interaction between the bridge and the amplifier can be 

more integral than is usual, resulting in fewer resistors. The circuit analysis is 

more involved than for the true differential amplifier. Appendix D, although the 

overall gain is only marginally different [#4.3.2]. Only 3 resistors (Rl, R2, R3) are 

needed to set the gain for each channel, apart from the resistance of the gauges 

themselves. The function of Rp (lOMQ) is to protect the non-inverting inputs 

from static discharge damage during handling before connection to the bridge. 

‘Select-on-test’ resistors Rtl and/or Rt2 are used to offset the output voltage for 

the required range, depending on whether the output of the second amplifier is 

required to be reduced or increased respectively to set the no-load voltage. This 

offset voltage and the overall gain are set to provide an output voltage swing from 

3V to 7V corresponding to the full dynamic range of applied load.

iii) Using two amplifiers in cascade allows each to possess only the square root of 

the gain-bandwidth product (GBW) that would be required by a single amplifier 

with the same overall gain. This enabled 'low bias' amplifiers to be used, which 

are characterised by low GBW, power supply and input currents. These features
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are desirable in the present circuit to minimise implant power dissipation and 

heating, and to minimise input currents (and their variations with temperature) 

which would otherwise influence the output. The GBW of the TLC27L7CD is 

only about lOOkHz at 37°C. For a gain of VSOO = 28.3 per amplifier (for the shaft 

channel), each amplifier therefore has an available bandwidth of 3.5kHz. 

Insufficient bandwidth (100000/800=125Hz) would have resulted had only one 

amplifier been used. The main physiological frequencies of interest were 

estimated to be below 50Hz, but so as not to attenuate signals below about lOOHz 

the -3dB point should be >1000Hz (the roll-off of the TLC27L7CD is 

approximately first order). With the cascaded configuration each amplifier 

therefore has about 3.5 times more bandwidth than is necessary to pass the signals 

of interest. Since the sampling frequency was only 200Hz signals above lOOHz 

would be aliased back into the passband, but in practice there was found to be no 

appreciable frequency content above 25Hz [#4.4.4.2]. A discussion about the 

noise performance is given in Appendix D.

The slew rate of the TLC27L7CD is 50V/ms, which corresponds to a rate of 

84kN/ms for the shaft channel. This is 3 orders of magnitude faster than that 

required to capture the fastest physiological load changes, estimated at around 

40N/ms (Munro et al. 1987). One disadvantage of not using the usual differential 

topology is that the immunity to A-P plane bending moments is slightly degraded 

[Appendix D], but the errors so introduced are small in comparison with those due 

to gauge misalignment [Appendix E]. In fact the errors due to bending moments 

using the usual differential amplifier topology are still 30% of those using the 

cascaded design, due to the small cross-sensitivity errors inherent in the bridge.

4.4.3 3 Channel selection, timing and control

Analog outputs from 2 strain channels, 1 temperature and 1 humidity channel are 

time-division multiplexed, converted to pulse intervals, and transmitted during 1 

frame, figure 4.33. Each channel in turn is input to a ramp circuit which produces
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a pulse interval proportional to the analog voltage of that channel [#4.4.3.5]. The 

HEF4051 analog multiplexer is switched by the outputs from a HEF4526 counter 

which is itself clocked by the falling edge of the pulse-interval signal. The count, 

and therefore the selected channel, is thus advanced after a time depending upon 

the analog voltage of the previously selected channel, and in this way the intervals 

between successive falling edges in the output pulse train correspond to the strain 

value of the selected channel at conversion. This is the output signal from the 

main circuit which is fed to the tip circuit for telemetering.

□

12.8kHz

HEF4060 

frame rate oscillator

200Hz

fi a
Output to 
telemeter ^

I #

r
Voltage to period converter 

voltage clamp circuit

HEF4526 counter
R

CK Q 0 Q 1 Q 2 Q 3
"U r

Mir

HEF4051 multiplexer

/ \  / \  / \  / \

start

stop

strain gauge Temperature, 
amplifier outputs humidity

Figure 4.33 Analog multiplexing, and conversion to a digital pulse train.

In order to allocate the maximum amount of the frame period to pulse intervals in 

which the strain channels are measured, thereby maximising the strain resolution, 

both strain channels are each connected to two multiplexer inputs, whilst the 

temperature and humidity channels each drive one multiplexer channel; a total of 6 

inputs. Also, the multiplexer is advanced every other counter clock pulse, which 

doubles the number of output pulses for these six inputs. The multiplexer has 8
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inputs, the two remaining inputs being used to produce 'start' and 'stop' pulses to 

define the sampling frame. These only occur once per frame, as the ‘start’ pulse is 

the counter reset condition which is short and is advanced on the next clock pulse, 

and the ‘stop’ pulse is interrupted by the following counter reset. The output pulse 

stream therefore has a 'start' pulse, two humidity, two temperature, four strain 

channel 1, four strain channel 2, and a 'stop' pulse. This multiple pulse method 

provides greater frame time for the strain channels, and also provides a settling 

time (the first pulse of each newly selected channel) for the converter and for the 

microcontroller operations [#4.4.4]. It also provides some averaging of the strains 

over the sample period. The timing diagram for the digital parts of the implant 

circuit, figure 4.34, shows the sequence in which each multiplexer input is 

addressed, and how the output signal is developed. The duration of the negative- 

going pulses in the output signal are detenuined by the time required for resetting 

the converter [#4.4.3.5]. These are very short pulses and their widths are 

exaggerated in the figure only for clarity.

5 m s
reset

Q3
Q2

Ql — U------1 I---------- 1______ I-------- 1_____ I---------------------------- L

output — u in r L r im j— u— u— u— L r n n r i r u ---------------------------- u

multiplexer
channel 0 7 6 5,4 3,2 1

hum temp strain 1 strain 2
start stop

Figure 4.34 The timing diagram for the digital parts of the implant circuit, 

during one 5ms frame.
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The frame timing is set by a separate crystal-controlled oscillator which resets the 

counter every 5ms for the start of the next frame; thus each channel is sampled at 

200Hz. The pulse-interval timing is set such that pulses never overrun the 

maximum frame period and a synchronization pulse interval (the ‘stop’ pulse), 

which can last as long as the frame and is guaranteed to exceed all other pulse 

intervals, always completes each frame. This enables the external microcontroller 

to reliably allocate pulses to the correct channel. In the event of failure of any 

channel, causing its output voltage to fall outside the normal operating range, a 

clamp circuit [#4.4.3.4] limits the maximum and minimum pulse intervals for that 

channel, thereby preserving correct operation for the remaining channels.

The permitted range of pulse intervals was allocated as follows. Greater pulse 

interval range was allocated to the strain channels than to the temperature or 

humidity channels, which were clamped for intervals above 280ps. The strain 

channels were clamped above 420ps. If all channels were to be clamped at their 

maximum limits the total period between the leading edge of the ‘start’ pulse and 

that of the last strain pulse would be:

80 + 2*280 + 2*280 + 4*420 + 4*420 = 4560ps

The frame length is 5ms, leaving a minimum of 440ps for the synchronization 

pulse interval, which is longer than the others and therefore uniquely identifiable. 

The minimum pulse interval was the same for all channels and was set to 80ps. 

This was long enough to be detected reliably.

4.4.3.4 Voltage clamping

The voltage clamp circuit is necessary to ensure reliable detection of the telemetry 

signal in the case of malfunction of one or more data channels. Under normal 

operation, all analog voltages from the strain amplifiers and temperature and 

humidity circuits lie between 3.0V and 7.0V, in which case they are converted 

reliably [#4.4.3.5]. Should an overload or failure condition produce an amplifier
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output voltage outside these limits, an excessively small or large pulse interval 

would be produced which might fall outside the allowable limits for reliable 

detection at the energiser circuit. Pulse intervals which are too small might be 

missed altogether and those which are too long might leave insufficient time 

during the remainder of the frame for the minimum guaranteed synchronization 

pulse interval to be produced. Either of these cases would jeopardise correct 

detection of all other channels, due to incorrect interpretation of the pulse 

sequence by the microcontroller. The circuit, figure 4.35, therefore clamps 

excessively low or high voltages to 3.0V and 7.0V respectively, guaranteeing 

reliable pulse detection and sync, pulse interval detection even in the event of all 

channels at maximum pulse interval. One low leakage dual diode BAS31 and one 

medium-bias dual CMOS op-amp TLC27M2C were used for the clamps.

Q 2
counter outputs

Q a -

\A A ^ — v w

BAV70

\AAA>4
Vmin Vdd

TLC27M2C

Vmax BAS31

10k

analog input 
from MPX

clamped voltage 

to voltage-to-period converter

Figure 4.35 The analog voltage clamp circuit, incorporated to ensure that in the 

event of a channel failure the overall timing constraints would not be exceeded.

The circuit topology is that of the standard op-amp clamp circuit design, in which 

a diode between the output and inverting input of each op-amp becomes forward- 

biassed under the clamp condition, providing negative feedback to cause the
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inverting input node (which is also the input to the voltage-to-period converter) to 

‘follow’ the clamp voltage. At input voltages below the clamp voltage the reverse- 

biassed diode keeps the amplifier open loop and the input is unconstrained. The 

lower clamp voltage is raised from 3.0V to 4.56V for the temperature and 

humidity channels in order to maximise strain channel resolution, and this 

channel-dependent limit is set by decoding the counter outputs using diodes.

4.4.3.5 Voltage to period conversion

This sub-circuit forms the interface between the analog signals from the strain 

gauges and the digital signal required for telemetry. Although not found as a 

single surface mount integrated circuit, a linear voltage-period characteristic was 

most desirable and was selected in preference to other alternatives.

Vdd TRl p-type Vdd

TLC27M2C

-J TR2
n-type

Figure 4.36 The voltage-period converter. The input voltage Vi„ determines the 

point at which a negative-going ramp is reset. The time taken to reset the circuit 

from the start of the ramp is thus a line ar function of the input voltage.

The circuit topology for the converter, figure 4.36, is that of a resettable integrator 

and comparator whose output is fed back to reset the integrator. After a reset.
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MOSFET transistor TR] is switched off, and Ci is initially discharged. A current 

(set by Vdd, Vs and Ri) flows into Ci from the supply via Ri, charging it and 

producing a negative-going ramp at the op-amp output. When this voltage equals 

that at the non-inverting input to the comparator, the comparator output changes 

state and turns on TR2 . This turns on TRi which resets the integrator, causing the 

voltage at the op-amp output to rise sharply, resetting the comparator. Thus TR2 is 

turned back off, and the pull-up resistor R2 switches off TRi again to start the next 

ramp. The ramp time is thus determined by, and is a linear function of, the analog

voltage at the comparator non-inverting input Vm, which is the voltage from the

multiplexer output monitored by the clamp circuit. The switching components 

determine the delay between the end of one ramp and the start of the next, but 

these delays are small and constant. The main delay is the switching time of the 

comparator, which is an op-amp operating open loop, allowing a dual op-amp to 

be used for the circuit. The dual CMOS op-amp TLC27M2C has a slew rate of 

0.4V/ps which was fast enough to minimise switching delays. It was important 

that the ramp rate and delay time should be constant over the operating 

temperature range, and a stable NPO dielectric was therefore used for Ci and 

100ppm/°C temperature coefficient resistors used throughout. No detectable 

change in ramp rate or delay time was found over several degrees C around 37°C.

R l and C i set the ramp time constant, and the ramp time t (assuming no leakage 

currents or switching delays) is given by

t = C] R l * (V s - Vin) /  (Vcc - V s)----------- ---------------------------------- (4.4.20)

Hence dt / dV.n = -Ci Ri / (Vcc - Vs) ----------------------------------(4.4.21)

The ramp start voltage Vs and the product CiR] were set to give the desired ramp 

periods corresponding to the maximum and minimum input voltages. Input 

voltages of 3 V and 7V were set to give a ramp times of approx. 420ps and 80ps 

respectively. The transfer function of the converter was therefore given by

(420 - 80) / (3 - 7) = -85 ps/V---------------------------------------------- (4.4.21)
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Substituting the above values into eqns. 4.4.20 and 4.4.21 gave 7.94V for Vg and 

ITSjis for CiRi. These values were modified slightly due to the switching delays. 

The strain channels operated over the range 3V to 7V, but the temperature and 

humidity channels were restricted to 4.65V to 7V, corresponding to ramp periods 

of 280ps to 80ps, in order to maximise the available strain resolution.

Two integrated circuit alternatives to the chosen circuit had been previously 

considered: a voltage-to-ffequency converter (VFC) and an analog-to-digital 

converter (ADC). Both had drawbacks: the VFC consumed 4mA of current and 

the linear voltage-frequency characteristic was inconvenient since the strain 

resolution would then not have been constant over the operating range, thus 

making inefficient use of the available channel pulse interval. An ADC was a 

possible alternative method although parallel outputs would have required 

converting to serial for telemetry as a low-power serial converter with sufficient 

resolution was not then available. The total implant circuit current for the chosen 

design was 4mA, of which only a fraction was dissipated by the converter.

4.4.3 6 Temperature and humidity measurement

Two data channels were used to measure the temperature and relative humidity 

within the main circuit cavity. The temperature was monitored during calibration 

and it was found that each strain channel had a small offset temperature 

coefficient (<20N/°C), although these were not compensated for in the Mkl 

software. An integrated circuit temperature transducer was used, the output signal 

appropriately referenced and amplified. A temperature range of 32-47°C was 

chosen, with a measured resolution of <0.01°C.

The purpose of the humidity measurement was to provide an early warning of any 

breach of the hermetic seal, and therefore of the possibility of circuit malfimction 

or strain gauge drift due to increased humidity. A ‘dry’ cavity would also give 

assurance that any strain gauge drift would be minimised [#4.1.2.7], and that no
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cracks had developed in the prosthesis. The humidity sensor chosen was a 

capacitive type which provided a linear capacitance vs. relative humidity 

characteristic of sufficient sensitivity to enable resolution of less than 1%RH. This 

type of sensor requires an a.c. drive in order not to polarise the sensor and degrade 

the sensitivity. It was connected as a capacitor in an op amp integrator circuit, 

driven fi-om one of the counter outputs. In this way the squarewave counter output 

was integrated with a time constant proportional to the humidity. An increase in 

humidity caused the capacitance to increase, slowing the rate of rise of the ramp. 

Each circuit was individually calibrated for humidity pulse period vs. humidity 

sensor capacitance using known values of capacitance in place of the sensor, 

before the sensor was soldered to the circuit substrate. The sensor %RH vs. 

capacitance characteristic was assumed to be linear, as per the sensor 

specification, and the device was itself calibrated beforehand at 2 known values of 

relative humidity, 0.5%RH and 75%RH using silica gel and saturated salt solution 

respectively.

4.4.3.T Data telemetry and detection

The method of telemetry used has been referred to as 'passive signalling' 

(Donaldson 1986). This method is possible because of the significant coupling 

existing between the implanted and external coils despite their relative sizes 

[#4.4.2.6, Appendix B]. The pulse interval modulated serial output signal from the 

main circuit is fed to a switching circuit in the stem tip (the ‘tip’ circuit, figure 

4.31). The leading edge of each pulse is detected by the tip circuit and causes a 

momentary low impedance to be connected across the implant tuned circuit, 

thereby severely reducing its quality factor Q2. The sharp change in reflected 

impedance caused by momentarily detuning the implant circuit produces a change 

in the energiser tuned circuit current and therefore in the voltage across the tuning 

capacitor [#4.4.2.5], figure 4.37. The signal from the implant thereby modulates 

the energiser 'carrier', and the signal is detected by rectification and amplification. 

It is convenient to capacitively couple the rectified signal to the FET amplifier to 

avoid having to alter the amplifier bias to cater for changes in the amplitude of the



methodology 159

carrier. The amplifier output contains a pulse train whose leading edges (negative 

going) correspond to those from the implant voltage-to-period converter. The 

trailing edges are dependent on several other factors but the pulses are short and 

do not affect the accuracy of the data. Since the pulses are short in comparison 

with the frame period (5ms) the power efficiency is not significantly affected.

implantrr detector

Figure 4.37 Function of the passive signalling circuit. The implant signal 

modulates the high frequency carrier in the implant. The reflected impedance is 

detected and the signal is rectified, smoothed and amplified, finally restoring the 

modulating signal from the implant voltage-to-period converter.

4.4.3.8 Component selection

All implant circuit components were realised as chip resistors and capacitors and 

surface mounted integrated circuits, apart from the temperature and humidity 

sensors which were only available with wire terminations. The resistors were 1% 

tolerance, < 100ppm/°C temperature coefficient, and o f ‘1206’ package size. The 

capacitors were of various type, dielectric and size depending on their function. 

The only capacitor which needed to be very stable was the V-P converter timing 

capacitor C|, and this was an NPO dielectric multilayer ceramic type.
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4.4.4 Microcontroller operations

A Motorola MC68HC11 microcontroller was used to detect the serial signal 

synchronisation, control the timing of the pulse intervals corresponding to the 

various data channels, and pack the digitised data in a serial digital 

communications format for radiotransmission. These functions were all carried out 

in near real time, so that all incoming data was retransmitted at the same rate, with 

no data required to be permanently stored in the microcontroller. The two main 

functions of the microcontroller were:

i) to decode and digitise the pulse intervals from the implant, and

ii) to compress and pack the digitised data from the previous frame and retransmit 

it as a serial data stream.

Since these two operations must occur seamlessly for efficient data throughput, a 

double buffering method was used to acquire the data, pack, and serially transmit 

them. Priority was given to servicing the leading edge of the incoming pulse 

stream. Sections #4.4.4.1 and #4.4.4.3 will describe these operations. A discussion 

about the sampling rate. Baud rate, signal resolution and noise is given in #4.4.4.2.

4.4.4.1 Decoding and digitising the input data

The main functional blocks of the digital part of the external electronics are shown 

in figure 4.38. The detected and amplified signal from the implant is buffered and 

input to the microcontroller (MCU) as a non-maskable interrupt, and to the clock 

input of a latch. The MCU detects the synchronization pulse interval with an 

internal timer, using the criterion that the synchronisation pulse is longer than 

440ps, and then sets or resets the latch enable after certain pulses according to 

where they are in the pulse sequence, corresponding to the required measurement 

intervals, figure 4.39. The latch output (which enables an external counter) is 

thereby toggled on the leading edge of the following pulse in each case. The 16 bit 

counter, formed by cascading two 8 bit counters, resolves the combined width of 

the selected pulses to 0.125ps.
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Figure 4.38 Main functional blocks of the digital part of the external circuitry.
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Figure 4.39 The timing diagram for the input data, latch reset and counter 

enable, during one 5ms frame.

The timing diagram for the input data, latch enable and counter enable is shown in 

figure 4.39. The first pulse of each measurand is not timed but is used by the 

microcontroller to read the previous counter result, reset the counter, and re-enable 

the counter for the next channel. This ‘dead time’ also allows the new analog
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voltage to settle during the first pulse of the new channel, thereby increasing the 

measurement accuracy. At the end of each channel enable period the counter value 

is read and stored in the MCU. After data compression and packing [#4.4.4.3] the 

data from all channels is output serially to the radiotransmitter.

4.4.4.2 Data resolution, bandwidth and system noise

In a sampled data system such as this, the required bandwidth for the serial data 

stream is proportional to the number of channels, the sampling frequency and the 

measurement resolution. Two strain channels and two auxiliary channels 

(temperature and humidity) were required. Since the auxiliary data was not 

required at the same sampling rate as the strain data, it was encoded and 

transmitted at a lower rate, thus preserving as much bandwidth as possible for the 

strain data. Including synchronisation the effective number of 13 bit channels was 

about 2.5. A sampling rate of 200Hz was chosen, which assumed that the input 

signals were bandlimited to lOOHz. This was reasonable considering that the 

fundamental frequency during fast walking might be IHz. (Fast Fourier Transform 

analysis carried out on walking data from a Mk2 subject, captured at lOOHz, 

figure 4.40, showed that components of the signal above the first 8 harmonics 

were less than 1% of the fundamental, and above the 25^ harmonic were below 

0.2% of the fundamental.) For the shaft channel the total measurement range was 

set to 7kN [#4.3.2]. Perhaps rather arbitrarily, a target force resolution of IN was 

sought. (The achievable measurement resolution however is limited by the overall 

system noise and the quantisation of the analog strain signals [Appendix D].) This 

gave a dynamic range of 7000, or 13 bits. This combination of parameters gave 

the number of data bits per second to be transmitted as 2.5 x 200 x 13== 6500. 

Including protocol bits, a Baud rate of 9600 was therefore needed for the Mkl 

serial communications link.

The realisable force resolution was also limited by the bandwidth of the telemetry 

link. The 'passive signalling' technique used to telemeter the data only switched 

the implant tuned circuit at the zero crossings of the induced sinewave, and
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therefore only operated on half cycle increments of the energiser carrier wave. 

This effectively reduced the pulse interval resolution to half a period of the 

induction signal, about 0.35ps, rather than the 0.125ps offered by the 8MHz clock 

used for the pulse timer. The 8MHz clock resolves the shaft force to 1.2N and the 

tip force to 0.9N, and the telemetry link degrades these figures to 3.4N and 2.6N.

100000

10000 i
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1 9 17 25 33 41 49 57 65 73 81 89 97 105 113 121

Figure 4.40 Fast Fourier Transform analysis of a Mk2 walk (34 weeks post-op). 

Components of the amplitude above the first 8 harmonics was less than 1% of the 

fundamental (lOOHz sampling frequency).

Noise is generated by the following main sources [Appendix D]:

1 strain gauge resistor alloy (white ‘Johnson’ noise and pink ‘ 1/f noise),

2 current flow through the gauges (white ‘shot’ noise),

3 the amplifiers (white noise, due to voltage and current), and the succeeding 

signal processing circuitry.

The combination of low gauge current and bandwidth keeps the shot noise low, 

and the very low 0.5 fA/Vflz op amp current noise density ensures that the input 

current noise is negligible. The metallic strain gauges keep the 1/f noise low, and 

even the high 5kQ gauge resistor values do not increase the Johnson noise to more
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than the 1/f noise. Of the other contributors, the dominant source is the amplifier 

voltage noise. Over the bandwidth set by the gain of the first amplifier stage, 

3.5kHz, the equivalent ‘force noise’ is 7N (rms) for the shaft channel and 2N 

(rms) for the tip channel [Appendix D]. The combined effects of noise and the 

telemetry link quantisation therefore only permit Mkl shaft and tip resolutions of 

7N and 2.6N respectively. In the light of these figures the target force resolution of 

IN seems optimistic, especially for the shaft channel. However, where the force is 

steady, as in the calibration, averaging improves these figures considerably, 

allowing full advantage to be made of the digital resolution. This enabled a more 

precise calibration to be achieved than would have been possible had the digital 

resolution been reduced to the analog resolution levels. Had the digital resolution 

been reduced to 7N (a dynamic range of 1000), only 10 bit resolution would have 

been required. 5000 data bits per second would then have been needed, and a 

Baud rate of at least 7000. Since the next highest standard rate is 9600 there would 

have been no advantage in this.

4.4 4.3 Data compression and packing

The second main task of the MCU, accomplished entirely in software, is to output 

the digitised data to the radiotransmitter in real time. Each frame of sampled data 

words from the external 16 bit counter is processed and output serially during the 

following frame. Both input and output are double-buffered. Each frame is stored 

initially in input buffer (IB) 1 and when complete, transferred to IB2 for data 

processing leaving IBl free for the next frame. When IB2 is full, the program 

packs the bits into output buffer (OB) 1. Serial transmitter interrupts transmit data 

from 0B2. On sending the last byte from 0B2 the program checks whether there 

is a new frame ready in OBI. If so, OBI is copied to OB2 and starts sending it. If 

not, an idle character is queued. Next time there will be a new frame ready.

At a 200Hz frame rate the maximum number of bits that can be sent at 9600 Baud 

is 48, including start, stop and parity bits. It was therefore convenient to use a 

protocol in which 4 data bytes of 11 bits (comprising 8 data bits, 1 start, 1 stop and
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1 parity bit) were transmitted per frame, a total of 44 bits. This allowed for a total 

of 32 data bits per frame:

channel 1 13 bits

channel 2 13 bits

temperature 1 bit

humidity Ibi t

frame counter 4 bits

total 32 bits

These bits were allocated to the 4 bytes as follows:

Byte 1: channel 1 bits 12-5

Byte 2: channel 1 bits 4-0 and channel 2 bits 12-10

Byte 3: channel 2 bits 9-2

Byte 4: channel 2 bits 1-0; temperature (1), humidity (1), frame count (4).

Each strain data channel is timed over 3 of the 4 pulse intervals in order to

maximise the resolution. The possible range of each channel is therefore given by

3*80ps to 3*420ps

and after digitisation this corresponded to counts of

3*80*8 to 3*420*8 = 1920 to 10080

In order to compress this total possible range to 13 bits, corresponding to a 

maximum count of 8192, a constant of 1900 is subtracted from each count in order 

to reduce the maximum possible count to 10080 - 1900 = 8180, which is less than 

8192 and therefore expressible as a 13 bit number. As this offset is less than 1920 

no underflow occurs if the pulse width is a minimum. The 1900 constant is added 

back onto each received strain data countvalue in the data logging computer, to 

restore the original number proportional to the measured pulse intervals.
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Since temperature and humidity data can be transmitted at a lower rate than the 

strain data, a 'major frame' of 16 normal frames was defined, in which the 

temperature and humidity data are sent one bit at a time, with 12 bit resolution. 

The remaining 2*4 bits of these major frames are used to transmit the battery 

voltage in the patient box, to give warning of low battery voltage. The 4 frame 

count bits are used to decode the temperature and humidity bits.

The remaining 4 bits of the allocation of 48 per frame are not used, and as the 

MCU serial output protocol does not allow for individual idle bits to be sent, the 

next frame (if available) is sent early. If a complete byte is not ready when the 

time comes to send the next byte, an idle byte is sent. (Idle bytes were useful in the 

development receiving hardware since they could be uniquely identified by a 

monostable as a string of 10 ‘logic zero’ bits, comprising start bit, 8 data bits and 

even parity bit, but they were not required by the PC software and were ignored). 

In this asynchronous way data (including idle bytes) are always sent 11 bits at a 

time, so that there could be a maximum delay of 1 byte between measurement and 

transmission. This is transparent to the user, however, as data is received along 

with the occasional idle bytes transmitted, which are ignored. Overall 

synchronisation is maintained over an 11-frame period, during which 4 idle bytes 

are sent at intervals.

4.4.5 Radiotransmission and reception

An inexpensive commercial short range UHF radio link was used to transmit the 

serial data from the patient box to the portable computer used to log the data. 

Both transmitter and receiver are low-power, designed for use in telemetry and 

telecommand applications, and fabricated as compact hybrid circuits. The carrier 

frequency, 418MHz, is within the U.K. allotted band for telemetry and 

telecommand and enables short dipole aerials to be used. The transmitter is 

powered from the regulated supply from the battery in the patient box, and the 

receiver from one at the PC. The bandwidth of the radio link is specified as 

lOkHz, which is more than adequate for the application since a serial data rate of
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9600 Baud corresponds to a squarewave of 4.8kHz for well-balanced logic levels, 

and some distortion of the pulses can be tolerated before the signal becomes 

corrupted. The greatest imbalance in the logic levels is due to an idle byte string, 

but this is well tolerated by the receiver. The radio link was tested up to 15 kBaud 

to ensure that this was the case, over a distance similar to that to be used during 

the application, and was found to operate satisfactorily.
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4.5 Assembly of the Mkl instrumented prosthesis

This section will describe the electronic assemblies of the first two instrumented 

prostheses, and final assembly including welding. The strain gauging process has 

been outlined previously [#4.3.1]. The electronics was fabricated as two separate 

thick film circuits: the main circuit containing amplifiers and signal processing 

circuitry was located in the shaft, adjacent to the gauges; the ‘tip circuit’ 

containing the tuned circuit switching circuitry was located in the strain gauged 

cavity near the stem tip. The output from the stem tip strain gauge bridge was 

amplified locally and connected to the main circuit via the stem hole. The serial 

pulse train from the main circuit to the switching circuit passed through the same 

hole, and electromagnetic cross-coupling from this lead to the tip amplifier output 

was minimised by switching the current (between 0 to 20pA) instead of the 

voltage, using a 470kQ resistor in series with the switched output and a bipolar 

transistor in the tip circuit.

4.5.1 General assembly sequence

The instrumented prosthesis consists of two main sections (figure 4.9) which, after 

instrumentation, are welded together [#4.2.4]. The instrumented (distal) part of the 

shaft including the intramedullary stem was standardised, and the proximal part 

including the femoral head and neck was customised for individual patients. The 

tip sub-assembly mechanical parts (the split collars, the endcap, and the endplug 

containing the feedthrough, figure 4.10) were also standardised. All standard parts 

were manufactured to supplied drawings, by external contractors. Machining 

details were given in #4.2.2.
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4.5.2 Electronic circuit fabrication and assembly

4.5.2.1 Choice of fabrication technology

Thick film surface mount circuit construction was the chosen method of 

realisation in vivo. This technology has a certain inbuilt reliability over other 

printed circuit assemblies which use copper metallisation, due to the noble 

conductor materials used which resist corrosion and oxidation. Hybrid circuits of 

chip resistors and capacitors and surface mounted components inevitably occupy 

more space than those in which much of the functionality is integrated onto an 

Application Specific Integrated Circuit (ASIC). In this application, however, 

sufficient space was available for a compact hybrid circuit, and this enabled 

selection of circuit components which might otherwise have had to be 

compromised, as is sometimes the case with ASICs, particularly if cost is a factor. 

In particular, the desired amplifier characteristics would most likely only have 

been available using a full custom integrated circuit.

4.5.2.2 Design techniques

For each prosthesis, the circuitry was designed as two separate thick film circuits 

which were constructed using 0.6mm thick alumina as the substrate material. 

After initial development of the circuit as a breadboarded prototype, EASYPC^^ 

printed circuit design software was used to create the two layouts (figure 4.41 

shows artwork for the Mk2 inner substrates). Sufficient area was available on a 

single 2"x2" alumina substrate to contain the entire layout for both Mkl circuits. 

A double-sided design was used with components located on the top side only, the 

reverse side being used for some interconnections, via printed-through holes. The 

layout was designed so that each substrate could be separated into two halves and 

folded back on itself after component population, with a small air gap separating 

the two halves. The dimensions of each circuit so formed were suited to the 

available space within its cavity in the prosthesis. The main Mkl circuit measured 

45mm long x 18mm wide x 6mm thick, when populated.
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Figure 4.41 Artwork for the inside pair of the Mk2 circuit substrates, generated 

using EASYPC layout software.

The usual techniques employed for thick film circuit production were used. 

Artworks were produced for the conductor layout on both sides of the substrate 

and for a solder screen on the component side. These were sent to a specialist firm 

for production of thick film screens suitable for the thick film printer in our 

laboratory. Laser drilled holes and scribe lines were produced in blank 2"x2" 

alumina substrates by another specialist firm according to supplied co-ordinates, 

for thick film printing.

4.5 2.3 Printed substrate production and population

Double-sided printed substrates were created by printing and firing conductive ink 

onto one side and then the other. A problem was encountered when it was 

discovered that the chosen thick film ink, ESL5837, a platinum/gold composition.
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would not adhere reliably to the smooth glassy surface of the laser-drilled through- 

holes, and an alternative ink was therefore selected, ESL9597, which was 

designed for that application. A technique was developed which ensured the 

integrity of the through-hole conductor: during each conductive print a previously 

evacuated chamber was opened to room pressure through the holes in the substrate 

to 'puli' the ink through the holes to a depth greater than 50%. An overlap of 

conductor material in each through-hole was thus produced to ensure through-hole 

conductivity. After drying, a box furnace was used to fire each side of the print, to 

a peak temperature of 950°C as per the ink specification.

All components were simultaneously reflow soldered onto one side of the intact 

substrate, by printing a layer of solder paste onto the component pads, placing 

components manually onto the solder and reflowing on a hotplate at 220°C for 

about 20 seconds. Toluene was used to remove excess flux. This proved a very 

reliable and clean method of soldering, and avoided possible static discharge 

damage to components by manual methods.

4.5.2 4 Assembly, testing and burn-in

The intact substrate was next snapped along the pre-scribed lines to form the 

separate circuit substrates, taking great care to make a clean break. Both the tip 

and the main (shaft) circuit were completed by interconnecting the two halves 

back-to-back with tinned copper leads, and soldering with a small hot gas 

soldering tool. The main circuit (figure 4.42) was next tested by connecting +15V 

to the lOV reference input and monitoring the signal output on an oscilloscope. 

No strain gauges were connected at this point and therefore the strain channels 

were limited by the clamping circuit, producing pulse intervals at one or other of 

the extreme values, typically 80 or 420 ps. The temperature channel was also 

limited since room temperature is outside the operating range in service, but its 

operation could be tested by warming the sensor with a hot air blower. The 

humidity channel could be tested by varying the capacitance at the sensor
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terminals, without the sensor present. The sensor itself was soldered to the circuit 

during final assembly to avoid damage to its sensitive surface.

m

Figure 4.42 One side of the assembled and wired Mkl main circuit.

Any of these means of causing a change in the pulse interval of any channel, 

together with the correctly observed increase or decrease in pulse intervals, was an 

indication that the voltage to period converter was operating correctly. The 

oscilloscope trace itself gave an immediate indication of any missing channels or 

of pulse intervals outside their permitted range, and individual channels could be 

manipulated to produce changes in the corresponding pulse intervals by shunting 

the amplifier inputs to one of the supply rails with resistors. Finally, a check was 

made of various circuit parameters: supply current, regulator output voltage, 

voltages produced at various points in the circuit, and the frame rate. These values 

were logged.

If all appeared satisfactory the circuits were 'burnt-in' at 125°C for 1 week, after 

which they were again tested for any changes to the previously recorded 

parameters. This bum-in period is that specified by Mil. Std. 883. Most electronic 

components have a probabilistic failure characteristic vs time (the so-called 

‘bathtub’ curve), in which the potential failure rate of a component is high 

initially, then falls to a low level for most of its operating life, rising again towards
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the end of its operating life. Failure rate increases exponentially with temperature. 

Bum-in is designed to detect the components which will fail during the first phase 

of the bathtub. It is carried out at high temperature (hence the term bum-in) in 

order to accelerate the ageing process by a factor 2^((Ta-To)/10) where Ta is the 

accelerated ageing temperature, and To is normal operating temperature. The 

specified Mil. Std. temperature is 125°C, which accelerates ageing above an 

ambient of 37°C by a factor of 446 according to the above expression.

If an MTBF (mean time between failures) of 1 year at normal operating 

temperature is desired, the required accelerated MTBF at 125°C is 1*365*24/446 

= 19.7 hours. The percentage of parts which might still fail within this time is 

given by 100*e^(-P/19.7) where P is the number of bum-in hours. So for P=168 

hours (1 week), the expected failures are 0.02% of the parts count. Since the 

bumt-in components are only required to function for a maximum of 25 hours per 

year in total, this test is almost guaranteed to ensure that device-related failures 

will not occur during service. No failures occurred as a result of buming-in several 

assembled circuits, and very good life expectancy in vivo was therefore expected. 

No device failures have occurred in vivo which were likely to have been caused by 

component failure [#6.1].

4.5.3 Final assembly and welding

The two prepared and tested electronics assemblies were wired to the strain 

gauges and interconnected, and the offset resistors required for gauge imbalance 

compensation and range setting [#4.4.3.2] were calculated and soldered in place. 

The circuits were conformally coated with protective lacquer, and allowed to dry 

ovemight. Only then was the humidity sensor soldered to its (uncoated) pads. A 

further check was made of all functions, by directly powering the circuitry via the 

feedthrough and detecting the modulation signal. The circuit assemblies were then 

located into their respective cavities, and a small amount of silicone mbber was 

used to lodge the substrates in place. After selection of the subject, the proximal
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part of the shaft was custom-made and spigotted onto the distal part. The 

feedthrough was welded or crimped to a copper wire which was connected to the 

tip circuit (in the same was as was described in #4.2.6.3 for the coil wires), and the 

endcap spigotted onto the tip cavity, ensuring that the wires were not pinched 

when the parts were mated. The plane of the femoral neck was aligned with that of 

the gauges, and then anteverted by 10° in order that the gauges would lie in the 

sagittal plane after surgery. The two circumferential welds were made [#4.2.4], 

one at each end of the instrumented part, to hermetically seal the instrumentation.

After welding, the prosthesis was machined to remove the weld profile, polished 

and tested electrically by powering it directly via the feedthrough. The implant coil 

was then attached and encapsulated as described in #4.2.6.5. At this stage the 

tension calibration was carried out [#4.6.1]. Finally the endcap was screwed on 

and spot welded, and after a further polish the prosthesis was ready for calibration 

in compression.
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4.6 M kl calibration

4.6.1 Loading conditions

The prostheses were calibrated using the inductively powered telemetry system. 

Inductive powering was necessary since by that time the implant coil was 

encapsulated and the feedthrough was inaccessible directly. The shaft and 

intramedullary stem were enclosed inside an acrylic jacket around the prosthesis 

and the air temperature was controlled and set to 37°C. The prosthesis was 

powered inductively and allowed to reach a steady state before each calibration 

procedure. To determine the sensitivity of each channel to applied loads, the first 

prosthesis was compressively loaded under two conditions, figure 4.43:

i) between the femoral head and the domed stem tip (head-tip or ‘offset’ load),

ii) between the solid portion of the shaft above the instrumentation and the domed 

stem tip (direct axial load).

Axial tensile loading had previously been applied between the solid portion of the 

shaft above the instrumentation and the stem tip without the domed end. Tension 

was applied to the tip via a threaded lug screwed onto the endplug thread. This 

loading condition was applied first of all, as the other conditions required the 

domed stem tip to be welded onto the stem.

For each loading condition the load was increased in steps of lOON, up to 3kN, 

and the average of 100 readings recorded from the telemetry system at each step. 

The load was then reduced in the same increments and a further 100 readings 

logged for each. This procedure detected any hysteresis in the structure during 

loading. The slopes were determined using the least squares method, and the 

average slope used for the measurements. The load values for the unloaded 

prosthesis (the ‘zero’ values) were later determined by suspending the prosthesis 

in a water bath at 37°C. A calibrated load cell accurate to 0.5N was used for each 

calibration, located between the stem tip support and the machine bed.



methodology 177

axial loading

offset load direct load

0 o-rings

't
plastic jaws

temperature
chamber

external coil

L

loadcell

Figure 4.43 The two compressive loading modes for the first Mkl prosthesis: 

‘offset’ and ‘direct’ loading. In each case the load was applied vertically above, 

and carried by, the domed stem tip. A hole in the support over the loadcell allowed 

the implant coil to droop from the stem tip.
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4.6.2 Sensitivity variations between loading modes

The sensitivities of the strain channels to the axial component of the applied load, 

measured in the shaft and at the tip, varied between the different loading 

conditions. In the shaft, the sensitivity was 2.2% greater when true axial load was 

applied compared with head-tip loading. The corresponding value at the tip was 

-6.8%. These figures take into account the small reduction in resolved axial load 

applied to the gauges under head-tip loading. Sensitivities to tensile loads at the 

shaft and tip were 8% and 4.5% greater respectively than for true axial 

compression. Possible sources of these errors include: imperfect gauge alignment 

(misaligned or not diametrically opposite), variation in wall thicknesses of 

opposite pairs due to machining tolerances and polishing (more significant at the 

tip due to smaller wall thickness), and cavity end effects. These situations are 

considered in Appendix E, for applied bending moments and axial torque, in order 

to assess the likely contribution to the measurement errors from these conditions.

For the offset loading condition the slopes for loading and unloading agreed to 

within 0.9%, and for the direct loading condition to within 0.2%. The greater 

difference for the offset loading highlights the errors due to friction between the 

ball and the ram as well as greater hystersis within the prosthesis itself.

The mean slopes of the head-tip loading condition (‘offset’ load) were stored as 

the calibration data as this was considered to be closest to the service condition. 

For the tip fit, = 0.99996, slope = 300.4 (SE 0.51), p(95%)<10'^'. For the tip 

fit, = 0.99986, slope = 128.1 (SE 0.41), p(95%)<10'^’. Temperature 

coefficients are estimated to be <1%/°C for the slope and <20N/°C for the zero of 

each channel. The calibration data (slope and offset) were stored for each 

prosthesis in the data logging computer. Incoming data from the subject’s 

prosthesis were thereby converted to force using one linear equation per data 

channel, in real time.
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4.7 Coil protection, prosthesis sterilization and implantation

4.7.1 Coil protection and prosthesis sterilization

In order to protect the implant coil and silicone rubber encapsulation during 

sterilization and surgery, a 'bullet' of acrylic cement was cast over the coil and the 

last 20mm of the stem, to immobilise it (figure 4.44). Polymerisation of PMMA 

cement is an exothermic process, but the temperature rise is <100°C and this gave 

no cause for concern about the coil or even the strain gauges. The entire prosthesis 

was then steam autoclaved to a peak temperature of 134°C for 3.5 minutes. This 

temperature was thought to be sufficiently low to avoid degrading the 

instrumentation or strain gauges. The gauges had been post-cured at 200°C 

[#4.3.1] and therefore a significantly lower temperature should not have caused 

any changes in locked-in strains in the gauge adhesive.

Figure 4.44 Mkl prosthesis with implant coil protected with acrylic cement.

4.7.2 Operative procedure

Details of the operative procedure for excising the tumour and replacing with the 

prosthesis are not of particular relevance to this thesis. The basic procedure is to 

remove the tumour together with all affected bone and soft tissues. In the case of 

tumours of the proximal femur, this involves detaching muscles from the infected
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bone including the greater and lesser trochanters. There is some attempt to 

reattach these mechanically to the prosthesis neck via surgical tape, but this is not 

known to restore the function of these muscles, and the biomechanics of the 

proximal femoral replacement is thus altered [#4.2.1]. The femur is transected at 

the chosen site corresponding to the length of the prosthesis shaft. After a trial 

resection, in which the fixation is simulated and the leg length checked, bone 

cement is polymerised and injected into the femoral canal whilst still fluid. At this 

point the prosthesis is inserted, fixed in position, and the joint articulated. In the 

case of the telemetric prosthesis, the cured bone cement protecting the implant coil 

was forced into the freshly mixed cement as the prosthesis was inserted. The fresh 

cement cured around the pre-cast cement with the prosthesis fixed in place. Figure 

4.45 shows the bone and surrounding tissue removed from the first subject, and 

the prosthesis being inserted.

Figure 4.45 The excised proximal femoral bone and soft tissue, and the 

prosthesis being inserted.

An autoc laved energising coil was used during insertion of the first Mkl 

prosthesis (figure 4.46) in an attempt to monitor the forces applied during 

articulation of the joint and also to record the temperature in the shaft during 

cement polymerisation. Unfortunately, the earliest data acquisition software 

(which was used during the first operation) was rather unreliable [#4.8] and, 

possibly combined with poor tuning of the external coil, failed to record the forces 

applied during insertion.
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Figure 4.46 Measurements in the operating theatre.

Left: testing the functionality of the system prior to implantation.

Right: Attempting to make force measurements during insertion of the prosthesis, 

with the energiser coil wrapped around the leg.
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4.8 M kl data acquisition system

A portable computer-based data acquisition system was used to enable 

measurements to be made in unrestricted locations, forces to be viewed in almost 

real time, and data to be readily available for further processing and analysis. The 

output from the UHF receiver, translated to RS232 voltage levels, is fed to the 

serial port on the PC. Data is continuously arriving at this port at 9600 Baud, 

encoded as described in #4.4A3. Software resident on the PC performs several 

tasks to enable the incoming data to be captured, decoded, displayed and 

optionally stored, in real time. The ability to capture data as it is generated, with 

only the small delays involved in the various conversions between strain 

measurement and data logging, avoids the need for any separate memory or data 

buffer either at the subject or the data logger. Furthermore, events can be 

displayed almost as they happen, which can be useful in observing particular 

events and their effects. The first computer used to perform these operations was a 

16MHz 386SX portable PC having a maths coprocessor and VGA resolution.

The data acquisition software was initially written in a high level language called 

ASYST™, and as written only allowed the data to be viewed after an acquisition. 

This was not only inconvenient but unreliable since data was sometimes not 

received correctly, this only becoming evident if the acquisition was optionally 

plotted on the screen. A further acquisition would then have to be made. A great 

improvement was made after implantation in the first subject, who happened to be 

a professional software engineer, and he rewrote the code in the C language. This 

enabled the data to be written to the screen as it was received, thus confirming 

valid data acquisition. This acquisition software was subsequently extended for 

the Mk2 system, which due to the additional processing required a more powerful 

PC to enable real time display. At that time small ‘handbook’ 40 MHz 486 PCs 

were becoming available, and one of these was purchased for the Mk2 data 

acquisition. Figure 4.47 shows the first Mkl prosthesis together with the 

‘programmer / subject’ (IM) after the operation, during a measurement session. 

The subject is wearing the external electronics box, connected to the external coil 

strapped around the right leg. The original data logging 386PC is also shown with
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the original radio receiver below. The following sections describe the operations 

of the Mkl real time software, specified by the writer but programmed by the first 

Mkl subject.

%

Figure 4.47 The first Mkl prosthesis (left) prior to implantation, and the subject 

(right) during a data acquisition session.

4.8.1 Data capture and decoding

The initial task for the decoding software is to detect the 4 frame count bits in the 

fourth byte. This is done by capturing successive bytes into one of 4 buffers in 

turn and checking which buffer has an incrementing count for the same sequence 

of 4 bits. (The 16550 UART in the PC serial port manages the serial data and 

interprets the bytes correctly.) When such an incrementing count has been detected 

over several frames a 'locked in' flag is set on the display. Idle bytes are ignored.
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The contents of each byte may now be directed to the appropriate buffer in order 

to reconstruct the two 13 bit strain channels, and the temperature and humidity 

channels. Knowing which buffer contains which parts of which channel, the 

software is able to reconstruct the original data by reading the buffers and 

performing logical and arithmetic operations. Priority is given to servicing the 

interrupts from the serial UART. The temperature, humidity and battery voltage 

bytes are reconstructed in a similar way but over a major frame of 16 normal 

frames, and this data is therefore updated less frequently. No data from these 3 

auxiliary parameters is saved.

After reconstructing the numbers transmitted for the two original strain channels, 

the constant offset of 1900 which had been subtracted for data compression 

[#4.4.4.3] is added back on, and the linear algorithm derived during calibration is 

used to convert these countvalues (digitised periods of the telemetered pulse 

intervals) to axial force.

4.8.2 Data display and logging

On selecting a particular subject’s prosthesis from a main menu the forces are 

calculated using the calibration algorithms for that prosthesis. The calculated 

forces for both channels are written to the VGA screen as the data becomes 

available. A single vertical axis calibrated in kN is used for both channels. The 

data is scrolled horizontally to show the recent force history. The display is given 

a lower software priority than servicing the incoming data and the speed with 

which the screen is updated depends on the CPU speed. A 16MHz 80386 with 

maths coprocessor is fast enough to display the Mkl forces with no noticeable 

delay. Data is continuously displayed in the above way without being logged. 

Upon a keystroke, the succeeding preset period of data (normally 10 seconds) is 

saved to disk, and the user is prompted to enter a filename for that record, the 

subject's initials being added automatically to the filename.
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4.9 The Mk2 design: differences from the M kl, and mechanical design

The Mkl instrumented prosthesis was the pioneer device in which the main design 

features of Stanmore instrumented femoral replacements were developed. Its 

purpose was to provide data on axial load redistribution within the prosthesis over 

the course of time [#2.2]. It also proved the essential elements of the design over 

extended periods. The Mk2 system has greater measurement capability but uses 

the same basic methods as the Mkl for the instrumentation, inductive powering, 

telemetric technique, coil encapsulation, hermetic sealing, and data logging. 

However, changes were made in most of these areas, either to improve some 

aspect of the design, or to allow more data channels, or because of the different 

mechanical considerations relevant to distal femoral replacements. Reasons for 

choosing the distal femur as the replacement site for the Mk2 instrumented 

prosthesis were given in #2.3. This section of the Methodology and those 

following will report the features of the Mk2 design which differ significantly 

from the Mkl.

4.9.1 Biomechanical aspects of distal femoral replacement

Figure 4.48 shows a typical one-half proximal and distal femoral replacement (left 

and centre of figure respectively), both fixed using bone cement. Both prostheses 

consist of a main bone-replacing shaft and integral intramedullary stem spigotted 

into the remaining femoral bone. Instead of the hip joint, in distal femoral 

replacement the knee joint is replaced. Traditionally at Stanmore a fixed hinge 

knee has been used, but this has now been replaced by the SMILES type in all but 

certain revision cases. The SMILES (Stanmore Modular Individualised Lower 

Extremity System) modular design can be adapted for use either as a primary total 

knee or for use with a massive implant for bone tumour cases. As in other types of 

artificial knee joint, this has a metal-on-plastic bearing surface to reduce fi*iction 

and wear, figure 4.48 (right), and is available in several standard sizes. However, 

the SMILES concept is unique in that it contains both a hinge and also allows 

rotational laxity between the femoral and tibial parts. In distal femoral



methodology 186

replacements, the femoral component of the SMILES knee is spigotted onto the 

shaft of the prosthesis, and the tibial component is located into a plastic sleeve, 

which forms the intramedullary stem, and is cemented into the tibia.

8ME 2309

Figure 4.48 Left and centre: Typical one-half proximal and distal femoral 

replacements, with assumed loadlines (dotted). Right: The SMILES modular 

design of knee component here shown as part of a distal femoral replacement. The 

plastic part of the tibial component (integral tray and IM stem) is not shown.

The metal tibial component bears on the contoured plastic tibial tray and is 

allowed to rotate in the sleeve, a design feature which offers torsional stress relief 

to the fixation, which is being investigated as part of the Mk2 clinical study.

Figure 4.48 also shows simplified loadlines (ignoring the effect of muscle action) 

for the prosthesis-bone fixation (dotted), passing through the femoral head centre
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and condyles of the knee joint. The extent to which this representation reflects the 

actual load vector is not yet known for the proximal replacement. However, 

measurements from the first instrumented distal prosthesis have shown that the 

lever arm of the loadline at the level of the strain gauges is directed antero- 

medially and peaks at 30mm during the stance phase of gait. This is consistent 

with a loadline acting between the femoral head and the middle of the knee joint 

in this subject, thus corroborating the simple loadline model.

A comparison of the loadline models for the distal replacement and for the 

proximal replacement shows the difference between the two fixations regarding 

bending stresses likely to be experienced at various sections along the length. For 

distal replacements, a longer shaft length (greater bone resection) creates higher 

bending stresses at the shoulder, as the distance from the midline of the prosthesis 

to the load line increases with shaft length. For the proximal replacement however, 

the reverse is true: a greater amount of bone resection brings the loadline closer to 

the shoulder and therefore reduces the bending moment at the transection point. It 

seems reasonable to suppose that it is the cumulative bending moment along the 

length of the stem and not just at the shoulder which determines the likelihood of 

early loosening. This simplified geometrical observation, which takes no account 

of muscle action, appears to correlate with the varying survival rates of both 

proximal and distal femoral replacements having different transection points. The 

long proximal and short distal replacements remain better fixed than the short 

proximals and long distals, in general (Unwin et al. 1996).

4.9.2 Structural modifications and factors of safety

The mechanical structure of the Mk2 prosthesis is shown in figure 4.49. The 

overall design is similar to the Mkl but with several significant differences. The 

shaft is separated into two sections: the instrumented proximal part, including the 

IM stem, and the distal part, attached to the knee joint. The proximal shaft from 

30mm below the shoulder consists of two overlapping tubes, the inner one having 

four orthogonal flats for thin film strain gauges, and two holes through to the
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strain gauged tip
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shaft and 
implant circuit
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Figure 4.49 The mechanical structure of the Mk2 prosthesis, cemented into the 

proximal femoral bone and tibial condyles. Also shown are the location of strain 

gauges and electronics, and implant coil.
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electronics cavity inside for the leads. The outer tube is used to hermetically seal 

the gauges and electronics, and also shares the shaft stresses. This arrangement 

was devised because thin film gauges have to be deposited onto an outer surface. 

Because of the greater bending stresses existing in the distal femoral replacement 

fixation with half or greater resection discussed above [#4.9.1], unacceptable 

stresses were found to be present at the change in section between the tip cavity 

and the stem in the Mkl tip design [#4.9.4]. To remedy this situation the distance 

between this change in section and the stem tip was decreased from 45mm to 

20mm to reduce the bending stress at this point. The tip axial force sensor was 

also redesigned as a strut (figure 4.50), welded into the stem, to allow thin film 

gauges to be deposited on either side. A revised endplug centres the tip end of the 

strut and provides a solid tip for doming.

Figure 4.50 The tip axial force sensor. Strain gauges on either side of the strut 

flats (one visible to the right of the 3 solder pads) measure the axial strain on the 

strut, which is welded to the stem at both ends.

This revised arrangement allowed no space in the cavity for electronics for the tip 

channel amplifier or R.F. circuit, or for interfacing with the implant coil, and so 

the implant coil and both these circuits were resited away from the stem tip. The 

implant coil was recessed into the distal shaft, figure 4.51, without compromising 

the shaft strength (Table 4.6). After instrumentation the distal shaft was spigotted 

into the proximal section and welded, before calibration [#4.14]. It was 

subsequently machined to length for the subject. The distal shaft was spigotted 

into the femoral part of the knee by heating the knee, mating the 2 parts and
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allowing to cool. Finally, the shoulder region was optionally hydroxyapatite 

coated before sterilisation, figure 4.52 [#4.9.6].

Figure 4.51 The Mk2 implant coil prototype, here made of enamelled copper 

wire, but in the implanted prostheses wound of gold wire. The figure is designed 

to show the coil location and construction.

It was convenient to resite the implant coil away from the stem tip from the point 

of view not only of the tip redesign but also of electrical efficiency. In the 

proximal replacement, the implant coil at the stem tip is located at 150mm above 

the knee in the first subject and at 95mm in the second, the difference being due to 

the different resections required. In both cases, the thigh diameter in the plane of 

the coil is small, and an external coil of 150-170mm diameter is used. The 

corresponding location in the distal replacement, however, would be at the same 

distance from the hip joint, where the thigh is appreciably thicker, requiring a 

much larger external coil. The power transfer efficiency between the coils varies 

approximately as the square of the diameters [#B.5, #C.l], which can have a ratio 

of about 1.4 at these locations, resulting in twice the amount of power being 

required in the case of the distal prosthesis for the same induced power in the 

implant. If the implant coil in the distal prosthesis is resited more distally, where 

the thigh is thinner, an improvement in power transfer efficiency is obtained. In
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the Mk2 design, the implant coil is sited at approximately the same position in the 

leg as was the coil in the Mkl, depending on resection length.

I .
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Figure 4.52 Hydroxyapatite coating plasma coated onto macrogrooves 

machined into the prosthesis shoulder.

Compressive and bending stresses at various sections in the prosthesis due to an 

offset axial force of 3 times bodyweight (s2.25kN) applied via the femoral head 

(figure 4.48 centre) are calculated below, for a two-thirds replacement (Table 4.6). 

The simulation is a worst case situation in which no muscles are assumed to act to 

bring the load line closer to the prosthesis axis. Moreover, the proximal bone is 

assumed to contribute no support to the stem, simulating total bone resorption. 

Both these assumptions are unrealistic and yield worst-case results, but this simple 

analysis is used to compare the instrumented prosthesis with a solid one of the 

usual design (as for the Mkl, #4.2.3). The fixation shown in figure 4.49 is typical 

of an extensive bone replacement, which again provides a worst case analysis. A 

factor of safety for each site is calculated for combined compressive and bending 

stresses. The material strength used here is 690MPa, which is the IMI Titanium 

specified 'Direct-stress zero minimum fatigue limit' for smooth specimens of 

25mm diameter [#4.2.5]. In the normal manufacture, changes in cross-section are 

well radiused to prevent fatigue fracture propagation from these vulnerable sites. 

Neither the stress-raising effect of these cross-sections nor those of the internal 

cavity are included in this simple analysis.
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Subject Location on 
prosthesis

OD ID I X y CC Safety
factor

mm mm mm"̂ mm mm MPa MPa -
OF Coil recess 18.5 0 5750 21.5 9.25 8.37 78 8.0

Shaft gauges 27.8
22.6*

25.4
20.0*

13839 28.8 13.9 12.0 65.0 8.9

Stem root 14 5 1855 31.4 7.0 16.75 267.0 2.4
Tip cavity 12 10 527 43.0 6.0 65.1 1102 0.6

VN Coil recess 18.5 0 5750 19.0 9.25 8.37 68.7 9.0
Shaft gauges 27.8

22.6*
25.4
20.0*

13839 27.1 13.9 12.0 61.2 9.4

Stem root 14 5 1855 30.0 7.0 16.75 255 2.5
Tip cavity 12 10 527 42.7 6.0 65.1 1094 0.6

Solid Coil site 30 0 39761 21.5 15.0 3.2 18 32.5
implant Shaft gauges 30 0 39761 28.8 15.0 3.2 24 25.4

Stem root 14 0 1886 31.4 7.0 14.6 262 2.5
Tip cavity 12 0 1018 43 6.0 20.0 570 1.17

Table 4.6: Geometry, axial and bending stresses, and factors of safety at mid-shaft, 

stem root and stem tip for 2.25kN applied force. Data is for the two Mk2 subjects 

and for a solid prosthesis of the same length as the first subject. Dimensions x and 

y are as specified in figure 4.11.

* Dimensions for outer sleeve (top) and inner gauged cylinder (bottom).

The weakest point is clearly the change in section between the stem and the stem 

tip cavity (safety factor of 0.6). As discussed above, this is an unrealistic situation 

as the proximal bone (in all practical cases) offers the stem additional support and 

shields the tip from excessive bending stresses. The real weakest point in practice 

is at the stem root (the junction between the shoulder and the IM stem), regardless 

of the modifications made for the instrumentation (safety factor of 2.5). This 

region requires a smooth radius so as not to degrade the safety factor. In this 

simple analysis therefore, the instrumentation contributes negligible further 

weakening to the weakest point in the standard prosthesis, and the factors of safety 

at the other modified sites are well within acceptable limits. This theoretical 

analysis was confirmed by fatigue testing.
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4.9.3 Welding

The Mk2 design requires a total of 8 welds to be made, figure 4.53. All are 

electron beam welds, carried out by the same specialist firm. In order of welding, 

two are small circumferential welds for the feedthrough from the coil (welds 

1&2), three are at the stem tip: strut root, strut tip and endcap (welds 3,4,5), two 

are to the shaft sleeve (welds 6,7), and the final weld (8) is between the two main 

sections of the shaft and seals the instrumentation. Weld 7 is a planetary weld 

between the two concentric ends of the sleeve and the instrumented shaft. Early 

trial devices were produced without this intermediate weld and a range of locked- 

in stresses was produced during the final weld, particularly in the axial 

compression channel which has the highest amplifier gain, which meant that the 

desired range could not be repeatably achieved. Weld 7 was therefore introduced 

to prevent unpredictable locked-in stresses in the shaft during the final weld, when 

the instrumentation was no longer accessible for nulling. It enabled the channel 

output voltages to be offset to the desired values with the strain gauged part 

welded. Weld penetrations were confirmed by sectioning trial parts. Sections are 

shown in figure 4.54 for the tip cavity welds (welds 3-5), the shaft weld at the 

proximal end of the shaft cavity (weld 6), and the final weld (weld 8), where the 

weld penetrations can be seen.

4.9.4 Fatigue testing

In the original Mk2 arrangement the stem tip design was unchanged from the Mkl 

apart from the use of a central plate inside the tip cavity for mounting thin film 

strain gauges. The first fatigue test, in which massive bone resorption was 

simulated, caused failure of the stem tip in all 6 prostheses under test at the change 

in section, as predicted by the analysis in #4.9.2. This stem tip design was 

acceptable for proximal femoral replacements as the load line must pass close to 

the stem tip thus relieving it of large bending moments. However, in the case of 

distal femoral replacements, figure 4.48 shows that the stem is likely to be subject 

to far greater bending moments if unsupported by bone, increasing towards the tip.



methodology 194

7

Figure 4.53 The instrumented part of the Mk2 prosthesis (centre), with details 

of the 8 electron beam welds made to the part, numbered in order of welding.
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Figure 4.54 Sections through 5 of the 8 welds made to the prosthesis. Welds 3, 

4, 5 can be seen on the two sections on the left, weld 6 (centre) and weld 8 (far 

right). In particular the deep penetration and minimal spreading of weld 8 is clear.

The tip cavity was therefore redesigned so as to bring the change in section 20mm 

nearer the stem tip. This protected the tip cavity by ensuring that it was supported 

by bone above the change in section, even in cases of excessive bone resorption. 

This redesign also had other benefits as discussed above [#4.9.2].

A second Mk2 fatigue test, on the final design, was successful but included no 

torsional component. A third test was required to satisfy the funding agency, to 

include torsional stresses. No British Standard yet exists for the testing of massive 

implants, but BS7251 part 5 (introduced since the Mkl fatigue test, #4.2.5) covers 

the testing of total hip prostheses under cyclic loading including torsion. Some 

difficulty was found in attempting to apply this standard (as it then was) in the 

case of a distal femoral replacement. Attempts to copy the setup specified by 

BS7251 resulted in failure at the stem root due to excessive bending produced by 

the setup, which was inappropriate for the prosthesis.

A revised arrangement was devised, in which the load line was brought closer to 

the axis of the prosthesis, thus more closely simulating the likely in vivo situation, 

figure 4.55. Loading was applied between an offset simulated femoral head and a
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tilted thrust bearing mounted on the machine bed. Torque was generated about the 

axis of the bearing by virtue of its angle of inclination and then transferred to the 

prosthesis through flexible joints. The angles of inclination of the prosthesis were 

9° in the ML plane and 6° in the AP plane. The test ran successfully at 5Hz for 

15M cycles, at a set peak load of 2.3kN.

Figure 4.55 The final Mk2 fatigue test setup. Four fixations were loaded 

axially, in bending and with axial torque as described in the text.

Two of the four fatigue tested prostheses were instrumented and calibrated to 

measure the shaft axial force and moments, and these data were acquired during 

the test. The force and moments applied by the hydraulic loading machine were 

approximately sinusoidal. The telemetered axial force and moments were 

compared with those calculated from the setup geometry and nominal set load, and
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good agreement was found (to within 5%). In particular, the torsion figures 

(=1 INm) agreed to within 1%. (Values of axial force and torque measured on the 

two Mk2 distal femoral prostheses so far implanted have not exceeded 2.3kN and 

lONm respectively [#5.4], thus showing the fatigue test to have been realistic in 

this respect.) The unloaded readings for all channels were taken before and after 

the test, and no measurable changes were detected. These measurements gave 

confidence for the likely accuracy of the in vivo results over extended periods. The 

coil arrangement was also tested under saline during the test, and remained 

functional throughout.

4.9.5 Implant coil arrangement and encapsulation

For reasons given above [#4.9.2], the Mk2 implant coil was sited in a recess in the 

distal shaft, figure 4.51. As in the M kl, it was electrically connected to the implant 

electronics via a niobium-in-glass feedthrough which provided an hermetic seal 

between the electronics cavity and the exterior. The same basic coil encapsulation 

techniques were used as for the M kl, although the coil was formed as an integral 

part of the shaft and required no additional protection against relative movement 

of the coil and shaft. The coil was wound onto a cylindrical ferrite core, which 

was separated into two halves with a diamond saw, and each half attached to the 

titanium recess with 3140 silicone rubber. Insulated gold wire was again used, and 

the ends crimped to the feedthrough and to a niobium wire cold welded to the 

prosthesis to act as the return. Particular care was taken to seal the feedthrough 

recess using a small amount of degassed 3140 rubber cured under pressure and a 

7mm length of silicone rubber tubing around the niobium wire, as this is the area 

most vulnerable to breakdown by fluids. Since the rubber was not constrained, 

contraction was allowed during the cure, thus avoiding volumetric strains in the 

rubber [#4.2.6.5]. Further encapsulation with 3140 followed as the coil was 

wound. Mechanical protection for the coil was provided using a polyethylene 

sleeve which covered the entire recessed area. UHMWPE was chosen as this 

material is widely used as a bearing surface for other implants. The sleeve was
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machined just undersize so as to be a tight fit over the prosthesis shaft, and heat 

expanded to allow fitting. Finally the remaining gaps between the sleeve and the 

previously encapsulated parts were bulk filled with medical grade two-part 

silicone rubber which was slowly forced into the cavity through a small hole in the 

sleeve from underneath. Expelled air was able to escape through another small 

hole on the other side of the sleeve, and the bulk rubber interdigitated with two 

ridges machined on the inside of the sleeve. This arrangement was designed to 

offer the best combination of mechanical and electrical insulation using safe and 

proven implant materials. A better coupling coefficient is obtained with this coil 

geometry than for the Mkl due to the larger coil diameter and ferrite former 

[#B.4], although the full theoretical improvement is not realised because of greater 

losses in the titanium shaft.

4.9.6 Hydroxyapatite coating

One of the clinical studies undertaken with the Mk2 device is the comparison 

between implants coated with hydroxyapatite and those without. Hydroxyapatite 

(HA) is a synthetic material similar to a substance naturally present in bone, which 

may be deposited onto grooved regions of a metal implant in order to promote 

bony bridging to the implant. Although a recent innovation, it has shown 

promising results from radiographic observations in the short term (Vieten et al. 

1997). The coated Mk2 prostheses will enable quantitative evaluation of its 

performance, compared to uncoated Mk2 instrumented prostheses. The 

progression of the tip to shaft axial force ratio is expected to be a primary indicator 

of the bony-bridging ability of hydroxyapatite. Radiographic observations have 

shown that bone-metal apposition occurs if the metal surface of the shoulder is 

coated with HA. Bony bridging is further encouraged if macrogrooves (typically 

1mm X 1mm x 1mm) are first machined into the shoulder of the prosthesis before 

coating (figure 4.56).
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Figure 4.56 Radiographic evidence of bony ingrowth into HA coated 

macrogrooves on a standard prosthesis, at 20 months post-op.

The coating process is routinely carried out by a specialist firm, and involves 

several processes after first protecting the areas of the prosthesis which are not to 

be coated;

1 Surface roughening. The prosthesis is masked and the grooves are 

gritblasted with fine and coarse particles of alumina at 70 PSI;

2 Ultrasonic cleaning in an aqueous solution for 10 seconds;

3 Passivation, to replenish the oxide layer. The surface is manually brushed

with nitric acid, rinsed in water and dried;

4 Deposition: the coating itself is sprayed onto the prepared area, for 3

minutes.

During trials carried out on prototype instrumented Mk2 prostheses, some of the 

strain channels were found to be inoperative after being received back from the 

HA coating firm. The problem was traced to the ultrasonic cleaning, which is 

suspected of breaking the strain gauge wirebonds. The implanted prostheses were 

therefore not cleaned ultrasonically, but using compressed air. After this 

modification was made to the procedure no further failures occurred.
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4.10 Mk2 measurements, strain gauging and sensitivity to measurands

The measurements made by the instrumented Mk2 prostheses are axial 

compression at the shaft and stem tip (as in the Mkl), bending moments about the 

antero-posterior and medio-iateral axes, and torque about the shaft axis, figure 

4.57. This section will discuss the strain gauging and measurement range aspects 

of the instrumentation.

4.10.1 Reasons for the choice of thin film gauges

Thin film strain gauges were used in the Mk2 in preference to the foil gauges of 

the Mkl prosthesis. Earlier laboratory tests of foil gauges under various 

environmental conditions [#4.1.2.7] had shown that significant drift can occur 

even under dry conditions, when under constant strain. The adhesive bond 

between the gauge foil and the substrate is believed to be responsible for this. 

Since the Mkl implanted prostheses had shown higher than expected baseline 

forces [#5.3.1] it is possible that a constant low-level strain could be locked in the 

adhesive which might contribute to drift. Thin film gauges have no adhesive layer, 

both the insulator and conductor layers being formed on the substrate by 

sputtering [#4.1.2.2]. They are therefore believed to be more stable than foil 

gauges. It has been verbally reported by the firm used for the thin film strain 

gauging (Strain Measurement Devices Ltd, Bury St Edmunds) that negligible drift 

was found over 5 years with thin film gauges deposited onto stainless steel, when 

unstrained. More significantly, no measurable drift was found during fatigue 

testing [#4.9.4], which gave confidence about the stability of the gauges over 

multiple load cycles at physiological strain levels.

A further reason for choosing thin film gauges was the high values of resistance 

achievable due to the combined effects of the high resistivity alloy, the thin 

conductor film and the long and narrow conductor pattern produced by laser 

etching. In order to maximise the sensitivity to each stress type it was desirable to 

retain the existing basic Mkl circuit topography, in which each strain channel had
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Figure 4.57 The Mk2 distal femoral prosthesis fixation, with the measurands: 

axial force and torque, and bending moments in the frontal and sagittal planes.
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its own fully contributive bridge of 4 strain gauges. The use of thin film gauges 

allowed 20kD gauges to be used for all 5 strain channels, thereby almost halving 

the combined current of the two Mkl bridges, despite the additional channels. 

Thin film gauges were therefore investigated and used for the later Mk2 device.

4.10.2 Suitability of titanium as substrate material

Although the thin film contractors had much experience of depositing thin film 

gauges onto stainless steel, and had found excellent stability over a 5 year period, 

use on titanium required an initial feasibility study. Trials were therefore 

conducted to ascertain the suitability of titanium as a substrate material for thin 

film gauges. Two aspects were investigated: the surface finish obtainable with the 

usual polishing procedures, and the deposition process itself. The greatest doubt 

about the use of titanium was the degree of flatness which could be obtained 

[#4.1.2.2]. In a trial deposition process, titanium strips measuring 100mm x 10mm 

X 1mm were highly polished to the required flatness. Following the usual 

procedure, the insulator and then the conductor layer was deposited onto the 

surface, and the gauge pattern defined by laser etching. The resulting gauges were 

fully functional and there appeared to be no difficulty in using titanium as a 

substrate material.

4.10.3 Means of interconnection

Strain gauges were deposited onto each of the four highly polished flats on the 

main shaft. Five gauges were used on each flat (figure 4.58). The shaft axial 

compression channel was wired using two 20kQ gauges in series for each arm, in 

order to simplify the number of computer generated patterns of gauge connections 

for the thin film process, to two only. These essentially differed only in the 

principal strain direction of the torque gauge. Opposite flats were identical in 

gauge pattern. A flexible printed circuit was used to interconnect the gauges and
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Figure 4.58 Principal directions of the strain gauges on two adjacent flats. The 

top pair of each gauge are wired for axial compression, the middle pair for 

bending, and the 45° gauge for torque.

to enable connection to the electronics. The flexi circuit had 3 cutouts for gauged 

flats, and was wrapped around and adhesively bonded to the shaft, the ends 

butting up to the fourth flat, which is photographed from above in figure 4.59. 

Gold wirebonds were made to connect the gauges with the flexi circuit, and two 

sets of 5 copper pads were positioned adjacent to two holes for connections to the 

power supply (common to all gauges) and amplifier inputs. Wirebonding and 

attachment of the flexible circuit was carried out by the gauging contractor.

The strut in the stem tip was similarly gauged, but with two 20kQ gauges on each 

flat on opposite faces of the strut (figure 4.50). Each pair of gauges was connected



methodology 205

as a half bridge and 3 leads from each brought out to the amplifier in the main 

electronics cavity.

Figure 4.59 Colour-adjusted photograph of the gauged region of the prosthesis 

over one of the flats, from above. The central mauve region is the polished flat, 

showing two of the gauges as lighter coloured rectangles, interconnected to the 

flexible circuit by double gold wire bonds. The torque gauge is on the right.

4.10.4 Measurement ranges, amplifier gains and signal resolution

The chosen range for each measurand was determined by the Mkl experience and 

from the literature. It was evident from the Mkl data [#5.3.1] that the peak axial 

forces carried by the main shaft could exceed 2kN. Previous studies of forces in 

instrumented total hip replacements had recorded forces of about 3kN during gait 

(Rydell 1966), and occasionally over 4kN (Bergmann et al. 1993). There is some
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reason to suppose that these forces might be lower in massive implants due to the 

lack of some muscles, but not significantly less. Maximum bending moments of 

53Nm had been recorded in the femoral neck during gait, 96Nm during stumbling 

in one subject and slightly less in another subject (Bergmann et al. 1993). The 

same study reported maximum axial torques of 40Nm during gait. Allowing some 

additional range for uncertainty about the corresponding maximum values of these 

forces and moments in distal femoral replacements, and also for some variability 

in the final 'zero' point in each range after welding and polishing, the following 

ranges were selected:

Chi shaft axial compression 6.5kN

Ch2,4 shaft bending moments ±150Nm

Ch5 shaft axial torque ±50Nm

Ch6 tip axial compression 3.5kN

The 'zero' position of each channel was set by offset resistors prior to the final 

weld, as in the Mkl method. For the axial force channels about 10% of the range 

was allocated to tension, to allow for variations during welding and polishing as 

well as to allow for some tensile component of load.

The amplifier gains were determined using the same analysis as was used for the 

Mkl design [#4.3.2], for axial compression. For the bending moments and torque, 

sensitivities to applied moments were calculated using the standard formulae for 

strains in cylinders:

Longitudinal bending strain 6y = M r / (I E) ---------------------------(4.10.1)

where M is the applied bending moment

r is the distance from the gauges to the neutral axis, 11.0mm 

I is the second moment of area of the cross- section, 13839mm"^

E is Young's Modulus, 106 GPa
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Direct (45°) torsional strain 8̂  = T r /(2JG)  (4.10.2)

where T is the applied torsional stress

J is the polar second moment of area of the cross-section (=2*1)

G is the shearing modulus = E / (2 (1+p)) 

p is Poisson's ratio, taken here as 0.33 for titanium alloy

The resulting maximum direct strains for the chosen maximum values of bending 

moment and torque are ±1125 and ±224pe respectively. The output from a full 

bridge wired for bending in response to a bending moment applied at 90° to the 

plane of the gauges is given by

dVo / deb = Vdd * k(l+p) / 2 = 14.0 ------------------------------------ (4.10.3)

The corresponding output from the bridge when wired to detect torque, in 

response to an applied torque, is given by

d Vo / det = Vdd * k =21  (4.10.4)

An additional 50% sensitivity is therefore obtained for the torque bridge, which 

therefore requires less amplifier gain. The amplifier gains were decreased by 15 to 

20% from those calculated, as a safety margin, since it was considered more 

important to have sufficient range than to attain the greatest possible resolution.
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4.11 Mk2 implant electrical design

The Mkl implant circuit was adapted and expanded to include the additional 

channels required for the Mk2. The overall circuit topology remained the same, 

but additional amplifiers and an 8-channel multiplexer were used to include the 3 

extra strain channels. The sampling frequency was reduced to lOOHz, to double 

the frame period available for the additional channels to 10ms. Based on the Mkl 

data, it was evident that this reduction in sampling rate would not detract from the 

measurement accuracy since most load changes occur at a much slower rate. Each 

strain channel was allocated a range of 210-1080ps, equivalent to 3 pulses of 

range 70-360ps, and two auxiliary channels were restricted to lie within a 

narrower range to maximise the range of the strain channels. These two channels 

were used to monitor the implant rectified induced voltage and any drift of the 

implant electronics. Any loss of coupling sufficient to cause errors in the data was 

prevented by telemetering the implant rectified input voltage, and the data logging 

software prevented the saving of data during periods in which this voltage fell 

below a set level. The temperature and humidity were measured and telemetered 

as before. The dynamic range of pulse periods for each strain channel was 

therefore 290ps, only 85% of that for the Mkl (340ps). However, the use of the 

more stable thin film strain gauges allowed a greater proportion of the total 

available bandwidth to be confidently used for strain measurement.

The implant circuitry was realised as two separate thick film assemblies: the main 

circuit and the R.F. circuit. The division of circuit functions was largely the same 

as was used for the M kl. The implant R.F. circuit was housed in a recess in the 

spigot of the distal shaft, adjacent to the coil recess, figure 4.60. This enabled easy 

access to the feedthrough and to the main circuit. Keeping the R.F circuit close to 

the coil helped to minimise R.F. coupling into the strain gauge connections and 

amplifiers. The main circuit was constructed as a four-layer sandwich of thick film 

circuit substrates, again using surface mounted components and soldering 

techniques. The overall length of the substrate package was reduced from 44mm 

(Mkl) to 30mm, by using smaller chip resistors and a more compact circuit layout.
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feedthrough

main cireuit RF cireuit implant eoil

Figure 4.60 Section through the instrumented part of the Mk2 prosthesis. The 

RT circuit interfaces the main circuit with the implant coil, via the feedthrough.

Figure 4.61 shows the thick film circuits for the Mk2 implant.

sub  1 pcb

y

Figure 4.61 Mk2 tip amplifier (top right), R.F. circuit, and 2 of the 4 substrates 

comprising the main circuit.
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The Mk2 coil location allowed a better theoretical power transfer efficiency than 

the Mkl, due to the increased diameter and volume of ferrite in the core. This 

improvement was offset by the greater proximity of the titanium body and the net 

improvement was only marginal ( t iu e  (m) m\a /  nuE  (m) mki = 1-2 to 1.4 [#B.5]). The 

same insulated gold wire was used as for the M kl, and the number of turns 

determined empirically for the best efficiency at the operating conditions. Ten 

turns was chosen, corresponding to a coil inductance of 7.25pH. One or two turns 

above or below this gave little change in performance and the value chosen 

allowed the coil to be tuned to the same frequency as the Mkl (1.4MHz) using a 

convenient value of tuning capacitance, 1.5nF. This allowed the same external 

electronics to be used for both systems without significant retuning.

Measurements of inductive link parameters were made and compared with 

calculated values, as in the Mkl analysis [#4.4.2.6, #B.4]. The corresponding 

efficiency values for the Mk2 link are tabulated below (Table 4.7). Paralleling the 

Mkl analysis, the calculated values again overestimated the measured values. The 

overall measured useful efficiency was 13%, compared to 9%-10.7% for the Mkl. 

From eqn. 4.4.8, since the primary circuit parameters are the same for the Mkl 

and the Mk2 links, the secondary flux (|)2 a  k / U2 . This product is 3.8* 10'  ̂for 

the Mkl and 8.9*10'^ for the Mk2, an increase of x2.3. A similar increase in the 

Mk2 efficiency would therefore be expected. The more modest increase (13 

instead of the M kl’s 10.7) reflects a reduction in the Mk2 secondary flux reaching 

the coil due to absorption by the surrounding metal of the prosthesis shaft.

R l ( Q ) r |T ( c ) T lT (m ) n u ( c ) T lU (m ) T lT E(m ) 'n U E (m )

00 0 . 5 7 8 0 . 4 4 5 0 0 0 . 2 9 3 0

2 k 0 . 3 9 5 0 . 3 3 4 0 . 2 1 2 0 . 1 7 9 0 . 2 3 9 0 . 1 2 8

I k 0 . 3 0 0 0 . 2 5 8 0 . 2 0 9 0 . 1 8 0 0 . 1 8 7 0 . 1 3 0

0 0 0 0 0 0 0

Table 4.7 Calculated and measured Mk2 link efficiencies (from #B.4).
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4.12 Mk2 microcontroller operations
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The principle of data digitisation and encoding is unchanged from the Mkl as 

discussed in #4.4.4, although the Baud rate is increased from 9600 to 14,400 in 

order to accommodate the extra channels at lOOHz. A total of 144 bits are 

therefore available of which 143 are used, the remaining bit from each frame 

accumulating and being sent as an occasional idle byte as for the M kl. 

Telemetered data are encoded as follows:

Channel 1 axial compression (shaft) AXS 13 bits

Channel 2 bending about AP axis BAP 13 bits

Channel 4 bending about ML axis BML 13 bits

Channel 5 axial torque TOR 13 bits

Channel 6 axial compression (tip) AXT 13 bits

Implant input voltage (channel 3): 

Control voltage (channel 7): 

Temperature, humidity, battery voltage: 

Instrumented crutches (for future use): 

Synchronization:

1 bit (sync, decoded)

1 bit (sync, decoded)

2 bits, (sync, decoded) 

11 bits each

13 bits

Total: 104 bits = 13x8 databits = 13x11 complete bytes = 143 bits sent per frame 

[#4.4.4.3].

Data compression is again employed to reduce the bandwidth, and in this case a 

constant of 1000 is subtracted from the timed pulse periods, and restored upon 

reception in the portable computer. The same radiotransmitter and receiver are 

used as for the M kl. The bandwidth (lOkHz) was sufficient for the greater Baud 

rate.



methodology 212

4.13 Assembly of the Mk2 prosthesis

The Mk2 instrumented prosthesis involved more assembly stages than the Mkl, 

due to the more complex mechanical assembly and welding operations. Three 

visits to the welding contractors were required because of intermediate polishing 

and adjustments to the electronics. After machining and polishing, the main shaft 

and tip strut were despatched for thin film strain gauging, attaching the flexible 

circuit and wirebonding the shaft gauges to it. Six PTFE encapsulated leads were 

fed through the hole in the stem end of the strut, and manually soldered to gauge 

pads at the tip end of the strut, figure 4.62. This required fine control of solder 

application and reflow, and the operation was carried out under a microscope. 

Solder was applied as paste and reflowed using a fine-tipped iron. Fine tweezers 

were used to hold the wire over each pad during soldering. A sleeve was used to 

protect the gauges during soldering. Excess flux was removed by washing in 

toluene.

Figure 4.62 The gauged tip strut with 3 soldered leads from each half bridge (3 

leads per side), and the end cap (left) with which the strut tip mates at its smaller 

diameter end.

Each strut was tested for correct resistances between gauges and for isolation from 

the metal body. A batch of wired tip struts, endplugs and prostheses were then 

taken for the first welding operations.
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4.13.1 Tip and feedthrough welds

Trial welds, carried out during development, had been made to devise a procedure 

for reliably welding the strut into its cavity without damaging it or the leads, 

which pass close to the weld. The initial strut design was slightly modified in the 

light of earlier failures due to metal vapour deposition over the gauges and melting 

of the soldered joints. A protective brass sleeve was used to cover the gauged 

faces while carrying out the first planetary weld (weld 3, figure 4.53). The endplug 

was next fitted and two further welds (4 and 5) performed to seal the strut. The tip 

of the stem was then domed, polished, and electrically tested under static load for 

correct sensitivity using a temporary amplifier.

During the same or a subsequent visit to the welding firm, a feedthrough was 

welded into each distal shaft. Two planetary welds (1 and 2, figure 4.53) were 

used to do this. The feedthrough was first welded into a holder which enabled it to 

be positioned deep within the diagonal hole linking the R.F. circuit cavity with the 

coil recess. A helium leak test was then carried out to ascertain the feedthrough 

hermeticity. A copper wire was crimped to the internal end of the feedthrough and 

the holder inserted in the prosthesis. The holder was then welded into the hole. 

This assembly was then prepared for wiring to the R.F. circuit and to the coil.

4.13.2 First electronics assembly stage

With the tip assembly welded and the 6 leads emerging from the shaft cavity, the 

main electronic circuit was wired to all shaft and tip gauges. This circuit consisted 

of a 4-layer sandwich of 3 5x18mm interconnected thick film circuits pre

assembled, tested and bumt-in, figure 4.63. Multistranded PTFE insulated leads 

were used for flexibility, and for resistance to heat and mechanical damage. With 

the circuit temporarily lodged inside its cavity, checks were made to ascertain the 

function of all channels. The distal shaft was temporarily inserted, and small 

known bending moments applied, during which the outputs of each channel were
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checked for correct changes in magnitude and direction. The immunity of other 

channels to each bending moment was also checked.
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Figure 4.63 The main implant circuit; top face and side views.

4.13.3 Shaft welds and second electronics assembly stage

During the second visit to the welding firm, the shaft outer sleeve was welded 

circumferentially at the shoulder end (weld 6) and then with a planetary weld 

between the two tubes at the cavity end (weld 7). During these welds, permanent 

stresses were unavoidably introduced into the structure which produced small 

offsets in the strain gauge bridges. The main electronic circuit was withdrawn 

from the open cavity (figure 4.64) and select-on-test resistors used to compensate 

for the locked-in stresses and also to set the output voltage for each channel 

corresponding to zero load. The bending and torsion channels were set to their 

mid-points and the axial compression channels to close to one end of the range to 

allow for maximum compressive strains. The R.F. circuit (not shown) was wired 

to the main electronics and to the feedthrough, figure 4.65, an earth screw being 

used to connect the electrical ground to the body of the prosthesis near the coil. 

Both circuits were lodged inside their cavities and restrained with silicone rubber. 

The two main parts were then mated, and further tests carried out to check the 

function of all channels. The main circumferential weld (weld 8) was then made to 

join the two main parts of the prosthesis shaft and to hermetically seal the 

instrumentation. This final weld added little or no additional stresses to the gauged 

sites. Finally the coil was assembled and encapsulated as described in #4.9.5.
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Figure 4.64 Temporary withdrawal of the implant circuit to solder resistors to 

compensate for locked-in stresses , and to set the zero point of each channel.

..  V

Figure 4.65 Before insertion of the RF circuit into the distal cavity, and mating 

the two halves of the prosthesis.

On the distal portion of the shaft (left hand side of figure 4.65) the coil recess can 

be seen with the slanted hole for the feedthrough holder (located in the upper right 

hand face of the recess). In the proximal (right hand) face of this distal shaft the 

recess for the R.F. circuit can just be seen, with the screw for attachment of the 

circuit ground to the body of the prosthesis.
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4.14 Mk2 calibration

Compressive axial loads were applied to the prosthesis with a computer-controlled 

Hounsfield loading machine. In order to calibrate the bending and torque 

channels, a rig was specially constructed which allowed pure bending moments 

and torque to be applied to the shaft region individually via a system of 

deadweights, nylon cord and pulleys (figure 4.66). A 'bending bar' of rightangle 

cross-section was bolted to the solid section of the shaft above the coil recess, via 

polyethylene bushes. In order to apply bending to the prosthesis in the plane of the 

bar, a pulley was bolted upright onto the bar at each end. The nylon cord was 

suspended to an upright strut of the rig, passed under the pulley below it, along the 

bar, over the other pulley and attached to a weightstand, figure 4.67. Deadweights 

were then used to apply a known bending moment to the shaft. The prosthesis was 

oriented in medio-lateral and antero-posterior planes using an engraved mark and 

a pointer. For the torque calibration, the pulleys were bolted to the underside of 

the bar and the cord run in a horizontal plane, over a third pulley attached to the 

rig in order to apply the torsional stresses using deadweights (figure 4.66). For 

both these modes, it was important to keep the cord at both ends of the bar parallel 

so as to prevent unwanted loading modes. This was achieved using 2 plumblines 

for bending, the verticality needing to be adjusted fi-equently as the prosthesis 

moved significantly in the plane of the applied moment. For torque, no such 

movement took place since there was no axial deformation, and it was sufficient to 

set the cord horizontal and parallel initially using a spirit level.

In order to calibrate the prosthesis at known temperatures, thick-walled plastic 

containers were used to enclose the entire prosthesis when mounted in the axial 

loading machine or in the moment rig. 200W of electrical power was dissipated in 

heatsinks and a fan circulated the heated air around the prosthesis. The 

temperature in the vicinity of the shaft instrumentation was sensed by a platinum 

resistance thermometer and PID controlled to several set temperatures around 

37°C during calibration. The temperature coefficient of each strain channel (with 

the prosthesis unloaded) was calculated and logged in the prosthesis data table for 

automatic in vzvo temperature compensation.
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Figure 4.66 The rig for Mk2 bending and torque calibration. The prosthesis was 

supported vertically at the shoulder and stem tip, a horizontal bar attached to the 

distal shaft, and moments applied via deadweights, string and pulleys. The 

configuration shown is for the torque calibration.

This method of maintaining constant temperature around the prosthesis was 

preferred to a water jacket, as it was then possible to heat the prosthesis uniformly 

rather than locally. Also, as a larger volume of air was maintained at the controlled 

temperature, fluctuations due to switching of the heater were less apparent than
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when circulating water was used. The method used resulted in good temperature 

control and no rapid temperature fluctuations were noticed.

M

j pulleys

supports

Figure 4.67 Mk2 calibration arrangement for bending.

4.14.1 Matrix method for channel separation

For each applied stress type, data was logged at the set temperature over 5 seconds 

(500 records) using the data acquisition system [#4.15] and averaged. 10 or 11 

values of applied load in each direction over the dynamic range of each channel 

were used to ascertain the linear sensitivity of each channel to each applied load, 

and the cross-sensitivities were combined in a 4x4 calibration matrix. Using the
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same method of accounting for cross-sensitivities of all channels to applied loads 

as that used by Bergmann (Bergmann et al. 1982), the inverted 'calibration' matrix 

yielded a 'measurement' matrix which was then stored in a table for each 

individual prosthesis in the data acquisition programme. The calibration was then 

checked by applying loads and observing the indicated readings of all channels. 

Temperature sensitivities of each channel were determined as described above. 

These were then used to normalise the raw data to 37°C before the matrix 

calculations. Small temperature sensitivities were found which were generally 

larger for the channels which required most amplifier gain, and were attributed to 

the strain gauge bridges, titanium expansion coefficients and amplifier 

components. Calculations showed that these were likely to contribute the most to 

temperature sensitivity in the instrumentation.

4.14.2 Sensitivity discrepancies

When calibrating the first trial Mk2 prostheses, a 2% discrepancy was discovered 

between sensitivities measured when loading in diametrically opposite directions 

during bending and torque loading. This difference in sensitivity was apparent in 

each tested prosthesis, and the same difference was found for each couple mode 

(both bending directions and torque). This was at first thought to be due to a 

mechanical problem with the calibration rig or to some mechanical discontinuity 

within the prosthesis. It was concluded that the implant electronics was the most 

likely cause of the observed nonlinearity, despite having been tested earlier for 

linearity. This was surprising because each individual slope had been calculated 

using a linear regression programme which yielded a high degree of linearity for 

each. The distribution of the resultant errors had suggested a possible curvature, 

but this was not initially recognised as such. No similar nonlinearity was noticed 

during axial compression, as this calibration mode did not involve two separate 

load directions (only compression being used), and the full load range was not 

applied. The same nonlinearity was also likely to be present in this case. The strain 

levels were not high enough to allow the strain gauge bridges to be the cause of 

the observed nonlinear behaviour.
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Another problem arose during the trial calibrations, concerning variable torque 

cross-sensitivity to applied bending. This was traced to the prosthesis not being 

truly vertical in the plane orthogonal to that in which the bending was applied, 

resulting in a small torsional sine component being applied to the shaft. This was 

corrected using a spirit level to check the alignment of the prosthesis shaft 

vertically in the relevant plane throughout the loading. This was done by adjusting 

the calibration frame initially, and no discernible bending then took place during 

the loading.

In order to linearise the implant electronics, the following method was used. One 

of the moment channels was used to construct a raw dataset across the entire 

dynamic range of the implant instrumentation. This corresponded to 

approximately ±150Nm of applied bending. The applied bending moment was 

assumed to be linear across the entire range, observing the above precautions to 

eliminate possible unwanted sources of stress. Data was logged at approx. 1 ONm 

intervals in opposite directions (e.g. medial and lateral) and the data combined to 

produce a dataset across the full range. A quadratic was fitted to the data and its 

coefficients deemed to represent the nonlinearity of the implant instrumentation 

for that prosthesis. Each incoming digitised pulse interval was then initially 

linearised using this quadratic before being logged during calibration or combined 

in the measurement matrix during data acquisition. In this way, the nonlinearity 

did not invalidate the matrix method. The linearised data was tested when bending 

was applied in the orthogonal direction and also for torque. Both resulted in a 

tenfold improved agreement between opposite load applications, from 2% to 

0.2%.

4.14.3 Resolution and accuracy

Although the digitising resolution is 0.125ps, the telemetry system effectively 

imposes a measurement resolution of one half cycle of the energising signal period 

(0.35ps). Signal averaging (used during calibration) tends to improve this figure.
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The amplifier noise further degrades the overall system resolution however [#D2]. 

Table 4.8 lists the channel resolutions corresponding to the digitised and 

telemetered signals, together with the effective resolution governed by the system 

noise.

channel and units resolution (N or Nm)

telemetered digitised effective

1 shaft axial compression, N 2.5 0.9 7.0

2 medial / lateral bending, Nm 0.11 0.04 0.11

4 anterior / posterior bending, Nm 0.11 0.04 0.11

5 axial torque, Nm 0.04 0.014 0.04

6 tip axial compression, N 1.4 0.5 1.8

Table 4.8 Telemetered, digitised and effective (inch noise) resolutions for the 

five Mk2 strain channels.

The accuracy of these measurements is more difficult to determine theoretically. 

Short-term repeatability at 37°C was good although hysteresis of 1% of range was 

found between mid-range loading and unloading points of the calibration range. 

Long-term static accuracy is not known but any degradation would be primarily 

attributable to the strain gauges, for which no long-term drift data under strain is 

available. No change in static accuracy was detected over the fatigue test however 

[#4.9.4]. As previously discussed [#4.10.1], attempts have been made to minimise 

these effects by using thin film strain gauges.

Reference

4.14.1 Bergmann G, Siraky J, Rohlmann A, Kolbel R. Measurement of spatial 

forces by the 'matrix* method. Proc. 9th world congress IMEKO, 

Berlin, 1982, pp395-404.
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4.15 Mk2 data acquisition system

The same computer-based data acquisition equipment was used as for the Mkl, 

with some enhancements to the software and more overall portability of the 

equipment. A lightweight (1.8kg) 40MHz 80486 'handbook' PC was used with a 

smaller battery powered radio receiver, allowing the data capture station to be 

completely portable. This enabled setting-up times for measurement sessions to be 

reduced, and also allowed easy use with more permanent fixtures such as stairs 

and treadmills. Measurement sessions at other laboratories have been easily 

carried out, and it would be possible to transport the system to the subject if 

required.

The Mk2 data acquisition portable computer is required to cany out broadly the 

same functions as for the M kl, but several factors combine to increase the 

processing burden. These are: the increased system bandwidth, additional 

arithmetic functions required in real time, and VGA display. The first two of these 

are necessary if data is to be processed in real time. The VGA display is not 

essential but affords greater clarity and resolution to the display. A well defined 

filing system was used for all calibration and data acquisition files, due to the 

greater number of channels and subjects [#4.15.3]. At the end of each session the 

captured data was copied onto another PC and tape backups were made at 

intervals.

4.15.1 System bandwidth requirements

The increased system bandwidth is a function of the number of data channels, the 

sampling frequency and the resolution. In comparison to the M kl, the number of 

data channels has been increased by a factor of 3.5, the sampling frequency has 

been halved, and the resolution has remained broadly the same. These effectively 

combine to increase the system bandwidth by a factor of 1.75, which accounts for 

the increased Baud rate. Only a 50% increase in Baud rate was required 

(14.4kBaud as opposed to 9.6kBaud for the Mkl), rather than the 75% suggested
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above, because two data channels are constrained to have a reduced range as they 

are being used to telemeter status information rather than strain data.

4.15.2 Unpacking and arithmetic operations

Data are unpacked from the serial bit stream in the same way as for the Mkl and 

sorted into the separate channels. The 1000 constant subtracted from the original 

data is then added back to restore the counts proportional to the timed pulse 

periods. The data are then linearised using the quadratic equation discussed in 

#4.14.2 and then further corrected for temperature deviations using the stored 

coefficients. These data are then transformed by the cross-sensitivity matrix. The 

results are in units of Newtons for the axial load channels and in units of Newton- 

metres for the moment channels. These operations involve at least 6 floating-point 

multiplications and 6 additions per channel per data sample, in real time.

4.15.3 File structure and data logging

It was very important that a well structured filing system be used for the Mk2 data, 

since there was a real possibility of confusion between subjects, sessions and 

activity records. This was also true to a lesser extent for the Mkl data, but for the 

Mk2 there were many more calibration files as separate calibrations were carried 

out for each loading mode. These files were used to determine the slope of each 

loading condition and confusion would have led to erroneous measurement 

matrices being created. Each file created during data acquisition contained the 

following information about the record in its filename:

the prosthesis number, 

the session number, 

the activity number, 

the weighting of the record.
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The weighting code showed whether or not the data had been transformed by the 

measurement matrix. In addition, the first character of the filename contained no 

essential information so that in the event of inadvertent deletion no identification 

would be lost. The filenames were of the format:

P01-04AW.TXT

where 01 is the prosthesis number, 04 is the session number, A is the activity code 

letter and W denotes a weighted file. To provide a second level of protection 

against wrong identification, the essential details of the record were also included 

in the file as a header.

Files produced during calibration were given a different labelling system in which 

the loading mode, direction of loading, prosthesis number and weighting were 

identified. Separate directories were used for files created during calibration, 

check calibration and data logging.

A menu structure in the data acquisition software allowed rapid selection of 

activities within each prosthesis. Data required to be input to the database included 

the session number and subject weight during that session. Upon selection of an 

activity, a dual-trace chart was displayed showing two channels selected from 

another menu. A sample of predefined length (usually 10 seconds) could then be 

initiated upon a single keystroke, and the data saved to disk under the 

(automatically selected) appropriate filename.



results 225

5 Results and clinical findings to date

Although peripheral to the main subject matter of this thesis, a small selection 

from the extensive amount of data acquired so far is presented here. The Mkl 

study is complete, and the main findings are given. The first Mk2 subject is at 2.5 

years post-op at time of writing; the second at 22 months (the study of this subject 

is now also complete, #5.1.2). Data is given to highlight the main clinical findings 

to date. The volunteer subjects will be introduced, the measurement session 

protocol presented, and a summaiy of the data reported.

5.1 The human subjects

5.1.1 Mkl subjects

Two subjects were implanted with Mkl instrumented proximal femoral 

replacements. The first subject was a 46 year old male (IM) who had a large clear 

cell chondrosarcoma in the right hip and proximal femur. As a result of a ten year 

history of bone tumour, the right femur measured 428mm, 47mm shorter than the 

left (475mm). The normal length was restored by the prosthesis, which was 

custom-made for the subject and extended to the mid-femoral level, leaving a 

residual femoral length of 238mm. The distance from mid-condyles to base of heel 

measured 510mm. The tumour required the removal of the bulk of vastus lateralis 

and a large component of the psoas tendon, and the abductors were sutured over 

the tensor fascia lata. The principal dimensions of the modified prosthesis were 

shown in figure 4.12. Pre- and post-operative x-rays of the right hip in the frontal 

plane are shown in figure 5.1. The IM stem, with implant coil beneath the tip, is 

also shown.

The second subject (DG), also a 46 year old male, underwent the same operative 

procedure as the first subject for removal of a giant cell tumour of the proximal 

third of the left femur, and was supplied with a slightly shorter prosthesis 

(dimensions also given in figure 4.12). Unfortunately, after implantation a
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Figure 5.1 Pre- and postoperative x-rays for the first subject. The circuits can 

be seen in their cavities, and the implant coil beneath the stem tip.

problem was discovered with the data from the tip channel. The recordings did not 

appear to be those of axial force, and it is now suspected that this channel 

measures the out-of-plane bending moment. It was most unfortunate that the 

problem was not diagnosed at the calibration stage. For this second prosthesis 

calibration was only carried out for head-tip loading, which in hindsight was a 

mistake, since an axial load would have detected almost zero output for the tip 

channel if wired for bending. The head-tip calibration slope measured was only 

about 20% of that expected, and at the time this was thought to be due to an 

incorrect amplifier gain. However, calculations show that the anteverted hip would 

produce an out-of-plane bending strain of about this magnitude, and it appears that 

this is the most likely cause of the observed reduced sensitivity. The lesson learnt 

from this was to fully calibrate the prosthesis under all anticipated loading
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conditions, as was done for the Mk2 prostheses. The second subject has only been 

used therefore to record data from the shaft force channel, for comparison with 

that from the first subject.

5.1.2 Mk2 subjects

Two subjects have so far been implanted with the Mk2 prosthesis, although the 

project is currently ongoing and further mechanical and electronic components 

have been made and partially assembled for future implantation. The first subject 

(GF) was a 41 year old female who had a complicated tumoural diagnosis 

requiring extensive resection of the distal femur and knee joint. Both features 

which are now routinely used with this type of massive replacement, i.e. the 

SMILES rotating hinge knee joint and the use of hydroxyapatite coating on the 

shoulder of the prosthesis, were combined in this instrumented prosthesis. In view 

of the extensive resection required and in the light of the discussion presented in 

#4.9.1, this fixation might be expected to loosen sooner rather than later and so the 

use of both these features was preferred in the expectation that they would be 

effective in prolonging the fixation. It is the main purpose of the Mk2 study to 

determine their effectiveness, by comparing the performance of prostheses 

supplied with different combinations of these two features in the long term. Figure

5.2 shows the prosthesis and post-op x-ray taken in the frontal plane for this 

subject. The macrogrooves machined into the shoulder of the prosthesis, implant 

coil recess, and the structure around the electronics cavity can all be seen.

The second Mk2 subject (VN) was a 69 year old male who had experienced 

several previous failed femoral reconstructions. No bone tumour was present. The 

previous prosthesis was replaced with a one-half Mk2 instrumented distal femoral 

replacement having a SMILES knee joint. No hydroxyapatite coating was used. It 

is unfortunate that this subject has a very weak patellar tendon which prevents him 

from extending his knee, and his gait is therefore atypical. This only became 

apparent after the operation, and he cannot walk without crutches. At nearly 2 

years post-op the surgeon decided to reconstruct the fixation in view of the
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Figure 5.2 The first Mk2 distal femoral prosthesis and post-op x-ray.

subject’s poor outlook and because the prosthesis was radiographically loose, and 

the telemetric prosthesis is to be replaced with a standard implant. This revision 

was not required because of the telemetric prosthesis, and although the subject’s
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condition was not originally foreseen, these events have provided an opportunity 

to compare the clinical diagnosis (‘radiographically loose’) with that deduced 

from the telemetered data [#5.4.1, #5.5].

All subjects gave their informed consent to taking part in the study, after the 

details of the modifications to the prosthesis had been explained and the procedure 

for the measurement sessions outlined.

5.2 Experimental protocol for the measurement sessions

Subject IM (Mkl) was previously shown during a measurement session in figure 

4.8. The first (left) and second (right) Mk2 subjects are shown during 

measurement sessions in figure 5.3, each with external electronics box, coil, and 

data logging computer. The design of the external coil has been rather 

evolutionary. The early design was rather too heavy and caused the coil to slip 

down the leg during gait activities, but the combination of a lighter construction 

and a material for the coil sleeve which gripped the leg better have been more 

successful. Measurements on the Mkl subjects were made initially with the 

heavier external coil sleeve in contact with the leg. Wearing cotton lycra shorts 

improved the grip while allowing the coil to remain in position, and this 

arrangement was used thereafter. A very satisfactory arrangement has now been 

found which is used for the Mk2 subject. The subject wears trousers of a fabric 

which grips the coil sleeve material. The coil design itself has been simplified and 

made lighter so that the result is that the coil remains in place throughout the 

session.

Each session commenced with the subject lying supine for 5 minutes with the 

implant energised, to allow the implant electronics to reach steady state operating 

temperature. In the Mk2 sessions, this was not strictly necessary since the data 

was temperature compensated. A data sample was then taken with the subject 

relaxed. The subject was then asked to perform the same sequence of activities.



results 230

Figure 5.3 The first and second Mk2 subjects during measurement sessions.

for a period of 5-20 seconds depending on the activity. The activities performed 

by the Mkl subjects were:

A Resting supine

B Repeated ankle movement

C Repeated tensioning and relaxing of quadriceps

D Repeated tensioning and relaxing of glutei

E Getting out of bed

F Rising from a chair

G Sitting onto a chair

H Level walking

I Stair climbing

J Stair descending

K Treadmill walking (several speeds)

L Exercise bicycle pedalling against a fixed load

M Standing on the prosthesis leg only

N Jogging
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Some of these activities were very subjective, i.e. the effort expended depended on 

the energy and willingness of the subject on the particular day. Other activities 

(gait activities) were more repeatable. The subject's weight was taken each session 

in order to normalise the data in terms of bodyweight. Some activities were not 

possible immediately postoperatively, e.g. stair climbing.

Although of more general interest to physiotherapists and biomechanics, little use 

was made of the muscle exercise data from the Mkl subjects. In the Mk2 sessions 

the voluntary muscle activities were abandoned, as were getting out of bed and 

exercise bicycle pedalling. Although of possible interest in a rehabilitative context 

they were not directly relevant to the fixation studies. For the Mk2 subjects 

therefore it was decided to concentrate on fewer activities for which the data 

would be more meaningful. Isometric muscle activities were carried out during 

additional sessions at Oxford Orthopaedic Engineering Centre, during 

simultaneous gait analysis, #6.3 (Lu et al. 1997).

5.3 Data from the Mkl proximal femoral replacement subjects

The following data refer to subject IM, except where otherwise indicated. These 

and other data were recently published (Taylor et al. 1997).

5.3.1 Gait cycle profile and forces

During level walking, figure 5.4 shows data recorded at 6, 12 and 18 months for 

the axial forces at the shaft and at the stem tip during a single gait cycle, in 

multiples of bodyweight. The shaft and tip forces were generally in phase as 

expected, although some nonlinearity between the two channels was found which 

varied with time post-op [#5.3.4]. The force profile was double-peaked and 

developed over time, with two main peaks occurring after heel-strike and before 

toe-off, the first main peak usually being larger. Force magnitudes for all Mkl gait 

activities reported here were calculated as excursions from the baseline level prior
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Figure 5.4 Forces recorded during level walking at 3 measurement sessions.
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to the onset of the stance phase. This was in order to eliminate the baseline 

(resting) level (typically 400-500N in the shaft and 100-200N at the stem tip) from 

the calculations. The reason for this baseline force was not diagnosed; possible 

causes are residual muscle tension (partly due to the prosthesis shaft being longer 

than the excised femoral bone, in order to lengthen the leg in the first subject) or 

strain gauge drift. The term 'force excursion' refers to the difference between the 

greatest peak value and the baseline force value which occurs just before the onset 

of stance during a gait cycle, figure 5.4. The tip / shaft ratio is the numerical ratio 

of the tip force excursion to the shaft force excursion.

The forces recorded during ascending and descending stairs were similar to those 

for level walking, both in magnitude and general profile, figure 5.5. However, the 

first of the two main peaks was the largest force peak during ascending, while the 

second was largest during descending. Whilst walking on a treadmill, the peak 

forces were generally about 20% lower than those for the other gait activities.

5.3.2 Force progression over time

The tip and shaft forces, averaged over 4-8 consecutive cycles, for level walking 

are plotted against time in figure 5.6 (left axis) together with their ratio (right 

axis). There was a steady increase in both forces with time but no significant 

further increase after 8 months, by which time the shaft force excursion had 

reached 2.6xBW and the corresponding stem tip force excursion 1.3xBW. From 1 

week to 6 months postoperative, the shaft force increases can be largely attributed 

to an increase in walking speed and gradual less dependence on the stick, while 

after 8 months further increases were modest. The tip / shaft ratio steadily 

increased with time from 0.25 at 1 week to a maximum of 0.7 at 15 months, after 

which there was no further increase. For the second subject, the shaft force 

progression over time was similar. The force increased steadily up to 8 months, 

reaching 2.5xBW, after which there was only a small increase (up to 2 years).
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The corresponding progression for stair climbing is given in figure 5.7, where 

steps were negotiated singly until 4 months postoperative and thereafter normally 

(each foot traversing two steps at a time). Here too, the tip / shaft ratio peaked at 

15 months, but with a value of 0.61. The subject was allowed to use the handrail 

for support when necessary.
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Figure 5.5 Forces recorded during ascending and descending stairs.
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5.3.3 Comparison between various activities

The forces and the tip / shaft ratios recorded over 5 activities during a single 

session, at 20 months postoperative, are shown in figure 5.8. Similar force 

magnitudes were recorded for walking and traversing stairs, with reduced 

magnitudes for treadmill walking. The lowest forces were recorded whilst 

pedalling an exercise bicycle against an applied load.
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Figure 5.8 Force excursions and tip/shaft ratios recorded over 5 activities 

during a single session, at 20 months postoperative.

5.3.4 Hysteresis in the fixation

Evidence of loosening of the intramedullary stem in the bone might include 

nonlinear behaviour caused by micromotion and slippage between the 

prosthesis/cement and cement/bone interfaces. In order to determine the degree of 

nonelasticity of the prosthesis fixation during walking, the difference between the
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shaft force and the tip force (i.e. the load carried by the shoulder and IM stem) was 

plotted against the shaft force for readings logged over a complete gait cycle. Two 

such plots, for single cycles at 8 and 23 months, are shown in figure 5.9. It was 

found that in general a hysteresis loop was produced. The area of each individual 

loop, corresponding to the hysteresis produced during a single gait cycle, was 

determined by numerical integration, and then divided by the shaft force excursion 

in order to produce a force corresponding to the mean loop height (and therefore 

the mean hysteresis) during the cycle. Mean loop heights were determined for 

several (n = 5 or 6) consecutive gait cycles in this way, and plotted against time in 

figure 5.10. ANOVAs performed on data recorded during the sessions indicated 

with an asterisk (approx. 2.5, 5, 10 and 20 months) showed significantly different 

means (p«0.001). The hysteresis effect shown here is interpreted as a measure of 

the nonlinearity of the fixation. The data shows that shortly after the operation the 

fixation behaved in an almost elastic manner when loaded but as time progressed 

the nonlinearity increased and peaked at between 8 and 12 months, thereafter 

decreasing slightly.

5.4 Data from the Mk2 distal femoral replacement subjects

Measurement sessions have so far been carried out with the first two Mk2 subjects 

over 30 and 20 months post-op respectively. The first Mk2 subject required 

chemotherapy and radiotherapy as part of her ongoing treatment and this 

precluded her fi-om attending for two sessions, which gave a gap in the 

progression data between 10 and 21 weeks post-op. The study of the second 

subject is now complete [#5.1.2].

5.4.1 Gait cycle profile, forces and moments

Figures 5.11 and 5.12 show the forces and moments recorded at 1 year post-op for 

the first and second subject respectively during walking. The tip and shaft forces 

are plotted against the left-hand axis in Newtons, and the bending moments about
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Figure 5.12 Forces and moments recorded at 1 year post-op (subject VN).

the medio-lateral (ML) and antero-posterior (AP) axes together with the axial 

torque are plotted against the right-hand axis in Newton-metres. For the second 

subject the AP bending moment at the tip was also measured. Samples are plotted 

on the horizontal axis (at 100 per second). The point of heelstrike was determined 

using a CODA motion analysis system, figure 5.13, and found to coincide with the 

moment at which the axial force increases abruptly, here at 700N force (subject 

GF). The axial torque remained low, and almost totally in an inward rotating 

direction during gait. The bending moment about the AP axis peaked at 45-55Nm 

and caused the prosthesis to bend in a concave fashion when viewed from the 

medial aspect. The bending moment about the ML axis peaked at 25-45Nm and 

caused it to bend in a concave fashion when viewed from the anterior aspect.

5.4.2 Force progression over time

The tip and shaft forces and their ratios for subject GF are plotted in figure 5.14, 

together with those for the first Mkl subject for comparison. The shaft force 

magnitudes for both subjects are broadly comparable over the 2 year period.
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However the tip forces were significantly lower for subject GF than for subject 

IM, with the tip/shaft ratio only 33% at 1 year post-op, rising to 49% at 2 years.

heelstrike and toe-off during walking
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Figure 5.13 Simultaneous telemetry and motion analysis data for the first Mk2 

subject: shaft axial force with heel vertical and horizontal positions. The point of 

heelstrike is given by the minimum ‘heel vertical’ with steady ‘heel horizontal’.
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Figure 5.14 Tip and shaft forces and their ratios for subjects IM and GF over 

the first 2 years post-op.
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5.5 Summary of results and preliminary conclusions

All four subjects contributed useful data, but the lack of any meaningful tip force 

data from subject DG meant that only the other three subjects contributed to data 

on the load distribution in the fixation, since the tip / shaft ratio was required to 

indicate this distribution. The tip / shaft ratio of axial force in subjects IM, GF and 

VN are given in Table 5.1 at 6 month, 1 year and 2 year postoperative periods. For 

each subject, the shaft was either coated with HA or not, as indicated, and the 

transection point is given as a percentage of the femoral length measured from the 

knee upwards. It is then possible to make a correlation between the transection 

point location and the fixation (as indicated by the tip / shaft ratio).

Tip / shaft ratio

Subject Transection 

point (%)

6 months 1 year 2 years

IM (Mkl) 

Uncoated shaft

52 48 56 62

GF (Mk2)

HA coated shaft

70 21 33 49

VN(Mk2) 

Uncoated shaft

60 82 90 98*

*21 months post-op

Table 5.1 Tip / shaft ratios for the 3 subjects, at 3 periods post-op.

Following the simple biomechanical analysis given in #4.2.1 and #4.9.1, both 

proximal and distal femoral replacements might be expected to loosen sooner if 

the transection point (TP) was higher (nearer the hip) than if it was lower (nearer 

the knee). Comparing the two prostheses without HA coating (one proximal, one 

distal), the prosthesis with the greater TP was found to have a far greater tip / shaft 

ratio at 6 months. The prosthesis with the greatest TP (the HA coated distal) was
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found to have the smallest tip / shaft ratio, even at 2 years. It might therefore be 

concluded that the HA coating is effective in maintaining or reinforcing the 

fixation at the shoulder, thus prolonging the life of the fixation. This preliminary 

conclusion must now be confirmed using other instrumented implants. For both 

Mk2 subjects, axial torques were below 8Nm peak throughout all activities. This 

is attributed to the SMILES rotating hinge knee joint. The combination of this 

knee joint and HA coating is therefore (from one subject so far) considered to be 

an effective means of prolonging the fixation at least in the early years.

The very large tip / shaft ratio for the second Mk2 prosthesis, as high as 82% at 

six months but 98% by 21 months, was probably at least in part due to the absence 

of HA coating on this prosthesis. It is clear that the telemetered data supported the 

radiographic data in this case. When the surgeon came to remove the prosthesis it 

was found to be totally loose in the bone cement.
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6 Discussion

Since the main aim of this thesis is to present the technology of the telemetry 

system rather than the measured data, this discussion will be limited to operational 

aspects and future improvements to the system, with a final section on the various 

uses and limitations of the data. The Mkl data are presented in greater detail 

elsewhere (Taylor et al. 1997), and the Mk2 data are yet to be submitted for 

publication. The instrumented prostheses were designed to provide long term 

readily accessible data, and as such represent a significant engineering advance 

which has enabled the scientific studies presented in #6.3 to be achieved.

6.1 Experience with clinical use of the telemetry system

The very early studies with the first Mkl subject suffered from inadequate data 

acquisition software. A significant time delay occurred between acquiring the data 

and being able to display it, and often the data would not have been received 

correctly which required the activity to be repeated for no good clinical reason. 

The implanted instrumentation and powering system worked well from the outset. 

A great improvement in the user interface was achieved when the data acquisition 

code was rewritten in the C language by the first subject himself! This took place 

about 6 months after his operation, and thereafter data has been able to be 

displayed in real time on the PC display, which enables any communication 

problem to be immediately recognised before attempting to acquire data.

Since the system is entirely portable, it is possible to carry all the external 

apparatus to and from the physiotherapy gymnasium or gait laboratory for each 

session. The heaviest part is the portable PC itself (the latest 486 model weighing 

2kg) and the entire system as used routinely can easily be carried by one person. 

Setting up takes about 5 minutes. Some problems were encountered at times with 

radio communication, but these were overcome using a modified transmitter aerial 

arrangement. Occasionally it takes some minutes to locate the external coil in the 

right place on the leg and tune it to the resonant frequency of the implant. A
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variety of external coil sizes are available to cope with variation in leg girth. The 

coils therefore have different inductances which requires adjustment of the 

external capacitor to retune to the implant frequency. The adjustment needs to be 

made to within a few picofarads and is accomplished by tuning so as to minimise 

the energiser current using a digital multimeter. Once the two tuned circuits are 

sufficiently coupled to transmit valid data the PC can be used to fine tune the 

adjustment so as to maximise the rectified implant voltage. Once tuned, no further 

adjustment is needed, and it is only necessary to maintain the external coil in 

position. About ±50mm of movement is tolerated (if the batteries are well 

charged) before the signal is too weak to be reliably detected.

The subjects are not encumbered by the lightweight energiser or coil, and valid 

signals are recorded during walking or stair climbing over a distance of at least 

15m. Experience with use of the telemetry system in conjunction with motion 

analysis systems and instrumented forceplates has shown that data can be acquired 

simultaneously from both without any interference between the systems. This is in 

part due to the completely wireless nature of the telemetry system which avoids 

any earthing conflicts or cable pick-up problems. Significant signal interference 

was experienced on EMG recordings where electrodes were placed next to the 

external coil, and therefore EMGs were recorded with the telemetry system 

switched off.

Over the 6 years since the implantation of the first Mkl prosthesis, there have 

been several failures of the Mkl in vivo devices. The first prosthisis produced data 

from both channels until 3 years post-op, after which the tip channel functioned 

only intermittently. Data could still be obtained from this channel if the subject 

stamped his foot and so the most likely cause is damage to one of the cormecting 

leads between the strain gauges and the main circuit. At 5 years data was still 

obtainable from the shaft channel, but at 6 years the implant tuned circuit was 

dysfunctional. (This condition is detectable by virtue of the interaction between 

the implant and external circuits.) The most likely cause of this failure is either 

breakage of a coil lead (open circuit) or breakdown in the soft encapsulant.
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(leading to a greatly reduced Q). The same failure was evident in the second Mkl 

prosthesis at 4 years. However, there have been no failures on any channels in 

either Mk2 prosthesis, nor any reduction in tuned circuit performance. It is likely 

that the more integral mechanical design of the Mk2 coil has helped to protect it.

6.2 Future improvements and modifications to the system

The overall scheme of inductive powering and passive signalling has worked well, 

realising the benefits of long instrumentation lifetimes, equipment portability, and 

freedom of movement for the subjects. Most of the development effort was 

directed towards the essential features of the system (implanted instrumentation, 

coil encapsulation, telemetry system). There is no need to further reduce the size 

of the implanted instrumentation, but the external circuitry could be further 

miniaturised by using surface mounted components and using batteries having a 

greater energy density. It should then be possible to strap the external electronics 

directly onto the leg. This would reduce the coil cable length, and therefore 

capacitance, and enable external circuitry to be permanently tuned for a particular 

subject. This would lead to almost no setup time being required. Also, the system 

would then be more mechanically robust for use with activities such as swimming 

or athletics. This level of activity may not be appropriate for the current bone 

tumour subjects, but would be possible in total knee replacement subjects (#7).

One possible improvement to the implant circuit might be to alter the topology of 

the voltage to period converter [#4.4.3.5] to average the analog input over the 

ramp time, thereby averaging the input over more of the sample period.

6.3 Limitations of, and other applications for, the data

Clinical studies are often subject to many variables which it is not possible to fully 

take into account. It is therefore necessary to make as many measurements as 

possible of the desired parameters, from as many different subjects (n) in order to
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allow the results to be statistically significant. A fundamental difficulty in clinical 

studies involving telemetric implants is that it is almost impossible to obtain 

sufficient numbers of implants to reach a statistical conclusion. At best therefore, 

the data can be used as observational quantitative data, and may be used to 

corroborate data from other sources, e.g. radiographic studies. This objection 

applies to all but perhaps the last of the following possible uses for the data.

Data from instrumented implants have a number of possible uses. These include:

1 Clinical studies such as the loosening study undertaken in this case,

2 Comparison with similar data from other research groups,

3 Rehabilitation studies,

4 Input data for fatigue testing of implants and for joint simulating machines,

5 Validation of mathematical models.

The instrumented massive femoral implants reported in this thesis have been used 

in each of the above applications, as briefly outlined below, and as such have 

helped to advance the body of scientific knowledge associated with each.

It was the main aim of this work to use the instrumented implants to quantify the 

loosening problem in a few specific fixations, with the objective of then testing 

the efficacy of certain fixation-enhancing features such as HA by comparing data 

from the different fixations. This has been achieved for a limited number of 

implants. The data analysed so far confirms the current body of knowledge on 

implant fixation, and suggests new hypotheses for further investigation, e.g. the 

hysteresis observations [#5.3.4].

By confirming the levels of force measured by other groups (chapter 3) in total hip 

replacements (where this is valid) the credibility of the measurements is increased. 

The resultant hip force determined by others can be compared with the axial shaft 

force in the massive implants, since the hip force acts at 13-25 degrees to the long 

axis of the femur (Bergmann et al. 1993), resulting in only 3-9% difference in the 

resolved force. For example, the peak force measured during walking at 3km/h in
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a total hip subject was 3.5xBW (Bergmann et al. 1993) and in the proximal 

femoral prostheses was 3.4xBW at a speed of about 5km/h (Taylor et al. 1997). 

Had the peak forces been different by a factor of two some explanation would 

have been required.

The data from the present studies have not been used in a rehabilitation context, 

apart from one study to investigate the femoral forces generated during 

‘osteogenic’ exercises (Bassey et al. 1997). The aim was to compare the ground 

reaction force with the telemetered shaft force in the prosthesis and to investigate 

relations between the shaft force and the electromyographic signals recorded 

during the exercises. The exercises used had previously been assessed for 

osteogenic benefit and reduction in long-term fracture risk in women. The study 

enabled the femoral force (assumed proportional to bone strain in normal subjects) 

to be correlated with exercise, which helped to focus further studies to identify 

exercise regimes which increase bone mineral density.

By making various assumptions about lines of action of ligament forces, the axial 

shaft force data measured in the first Mk2 distal femoral replacement subject was 

translated to the knee hinge, yielding the first telemetered / calculated data on knee 

joint forces. This data has been used as input data for a knee simulating machine. 

The AP shear force at the knee was also estimated from the bending 

measurements and geometry, although shear forces were not measured in the Mk2 

prosthesis. The knee simulator is designed to apply physiological loads to various 

designs of total knee replacement, as a wear test of the tibial plastic component.

Computerised models of the lower limb of varying sophistication have been 

developed elsewhere, and the instrumented implants offer the opportunity to 

validate these models by comparing the telemetered forces and moments with 

those determined externally using the combination of instrumented forceplates, 

kinematics and electromyography. Valid models which are customised for the 

individual subject in terms of the geometry and available musculature should be 

able to predict the force in the bone (or in this case the implant). In a collaborative 

study between BME at Stanmore and the Oxford Orthopaedic Engineering Centre,
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simultaneous telemetric and external measurements were made in the two 

proximal femoral subjects during isometric hip extension, flexion, abduction and 

adduction, as well as during gait (Lu et al. 1997). These activities were selected to 

vary the lever arms available to the external loads, and involved the use of 

different sets of muscles. The aim was to examine the effects of muscle activity on 

the telemetered force. These were pilot studies for the Mk2 subjects in which the 

bending moments and axial torque are additionally measured. The geometric 

model used was only in the sagittal plane, but it is planned to extend this to a full 

3D model for the Mk2 experiments. Nevertheless, good agreement was obtained 

between the telemetered force and the calculated force in the muscles required to 

balance it, indicating that the model is valid for the sagittal plane in this subject.
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7 Further work: Telemetry of forces from total knee replacements

The present studies were carried out using massive femoral implants. As such, the 

measurements cannot be regarded as either truly representing the forces at the hip 

or the knee, since some muscles were removed in both the proximal and distal 

femoral replacement operations. Transferring these data to the hip or the knee 

involves some further assumptions and approximations. It is important to be able 

to measure the forces in total hip and knee implants themselves, since these form 

the vast majority of standard implants, to provide basic implant design and testing 

data. The forces at the hip joint are now well established [#3], but there are 

currently little reliable data on the forces acting at the knee joint. Apart from the 

predictions based on the Mk2 implant [#6.3], the only available data are based on 

gait analysis experiments (e.g. Morrison 1969 & 1970, Paul 1966), and were 

subject to various assumptions. No in vivo measurements have yet been reported 

from an instrumented artificial knee joint.

The current telemetry work is therefore now focused on adapting the measurement 

system to a total knee prosthesis. This is presenting a greater challenge in terms of 

the mechanical structure available for instrumentation, since the shape does not 

readily lend itself to modification into a load cell. The same features used in the 

Mkl and Mk2 designs for the sealing and location of the instrumentation and for 

the power supply [#4.1] will be adopted. The implanted electronics will require 

miniaturisation, although the technology for this is now well established. Several 

designs for an instrumented tibial component have been modelled using the finite 

element method to investigate suitability for instrumentation. Whichever design is 

finally chosen, there is likely to be significant interaction between strain gauge 

sensitivities to the various forces and moments, and sophisticated post-processing 

of the raw data may be required to interpret the results. Thus calibration is likely to 

be much more involved than before. The most likely design at present (the 

‘double-rim’) is one having separately instrumented medial and lateral 

compartments, in which the strains are measured at intervals around a solid 

external rim in order to determine the 6 degrees of freedom of each compartment. 

The geometry of this design has the advantage of being akin to the normal
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structure, apart from the separated compartments. Two such parts were strain 

gauged with foil gauges and calibrated for single compartment loading only.

An implanted instrumented knee will suffer from the same bone remodelling 

situation which prevails in all implanted prostheses [#1.5]. leading to variations in 

the way in which the tibial tray is supported over time. The greatest difficulty is 

likely to be in making the measurements immune to these changes in the support 

conditions. This may be possible by mechanically decoupling the strain gauges 

from the supports as much as possible. If it is not possible to make the readings 

invariant of the support conditions the calibration procedure will necessarily 

become much more lengthy, and it may then not be possible in any case to 

calibrate the device for every likely combination of supports.

The work so far has shown that, for stable supports, it is possible to determine the 

axial force, the distance of the centre of load from the AP and ML axes and the 

shear forces acting along AP and ML axes, to an acceptable accuracy. Some 

nonlinearities were apparent in the calibration and it was necassary to iterate the 

results several times before the results were sufficiently accurate. The effect of 

mechanical crosstalk between the two compartments has not yet been assessed.

Electronics has been designed for the implant circuit and is being tested. The 

implant coil will be located beneath the tibial stem, and the external coil around 

the tibia. This will significantly increase the power transfer efficiency.
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Summary

An implantable telemetry system has been described for in vivo measurement of 

forces acting on massive orthopaedic implants. The implanted part of the system 

was engineered to survive the hostile environment within the human body over 

extended periods. To this end, the instrumentation was enclosed within welded 

cavities, the power was induced magnetically, and careful silicone rubber 

encapsulation techniques were used for the implant coil, in order to prolong the 

measurement life of the instrumentation and to maintain measurement accuracy.

Each part of the system has been described, with the most detail given to the 

instrumentation aspects which are the primary focus of this thesis. The main 

subject matter has been the engineering design and construction of the system, 

rather than a scientific study of the results of the measurements which were 

outside the scope of this work. None of the work constitutes in itself any major 

engineering advance, but the novelty of the approach was that several techniques 

already in use elsewhere were brought together and adapted to the application. 

The validity of this approach has been demonstrated by the success of the system 

in producing consistent in vivo data from several subjects over several years. 

Several features of the design may be transferable to other fields, e.g. remote 

monitoring in physically inaccessible locations including rotating parts.

Previous similar work by others had shown that peak forces of 2-4 times 

bodyweight act on the femoral head of the total hip replacement during gait, and 

the present studies have confirmed these general magnitudes for the mid-shaft 

region in massive implants, despite the loss of some of the musculature. Clinical 

studies have shown that there is an increase in the proportion of applied axial load 

transferred to the tip of the intramedullary stem over the first 2 years, in all 

subjects. A reduced proportion of the applied load was measured at the IM stem 

tip at any given postoperative stage in the case of the one prosthesis having a 

hydroxyapatite-coated shoulder. The data from the instrumented implants have a 

number of other possible uses as discussed in #6.3. The implants are useful tools 

for a variety of clinical research studies.
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Appendix A Strain gauge principles and alternative types

A1 Strain gauge principles

A strain gauge is a device whose electrical resistance varies as a function of strain. 

The resistance alters due to strain-induced changes in the gauge’s dimensions and 

in its resistivity:

R = p L / A   (A l.l)

where R is the resistance of the gauge element, p is the resistivity of the gauge 

material, L is the length and A the cross-sectional area of the gauge element. (This 

expression also applies to all resistive materials.) The incremental per unit change 

in R may be found by differentiating eqn. Al . l  w.r.t. R and substituting for the 

constant terms. Expressed as incremental values:

AR/R = AL/L - AA/A + Ap/p -------------------------------------- (A1.2)

Within the elastic limit of the material, the per unit incremental changes in width 

W and thickness T of a ‘bar’ of material are related to that of the length L by the 

constant Poisson’s ratio, p:

AW/W = -p AL/L -------------------------------------- (A 1.3)

AT/T = -pAL/L  (A1.4)

Since A = WT, by definition

AA/A = AW/W + AT/T ---------------------------------------(A1.5)

Combining eqns. A1.3, A1.4, A1.5:
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AA/A = -2pi AL/L  (A 1.6)

Substituting eqn. A 1.6 into eqn. A 1.2:

AR/R = (1 + 2p) AL/L + Ap/p-------------------------------------- (A1.7)

It is convenient to use a term ‘Gauge Factor’ (OF) to define the gauge sensitivity, 

which is equal to the per unit change in resistance divided by the per unit change 

in length (i.e. the strain):

OF = (AR/R) / (AL/L) -------------------------------------- (A1.8)

Substituting into eqn. A1.7,

OF = (1 + 2p) + (Ap/p) / (AL/L) ----------------------------- (A1.9)

The gauge factor is therefore a function of both a dimensional effect (change in 

cross-section with strain) and a piezoresistive effect (change in resistivity with 

strain). For metals the dimensional effect is dominant, but for semiconductors the 

piezoresistive effect is dominant. For metals, p = 0.3 to 0.35, and gauge factors of

2.1 are common. A small proportion (= 20%) of the gauge factor is thus due to 

piezoresistivity and the rest due to the Poisson effect. For semiconductors, 

resistivity changes markedly with strain, swamping the dimensional changes and 

producing large gauge factors (typ. 100 to 150). Semiconductor strain gauges 

suffer from the bad side-effects of nonlinearity and temperature sensitivity 

however. They are often used in applications where small strains are measured 

(thus minimising the nonlinearity effects) and where the environment is at a 

constant temperature (thus minimising the errors due to temperature coefficient of 

resistivity). They have the significant advantage over metal-based gauges that the 

inherent strain sensitivity is at least 50 times greater, requiring less (or sometimes 

no) signal amplification.
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A2 Alternative types of strain sensor

The two types of strain gauge used in the telemetric prostheses were the metal foil 

type (used in the Mkl device) and the thin film type (used in the Mk2 device). 

These gauge types were discussed in #4.1.2.1 and #4.1.2.2. Three other types 

which were not used were also investigated. Two of these rely upon the same 

principle as the foil and thin film types, but the third operates on an entirely 

different principle. These types of strain sensor will be discussed here in brief.

A2.1 The thick film strain gauge

Strain gauges may be made using thick films. Like the thin film gauge [#4.1.2.2], 

this involves a process having a high degree of automation so that thick film 

gauges may be produced inexpensively in quantity. Moreover, the process can be 

carried out in the laboratory, with suitable equipment. In the thick film process, 

conductive and resistive thixotropic pastes are deposited onto a plane insulating 

surface in a process akin to that used in screen printing. The gauge definition 

pattern is produced photographically from computer generated or manually 

produced artwork, and a light sensitive emulsion layer bonded to a screen of fine 

stainless steel wire mesh held in a rigid frame is exposed to ultraviolet light 

through the positive artwork. Polymerisation of the emulsion occurs where it is 

exposed, and the unpolymerised material beneath the artwork is then washed out 

leaving a negative reproduction of the artwork image on the screen. The frame is 

mounted in a printing machine, in which the conductive or resistive material is 

printed onto an insulator substrate. Paste of the correct rheology for printing is 

applied to the screen and a rubber 'squeegee' forces the paste through the exposed 

parts of the mesh onto the substrate beneath. The printing cycle is automated after 

adjusting various settings to obtain the correct registration of the image on the 

substrate, the squeegee pressure, and the 'screen gap' between the screen and the 

substrate. After the printing cycle, the paste is allowed to 'level' before drying on a 

hotplate at 125°C for several minutes to remove the volatile components required 

during the printing. Finally the dried print is fired in a box or belt furnace at a peak
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temperature depending upon the paste, typically 600-900°C, in a temperature cycle 

lasting for about 45 minutes, to sinter the particles to the substrate and achieve the 

desired electrical characteristics. The temperature-time characteristic is important 

in the production of stable and repeatable gauges and for this reason a belt furnace 

is preferred, especially for firing resistors.

Unlike foil or thin film gauge types, thick film gauges are often produced simply 

as rectangles of resistor material with overlaps to conductive pads at opposite 

faces. This is possible because of the wide range of printed resistivities available, 

and veiy high resistance gauges are possible for low current applications. Printed 

resistance tolerance is usually poor unless laser trimming is used, and TCR figures 

vary between 10 and 400 ppm/°C depending on the resistor paste. A further 

advantage with recent pastes is the high gauge factors now available (GF’s up to 

18) (Cattaneo 1980), and traditional pastes offer a useful 50 to 100% improvement 

over metals. On balance, the low GF pastes are usually to be preferred because 

their transverse sensitivity is lower (Morten 1979) and because the drift is lower 

(Dell'Acqua 1982, Coleman 1984). Pastes are usually characterised for use with 

specific substrate materials, predominantly 96% alumina. This is not usually the 

most convenient substrate material for strain gauges, and this has been a drawback 

in the large scale use of thick film strain gauges. However, glass coated steel 

substrate materials are now available (Jones 1985) and these are expected to open 

up new applications, for example in the automotive industry. Like thin film 

gauges, thick film gauges may usually only be printed onto flat surfaces. A further 

drawback is that thick film resistors are susceptible to burst (popcorn) noise, 

whose amplitude is much higher in the audio frequency band than the thermal or 

1/f noise normally encountered in electronic components (Cottle & Chen 1983).

Thick film circuits printed onto alumina are widely used as a high reliability 

alternative to circuits printed on glass fibre, and thick film strain gauges may 

easily be incorporated into these by multiple printing and firing of conductors and 

resistors. Track crossovers may also be incorporated by printing a glassy layer 

between the two conductors. Gauges with local amplification and signal 

processing may therefore be produced, although alumina does not permit large



appendix A 257

strains to be measured due to its brittleness. Figures 4.42, 4.61 and 4.63 showed 

thick film circuits containing printed resistors and other surface mounted 

components.

An experiment to compare the long term drift of various combinations of 

conductor and resistor paste used to form thick film gauges was set up. Using the 

'accelerated ageing' method for speeding up the long term effects of operating life 

(Coleman 1984) various paste and substrate material combinations were printed 

and fired. The thick film resistors were aged in an oven at 100°C for 6 months. 

The resistance of each gauge was measured at intervals automatically by computer 

controlled instrumentation, and the results of different material combinations 

compared. The results indicated that perhaps one of the material combinations was 

sufficiently stable to compete with foil gauges. Given the additional problem of 

mounting these gauges, this gauge type was not given further consideration for 

this application.

A2.2 The semiconductor strain gauge

The foregoing strain gauge types depend mainly upon changes in resistance which 

occur due to dimensional changes in the gauge conductor. This restricts the gauge 

factor to small values (eqn. A 1.9). The semiconductor strain gauge however 

makes use of changes in the resistivity of the semiconductor material, and this 

leads to a much larger gauge factor. Such materials exhibit a change in resistivity 

when strained, and this is knovm as the piezoresistive effect [#A1].

Semiconductor strain gauges are usually made of silicon doped with boron (p-type 

dopant) and arsenic (n-type dopant). The resistivity of a semiconductor, p, can be 

expressed as

p = l / ( e N m )   (A2.1)



appendix A 258

where e is the electronic charge (dependent on the impurity type), N is the number 

of charge carriers (dependent on the impurity concentration), and m the average 

mobility of the charge carriers (which depends on the strain) (Kulite 

Semiconductor).

It is therefore possible to adjust the resistivity to a desired value by controlling the 

concentration of the trace impurity, which can be varied over a large range. This 

allows a wide range in gauge resistance, and enables miniature gauges to be 

fabricated. Gauge factors are typically 100, compared to 2 for most metals. 

Unfortunately, the gauge is very temperature sensitive, and elaborate temperature 

compensation techniques are often required. This is less of a problem for 

applications inside the human body, and the high gauge factor is a persuasive 

factor in the choice of gauge type. One advantage is that since the same material 

(silicon) is used for the gauge and for the signal processing circuitry usually 

required, both can be fabricated together on the same silicon die. The following 

workers reviewed in Chapter 3 used semiconductor gauges: Bergmann, Mann, 

Barlow, Davy. One supplier in the UK is Kulite Sensors Ltd (Table 4.1, 

[#4.1.2.3]).

A2.3 The resonant beam strain gauge

This alternative strain measuring device utilises the variation in resonant 

firequency with strain of small beam structures, machined or etched fi'om solid 

titanium. A double-ended tuning fork (DETF) structure is commonly used 

(Haroda 1986, EerNisse 1983, Cheshmehdoost 1989), although single beams are 

possible (US Patent No. 3470400), as are devices with planar construction with 

photolithographic definition (US Patent No. 4372173). In order to maintain the 

beam in oscillation at resonance, drive and detector transducers are required to 

interface to feedback circuitry to complete the loop. Sufficient loop gain must be 

provided for oscillation to be maintained. The drive and detector transducers may 

both be piezoelectric (Haroda 1986), in which case the interfacing electronics has 

only to read, amplify and phase shift an analog voltage. Alternatively the drive
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may be electromagnetic and the detector optical (Halliwell 1987), in which case 

more complex hardware is needed around the loop.

These transducers offer certain attractive features in comparison with the 

piezoresistive strain gauge types. The strain sensitivity is large (the ‘gauge factor’ 

is typically 300 to 600), the power consumption is very low, and the measurand is 

a digital signal which may readily be interfaced to digital signal processing 

circuitry. If piezoelectric transducers are used, the only analog electronics required 

are two comparators since a phase shift may be implemented digitally. This means 

that an entire telemetry system could be operated in the digital domain, avoiding 

the need for stable high gain amplifiers, and therefore realisable exclusively in 

custom silicon. This holds prospects for implanted applications where space is at a 

premium.

During investigation of this type of strain transducer, a DETF for axial strains was 

made but severe off-axis sensitivity was found, which would have required a 

correction matrix to recover the axial strain signal. Unfortunately, as the strain- 

frequency characteristic is non-linear, this was not feasible. No means were found 

of mounting the beams so that they were small enough and immune to stresses not 

aligned with the beams. However, this type of transducer has been successfully 

used elsewhere, and developments in micromachining might enable their use in 

implants in the future.
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Appendix B Inductive link analysis: electrical

In this appendix the inductive link will be analysed electrically, for both Mkl and 

Mk2 arrangements. Using certain known circuit element values, and established 

formulae for resonant coupled circuit analysis, some common link parameters will 

be calculated and compared with their ‘measured’ values. In particular, several 

power transfer efficiencies will be calculated and compared with their 

corresponding measured values. Appendix C will analyse the link in terms of the 

magnetic flux coupled to the implant coil, for an air-cored coil only, and show that 

in this case the methods of each Appendix are mutually supportive. These analyses 

are presented to formulate a mathematical basis for the operation of the link, and 

to show how well the measurements can be reconciled to the theory.

B1 Equivalent circuits

Following Donaldson and Perkins (1983) the inductive link is represented by two 

inductively coupled tuned circuits (figure 4.27), whose simplified versions were 

given in figures 4.28 and 4.29. These figures are repeated here as figures B l, B2 

and B3 for convenience. Figure Bl shows the separated components of the 

secondary parallel resistance R] In the primary circuit, the energiser is a d.c. 

voltage source switched between 2Vi and 0 Volts at the energising frequency co, 

effectively producing a square wave of r.m.s. voltage Vi((o). The primary 

resistance Ro is the combined resistance of the switching MOSFETs and voltage 

source, and Rg is the series resistance of the primary inductance Li at frequency ©. 

Small variations in the MOSFET ‘on’ resistances occur with load current, and 

these were taken into account in the analysis. Coils Li and L2 are coupled by 

mutual inductance M which appears in series with each self inductance. In the 

secondary (implant) circuit, the tuned circuit capacitance C2 is shunted by the 

parallel loss resistance of the tuned secondary tank circuit Rp, and the d.c. load 

(implant circuit) is represented by RL(dc)- The smoothing capacitor Cl forms no 

part of the following analysis, in which the half-wave rectifier comprising D, Cl
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Rp and RL(dc) are replaced by their equivalent circuit in figure B2. It is readily 

shown (eqns. 4.4.18, 4.4.19) that the load resistance RL(ac) is equal to 0.5 RL(dc), 

ignoring the voltage drop of the rectifier diode, and that the lumped load resistor 

R2 in figure B2 is the parallel combination of RL(ac) and Rp. In figure B3 only the 

primary circuit is shown, in which the secondary circuit is reflected back as an 

additional series resistance, replacing the mutual inductance. The equivalent 

circuits of figures B2 and B3 form the basis of the following analysis.

V,((0)

R C l

R |_ (dc)

Figure Bl Inductively coupled tuned circuits showing individual losses.

R l  G i M

V,{co)

L

Figure B2 Inductively coupled tuned circuits showing lumped losses.

R

L

Figure B3 Equivalent circuit with secondary reflected to the primary.
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The prototype link comprising the large primary coil connected to the energiser, 

and with the Mkl implant circuit connected to the implant coil, is shown in figure 

B4. Here resistors are used instead of strain gauges.

Figure B4 Prototype Mkl inductive link. The implant coil is enclosed within 

white tape.

B2 Determination of fixed circuit elements

In order to analyse the link, a certain number of parameters must be accurately 

determined. The most readily obtainable of these are the coil inductances and 

tuning capacitances for the primary and secondary circuits. In addition to these.
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the coupling coefficient, k must be estimated and Ri determined. When these are 

known, all other link parameters may be calculated and compared with measured 

values. Because of possible variation in the coil losses at different frequencies, a 

passive component measuring bridge (operating at IkHz) was not used for 

measuring the coil inductances. Instead, the following methods were used, which 

allowed the inductances to be determined at operating frequencies and voltages 

similar to those at which they would operate in-circuit.

The value for the primary inductance Li was found by tuning a series-resonant 

circuit to two different resonant frequencies, coa and cob, chosen to lie close to and 

either side of the operating frequency. Using a fixed geometry, the stray 

capacitances associated with each tuning are assumed equal. After the first 

resonant frequency measurement a known capacitance is added in parallel with the 

first value and the frequency again adjusted for resonance. Two equations relating 

the coil inductance with the tuning capacitance are thereby obtained, and since the 

difference in capacitance Cia - Cib is known accurately, the coil inductance may be 

determined from the capacitance difference and the two tuning frequencies:

L, = (1/oJa^ - 1W )  / (C ,a -  C ,b)  (B2.1)

The value for the secondary inductance L2 was found by withdrawing the 

secondary circuit so that the resonant frequency of the primary was not ‘pulled’ by 

the secondary circuit [#B3]. (This is the case when the coupling coefficient k is 

smaller than the reciprocal of the secondary tuned circuit quality factor Q2). Under 

this condition the primary may be tuned for resonance in the secondary, 

independent of the coupling (Donaldson 1987). Knowing the secondary 

capacitance the secondary inductance may be determined from:

U  = {e f *Ci ) - '   (B2.2)
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The tuning capacitances C% and C2 were stable polystyrene types and were 

determined using a bridge balance, as their values were considered to be less 

dependent on frequency than those of the inductances.

The mutual inductance M was measured using the following arrangement. The 

primary (energising) and secondary (implant) coils were aligned coaxially and 

coplanar, and a twisted pair was run axially from the secondary to an oscilloscope 

probe. With the secondary coil open-circuit, the induced peak-peak voltage was 

measured on the oscilloscope when the primary was energised at 1.4MHz. The 

primary current was determined by measuring (on an oscilloscope) the pk-pk 

voltage across a fixed capacitor Cf (which was coimected in series with the smaller 

tuning capacitor Ct such that the series combination together with the coil lead and 

other stray capacitances formed Ci). Using eqn. 4.4.6 for the induced voltage, and 

the companion relationship for the series capacitor C f :

i = coCfVf  (B2.3)

we have

M = V2 / (o)̂  * Cf » Vf)  (B2.4)

where V2 is the r.m.s. induced voltage, and V f is the r.m.s. voltage across Cf. The 

coupling coefficient k was then determined from eqn. 4.4.3.

k = M(L,L2)-®-^  (B2.5)

Qi and Q2 were determined from the following well known formulae for tuned 

circuits:

Q i =  CO L i /  R l -------------------------------------------------------------------------- (B 2 .6 )

Q2 = o)C2R2  (B2.7)
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The link parameters of relevance are summarised below. The method of their 

determination, measured or calculated, is denoted by 'm ' or 'c'; and (d) and (i) 

denote direct and indirect measurement respectively. A direct measurement was 

made using a component bridge or multimeter and involved no calculation (apart 

from angular frequency which was calculated from cyclic frequency read from a 

frequency meter). An indirect measurement was made using a calculated 

combination of direct measurements and directly measured circuit elements.

Li,L2 m(i) Primary and secondary coil inductances

Cl, C2 m(d) Primary and secondary tuned circuit capacitances

M m(i) Mutual inductance between primary and secondary

k m(i) Coupling coefficient between primary and secondary

Rl m(i) Series resistance of primary tuned circuit alone

ÔRtr m(i) Change in Ri due to variation in MOSFET ‘on’ resistance

Rr c Reflected resistance appearing in series with Rl

Rp c Parallel loss resistance of secondary tuned circuit

R l( uc) m(d) Parallel load resistance of equivalent secondary circuit

R 2 c Combined resistance of equivalent secondary circuit

CO m(d) Operating resonant frequency of coupled circuits

Q i m(i) Quality factor of primary tuned circuit

Q 2 c Quality factor of secondary tuned circuit

B3 Operating conditions

The link operation depends on relationships between k, Qi and Q2 (Donaldson 

1987). Different expressions for the link voltage gain Ay= | V2A/̂ i I  apply in the 

two cases where k<l/Q 2 and k>l/Q 2 . It can be shown (Donaldson 1983) that Ay 

has a maximum when the coupling is ‘critical’, i.e. at a value of k = kcrit where

kcri, = [ ( C ,R ,) / (C 2 R 2 ) ]" ^   (B3.1)
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For k<l/Q 2, the resonant frequency is independent of k and the link voltage gain 

Av is given by

Av = (Lz/L,)"' * (k/(k  ̂+  (B3.2)

As k is increased beyond I/Q2, the frequency is 'pulled'. The link voltage gain Ay 

is then given by

Av = (L2Æ.1) /(to*C2*(L2*Ri/Li + ((o*L2f /R 2))  (B3.3)

Also, critical coupling will be achieved before the frequency is altered in this way

ifQi>Q2.

These expressions were derived by assuming that the primary and secondary tuned 

circuits are separately tuned to the same resonant frequency, transferring the 

reflected secondary impedance to the primary, and solving the resulting quadratic 

for CO for the two conditions k<l/Q 2 and k>l/Q 2 (Donaldson 1987). For both Mkl 

and Mk2 implant circuits, the presence of the load circuit ensured that k<l/Q 2 at 

all times. An unloaded Mk2 secondary caused k to exceed I/Q2 by a small margin. 

This condition, which did not occur in the practical application, was of academic 

interest only. Both implant tuned circuit parameters were determined with the 

implant coils in situ, i.e. with the prosthesis in place. This necessarily degraded the 

efficiencies obtained, particularly in the case of the Mk2.

B4 Derivation of measured and calculated values

Tables Bl and B2 below list the measured and calculated values for the main 

circuit parameters above, for the Mkl and Mk2 links respectively. Four load cases 

are presented: RL(ac)=c», 2kD, IkD, 0. Since the implanted part always has some 

load, only the middle two conditions are found during normal operation and these 

represent the two possible extremes of operation, due to variations in coil
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proximity and therefore due to the induced voltage. In particular, the measured 

and calculated total and useful link efficiencies and modulation factors are 

compared. Allowance was made for variation in the MOSFET ‘on’ resistance with 

primary current. The steps involved in compiling the tables were as follows 

(energiser voltage 2Vi adjusted to 11.0 Volts d.c. before each measurement):

1 Determine k as described in #B2.

2 Approximate the unloaded secondary circuit (but not sufficiently to ‘pull’

the frequency), and tune the primary for resonance (detected by a peak in 

secondary voltage).

3 Remove the secondary circuit so that no resistance is reflected to the 

primary (Rr=0).

4 Measure the r.m.s. voltage across the primary series tuning capacitor Vf 

and hence determine li; determine Ri = V] /1].

5 Approximate the secondary circuit; apply loads of oo, 2kQ, IkQ, and 

measure the secondary voltage V2 and primary current 1] (using the 

method of step 4 above); also calculate Y 2 using eqn. B3.2 (after step 7).

6 Determine the measured primary resistance, including that reflected,

Ri(T0 T)m ( from Vi / li for RL(ac) = 00), and (compensating for the

MOSFET ‘on’ resistance) determine the reflected resistance Rr by

subtracting (R% + ÔRtr). Using eqn. 4.4.17, determine the parallel loss 

resistance Rp. This value was used in the subsequent analysis.

7 For Rb(ac) = 2kQ and IkQ, calculate the equivalent parallel loss resistance 

R2 using eqn. 4.4.18, and then the reflected resistance Rr using eqn. 4.4.17.

8 Again compensating for the MOSFET ‘on’ resistance, calculate the total 

primary resistance Ri(tot) c = Ri + ôRtr + Rr ; also determine the measured 

value Ri(T0 T)m (evaluated as in step 6 above).

9 Calculate kcnt for each load value: kcrit = [(Ci (Ri + ôRtr)) / (C2 R2)]̂ '^

10 Determine the measured power quantities:

the total d.c. input power to the energiser, Pi(TOT)m= Vi Un 

the power dissipated in the inductive link, Pi(lnk) = li^ Ri(tot) m
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the total power dissipated in the secondary, P2(tot) =

the useful power dissipated in the secondary, P2(load) = RL(ac).

11 Determine the measured power efficiencies:

the total link efficiency (r|T(m ) = P 2( t o t ) / P i ( l n k ) ) ,  

the useful link efficiency (rju (m) = P 2( l o a d ) / P i ( l n k ) ) ,  

the total link efficiency including energiser losses

(T|TE(m) =  P2(TOT)/ P i (TOT)),

the useful link efficiency including energiser losses 

(T|UE(m) =  P2(L0AD) /  Pl(TOT)).

12 Determine the calculated power efficiencies:

the theoretical total link efficiency t ) t  (c) =  (k/kcrit)^ / [(k/kcrit)^ +  1] 

(Donaldson 1983),

the theoretical useful link efficiency r|u (c>= iItcc) Rp / (Rp + RL(ac))

13 Determine the measured modulation factor, m.f.m as the ratio of the

voltage across the capacitor C f  when the secondary circuit is short- 

circuited (Rt(ac) = 0) to the same voltage for R l ( u c )  =  oo, 2kH, IkO. This 

equals the ratio of the values for Ri(TOT)m under the opposite conditions.

14 Determine the calculated modulation factor, m.f.c as the ratio of the values

for Ri(tot)c (for RL(ac) = oo, 2kQ, IkQ) to the same quantity when the 

secondary circuit is short-circuited (Ri(ac) =0). This equals 1 + (k/kcrit (c))̂ -

For comparison with the magnetic circuit analysis presented in Appendix C, the 

coupling coefficient for air-cored coils was also measured, using the same method 

as described in #B2. These were measured as 0.0071 (Mkl) and 0.0428 (Mk2). 

Using eqn. B3.1, the critical coupling kcnt was determined to be 0.0543 for the air- 

cored Mkl coil shape, largely independent of RL(ac). This gave the total link 

efficiency t|t(c) as 0.017. The use of ferrite therefore provided an increase in qxcc) 

of 16.5 times (R l( uc)  =lkQ) and 20.5 times (R l( uc)  =2kQ) that of the air core. For 

the IkQ load this gave the empirical relation qx(c) oc k ,̂ since in the air-cored case 

k«kcrit (step 12 above).
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1 : Measured quantities

Rl (0 ) R]+ÔRtr ÔRtr Rl(TOT)m V 2pk( V)m Vf,pk(V)m ttl.f.m Itx(mA)ni Pl(TOT)m P2(T0T) m

00 17.54 0.54 32.60* 30.5 24.5 1.92 119 1.309 0.378

2k 17.35 0.35 27.54 23.6 29.0 1.62 140 1.540 0.366

Ik 17.25 0.25 24.81 19.0 32.2 1.46 154 1.694 0.327

0 17.00 0 17.00 0 47.0 1.00 213 2.343 0

2: Calculated quantities

Rl (0 ) Rr(Q)c R2 (0)c Rp(0)c k/kcrit (c) Ri(TOT) c Qi Q2 m.f.c V2pk(V)c Av

00 15.06 1229 1229 0.9257 32.60* 34.9 32.8 1.86 32.5 4.17

2k 9.33 761.2 1229 0.7326 26.68 35.3 20.3 1.54 24.6 3.15

Ik 6.76 551.4 1229 0.6256 24.01 35.5 14.7 1.39 19.8 2.54

0 0 0 1229 0 - 36.0 0 1.00 0 0

3: Useful powers and various efficiencies

R l (Q ) Pl(LNK) P2(LOAD) T 1 T (c) ^T(m) B u (c) T|U(m) TlTE(m) TlUE(m)

00 0.928 0 0.461 0.407 0 0 0 .2 8 9 0

2k 1.098 0.139 0.349 0.333 0.133 0.126 0.238 0.090

Ik 1.219 0.181 0.281 0.268 0.155 0.148 0.193 0.107

0 1.780 0 0 0 0 0 0 0

* Defined as equal

Table B .l Measured and calculated values for the main circuit 

parameters (Mkl)

L i  = 69.6pH, L 2  = 4.26pH, C i  = 185.7pF, C 2 = 3032pF, M = 0.472pH, 

k = 0.0274, Rl = 17.000, f=  1.40MHz, C f =  1107pF. [RL = RL(ac)]
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1 : Measured quantities

R l (Q ) R]+0Rtr ÔRtr Rl(TOT)m V2pk(V)m Vcpk(V)m ni.f.m Itx(mA)ni Pl(TOT)m P2(T0T) m

00 17.66 0.78 4 1 .8 2 * 38.6 18.65 2.48 100 1.100 0.322

2k 17.16 0.28 28.05 27.8 27.8 1.66 137 1.507 0.360

Ik 17.05 0.17 24.18 21.25 32.25 1.43 157 1.727 0.323

0 16.88 0 16.88 0 46.2 1.00 224 2.464 0

2: Calculated quantities

R l ( Q ) R r (Q )c R 2 (Q )c R p (0 )c k/kcrit (c) R i(TOT)c Q i Q 2 m .f .c V2pk(V)c A v

00 24.17 2311 2311 1.1702 4 1 .8 2 * 35.5 3 5 .4 2.37 44.46** 5.72**

2k 11.21 1072 2311 0.8088 28.37 36.5 16.4 1.65 30.02 3.87

Ik 7.30 698.0 2311 0.6548 24.35 36.8 10.7 1.43 22.83 2.93

0 0 0 2311 0 - 37.2 0 1.00 0 0

3: Useful powers and various efficiencies

Rl (0 ) Pl(LNK) P2(L0AD) T 1 T (c) BTCm) "nucc) BU(m) TlTE(m)

00 0.723 0 0.578 0.445 0 0 0.293 0

2k 1.079 0.193 0.395 0.334 0 . 2 1 2 0.179 0.239 0.128

Ik 1.251 0.225 0.300 0.258 0.209 0.180 0.187 0.130

0 1.792 0 0 0 0 0 0 0

* Defined as equal **Determined from eqn. B3.3, since k>l/Q 2.

Table B.2 Measured and calculated values for the main circuit 

parameters (Mk2)

L i  = 69.6pH, L 2  = 7.25pH, C i  = 177.0pF, C 2 = 1700pF, M = 0.742pH, 

k = 0.0330, Rl = 16.880, f  = 1.434MHz, C f  = 1107pF. [Rl^RlCbc)]
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B5 Discussion

Alternative methods may be used to obtain some of the above values. For 

example, instead of measuring the primary resistance Ri by removing the 

secondary and measuring the primary current, a known resistance could be 

inserted into the primary circuit and the value of R\ obtained from the ratio of the 

currents. This method was used as a check for the method used above, the 

frequency measurements being used to obtain the additional resistor inductance in 

order to correct for it. Adequate agreement with the tabulated values for Ri were 

obtained. Also, the secondary parallel resistance Rp can be obtained from 

simultaneous equations for the components of Ri for two load conditions. This 

method for the Mk2 was found to predict a slightly lower value for Rp (2195Q). A 

third method for Rp is to measure the secondary Q by detuning the circuit to find 

the -3dB points; eqn. 4.4.14 [#4.4.2.4] then yields the parallel resistance Rp. The 

measured and calculated values for Ri(tot) are in good agreement, as are those for 

the modulation factors. The corresponding values for the secondary voltage V2 

were more variable but the greatest variation was still within 15%.

Although the theory predicted a total link efficiency rjx (c) slightly higher for the 

Mk2 than for the Mkl (40% vs. 35% for RtCac) = 2kQ, 30% vs. 28% for RtCac) = 

IkQ), the measured efficiencies r|T(m) were the same for a 2kQ load (33%), and 

within 4% of each other for IkQ (26%). This would have been surprising 

considering the larger implant coil diameter for the Mk2, but is explained by the 

solid titanium prosthesis shaft passing through the inside of the ferrite which 

shielded the core from some of the flux. This degraded the Mk2 efficiencies to not 

much better than those of the M kl.

The link efficiencies seemed surprisingly high considering the disparity in coil 

sizes. This was due to the greater than expected values for k [#C2, #C3], which 

were further increased by the use of ferrite. (For the Mkl link r|x(c) was increased 

with ferrite by a factor (kfen-ite/kair)̂  for a IkQ load.) The inductive link magnetic 

analysis presented in Appendix C helps to explain this increase in k in the case of
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an air-cored coil (the only case for which a simple analysis is possible) and shows 

that good agreement can be found between the measured and calculated values for 

k as derived in these two Appendices. Table B3 shows the effect of ferrite on the 

Mkl coupling coefficient, secondary inductance and flux, and link efficiency.

Mkl link without ferrite Mkl link with ferrite ferrite:air ratio

k 0.0071 0.0274 3.86

Lz 0.391 pH 4.26 pH 10.9

<1>2 / (|)l 0.498 = 0.00062 12.76

T1T(c) 1.7 34.9 (2kn load) 20.5

(%) 28.1 (IkQ load) 16.5

Table B.3 Effect of ferrite on coupling coefficient, secondary inductance and 

flux and total link efficiency. Determined by link parameter measurement.
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Appendix C Inductive link analysis: magnetic

Here is presented an analysis of the magnetic flux coupled into the implant coil, 

using two-dimensional electromagnetic field theory. This simple analysis is only 

possible for an air-cored implant coil, since the ferrite has the effect of 

concentrating the flux so that the field is distorted. A second comparison between 

measured and calculated inductive link parameters (the first given in Appendix B) 

is thereby obtained, for the air-cored link only: between the (indirectly) measured 

value of coupling coefficient k (as determined in Appendix B) and that calculated 

analytically (this Appendix). The calculation is based upon the amount of 

magnetic flux which cuts the secondary coil, as determined using the Biot-Savart 

Law for incremental contributions to the flux density from all parts of the primary 

coil. The ratio of the flux which cuts the secondary to that generated by the 

primary coil is evaluated as a function of the coil area ratio, and the coupling 

coefficient is then determined using eqn. 4.4.8 [#4.4.2.2]. This value of k is then 

compared with that determined from the circuit measurements in appendix B. The 

dependence of k and total link efficiency t|t(c) upon the coil area ratio is explored.

C l Analytical determination of flux enclosed by secondary coil using the 

Biot-Savart Law

For dissimilar coils, eqn. 4.4.8 [#4.4.2.2] gives the coupling coefficient in terms of 

the magnetic flux cutting each coil. The primary flux is readily determined from 

the coil constants and the current flowing in it (eqn. 4.4.4), but the secondary flux 

is not so easily found. A first approximation assumes that the flux is equally 

distributed in the plane of the primary coil:

(|)2/(|)i = (r/R)2 -------------------------------------- (C l.I)

where R, r are the radii of the primary and secondary coils respectively. However, 

the decrease in (j)2 towards the centre of the primary coil is evident both 

empirically, using a search coil, and from the following analysis. Therefore

4)2 4 , < (r/R)^  (01.2)



appendix C 275

The following is an attempt to determine (j)2 analytically. In figure Cl, if the 

primary coil LI, centre O and radius R, carries r.m.s. current I, a magnetic field is 

induced inside and outside the coil. The distribution of this field inside the primary 

coil is mainly of interest in this analysis. The coil is assumed to have no length.

coil LI
coil L2

Figure Cl Geometric representation of the flux density contributions from the 

primary coil LI experienced at a point P, according to the Biot-Savart Law.

The Biot-Savart Law enables us to determine the resultant flux density B at any 

point P in the plane of the coils due to contributions ôB from each element 51 of 

the conductor formed by LI. Using the geometry of figure Cl, the Law yields:

ÔB = po I 51 sina / (4ti y“) .................................................. (C 1.3)

where po is the permeability of free space. The flux density B at point P due to all 

elements of coil LI is given by:

27tRN 27tRN
Bp = ÔBp = Po I /47t sina /y dl ......................... (Cl.4)

which using the sine rule for points P inside the coil is equivalent to

Bp = Ho lRN/4jt r ” (R - X COS0) / (R  ̂+ - 2Rx cosO)'^ dO  (C l.5)
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where N is the number of turns of the primary. (The expression for points outside 

the coil is the same but opposite in sign.) The flux enclosed within a circle centre 

O and radius r is found by integrating the flux density over the enclosed area:

r 2nx

f Bpd(27ix) dx = 2 ;rI XBp dx -----
0 0 0 

r 2k
= (no IN R 12) J X 1 (R - X cose) / (R^ + x  ̂- 2Rx cos8)'  ̂d8 dx -------- (Cl .7)

This integral has no closed form, and it is therefore not possible to solve 

analytically for the secondary flux ^2 directly using this expression. An 

approximate solution can be found where the angle a  in figure Cl = 90°. For 

small z (= r/R) this is an acceptable approximation, and eqn. C l.4 reduces to

■(Cl.8)
27tRN

Bp = Po I /4ti 1/R dl = Po IN / 2R -----------------

Further integration, using eqn. C l.6, then leads to the following approximate 

expression for ^ 2’

<1>2 =7ipoINRz^/2 ----------------------------- (C l.9 )

In order to obtain a more accurate value for ^2, the double integral of eqn. C l.7 

was evaluated numerically using MathCad™ for selected values of z (the ratio of 

the secondary to primary coil radii, r/R), when the following values were obtained:

z (0...0.01...0.1) evaluated integral z(0.1...0.2...0.9) evaluated integral
0 0 0.1 0.0315
0.01 3.1417 e-4 0.2 0.1276
0.02 1.2568 e-3 0.3 0.2929
0.03 2.8284 e-3 0.4 0.5362
0.04 5.0296 e-3 0.5 0.8732
0.05 7.8614 e-3 0.6 1.3307
0.06 1.1325 e-2 0.7 1.9601
0.07 1.5422 e-2 0.8 2.8758
0.08 2.0155 e-2 0.9 4.4354
0.09 2.5525 e-2 0.995 10.724

Table C.l Numerical evaluation of normalised secondary flux, for selected z. 

The approximate values of z for the Mkl and Mk2 coils are highlighted.
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By inspection, the integral approaches ttz  ̂ as z approaches 0. In particular, this 

approximation is accurate to within 0.1% at z = 0.04, and to within 1.5% at z = 

0.2, the approximate coil diameter ratios for the Mkl and Mk2 links. A good 

approximation to the expression for low z, for both Mkl and Mk2 coil diameter 

ratios is therefore given by eqn. C l.9, and the approximation a=90° gives an 

acceptably accurate result over the range of interest. The dependence of ̂ 2 upon z 

was also checked experimentally for a selection of the values for z in Table C.l 

using search coils of different diameters and eqn. 4.4.6 [#4.4.2.2], and results were 

found to be in good agreement with the tabulated values.

Combining eqns. C l.9 and 4.4.4 [#4.4.2.2], (|)2/(|)i = (po Rti /2Li) z ,̂ which 

evaluates at 0.498 ẑ  for the external coil used. For a very short coil, the 

inductance increases several times [#C3], resulting in a corresponding reduction in 

(|)2/(|)i. For a long solenoid, it can be shown that ([)2/(|)i increases to a maximum of ẑ  

near the coil centre. Increasing the length of the primary coil therefore increases

The region between z = 0.995 and 1 can be regarded as a strip of width 0.005R 

and length 2tiR. The flux density at a point within this strip, distant y from the coil 

wire axis, can be found by considering the primary coil to be straight (in this 

region only) and using eqn. C l.3, integrating over the entire length of the 

(assumed straight) coil. This is a valid approach since we are only interested in 

contributions very near the coil, and distant contributions will be insignificant by 

comparison, thus justifying the approximation of a ‘straight’ coil. Denoting the 

radius 0.995R by w, and the radius of the coil wire by a, this integration yields:

B = poIN/27iy ------------------------------------ (C l.10)

To find the total flux (|)r in the rectangle between z = w/R and 1, integrate B w.r.t. 

y between a and R-w, and w.r.t. 1 between 0 and 2tiR:

27tR R-w R-w R-w
(|)r= J J B dy dl = 27tR f B dy = polNR J 1/y dy ------------- (C l.11)

0 a a a
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.••(|)r = noINR[lny]a’''" '= n o IN R ln (0 .3 9 /0 .2 ) = 0.67 no INR ----------- (C l.12)

This is the additional flux to be added to the figure for z = 0.995 in Table Cl in

order to better approximate the total flux inside the primary coil, now given by:

/.*T(in) = (10.724 +(2*0.67)) po INR/2 = 6.03 po INR ---------------------- (C l.13)

C2 Derivation of k and comparison with measured value

Eqn. 4.4.8 [#4.4.2.2] gives the coupling coefficient k:

k = (<!)2 nj / <t), m )* (Li / ------------------- (02.1)

where = Lili / ni and ni = N. Substituting for ^2 from eqn. Cl .9:

k = Po R 7cẑ  ni n2 / 2 (Li L2)®'̂   (C2.2)

For the Mkl coils, z = 2.75 / 78 = 0.0353, R = 78mm, ni=15, n2=14, Li=69.6pH, 

L2=0.39pH (air-cored). This yields a theoretical value for kc of 0.0077 (M(c) = 

40nH). The measured value M(m) was obtained using the same method as for the 

ferrite-cored coil [#B2], which yielded a value for km of 0.0071 (M(m) = 37nH).

For the Mk2 coils, z = 14.25 / 78 = 0.183, R = 78mm, ni=15, U2=10, Li=69.6pH, 

L2=5.4pH (air-cored). This yields a theoretical value for kc of 0.0397 (M(c) = 

0.77pH). The measured value km = 0.0428 (M(m> = 0.83pH). The measured and 

calculated values for k (or M) therefore agree to within better than 10% for both 

Mkl and Mk2 inductive links. The values for kcrit were determined by detuning 

from resonance to calculate Q2 : Q2 = fo / Af.3dB- The Mkl unloaded Q2 was found 

to be 8.4, leading to a series resistance of 0.470, and therefore Rp = 330 (RsRp = 

(ü V ). this gave a value for kcrit of.O 543. For a 2kO load, kcrit =.0 548. For the 

unloaded Mk2, the same procedure gave Q2 = 47, Rs = 1.020, Rp = 2.22kO, kcrit = 

0.0245 (unloaded) and 0.0356 (2kO load). Table C2 gives values for k, and
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corresponding values for r|T(c) using the above values for kcrit, for both inductive 

links. Several different values for k are tabulated based upon varying dependence 

on z, including the measured values for air and ferrite core. It can readily be 

shown that kcrit is independent of the coil area ratio z, and is dependent only on the 

coil shape and wire size, numbers of turns of primary and secondary coils, and 

frequency. The skin effect at 1.4MHz increases the d.c. resistance of each coil by a 

factor of 1.6. The proximity of adjacent turns has an additional effect (Terman 

1943). The total link efficiencies qT(c) are given by (k /̂(k  ̂ +kcrit̂ ) [#B4 step 12]. 

For low k/kcrit (as in the Mkl link), t|t(c) tends to (k/kcrit)" and for k/kcrit >1 (as in 

the Mk2 link), t|t(c) tends to 1.

Determination
conditions
coil area ratio (z“)

Coil
former

k
(Mkl)

k
(Mk2)

9t(c) (%) 
(Mkl)

T1T(c) (%)
(Mk2)

similar coils (z^)
air 0.00124 0.0334 0.05 (0.05) 65(47)
air <0.0066 <0.078 <1.5 (<1.5) <91 (<83)

theoretical k (oc z ‘ ‘̂) air 0.0077 0.0397 2.0 (2 .0) 72.5 (55.5)
measured k (AppH air 0.0071 0.0428 1.7 (1.7) 75.3 (59)
measured k (AppB, ferrite 0.0274 0.0330 46(35) 57.8 (39.5)

Table C.2 Values for k and r)T(c) based on various conditions / assumptions. 

For the efficiencies, figures are for no load and (2kQ load). Values for kcrit were 

calculated as 0.0543 (Mkl) and 0.0245 (Mk2), unloaded secondary, with air core.

C3 Discussion

Since magnetic flux emanates uniformly in all directions from each element of the 

primary coil, the total flux inside the coil must be less than half of the total 

generated, (This is because at least a small part of the lines of flux generated by 

any given small element of the coil Ô1 directed towards the inside of the coil will 

pass outside the opposite diameter of the coil.) However, as the flux density falls 

off as the square of the radial distance, we might expect the ratio (j>T(in) / (|)i to be 

not much less than half, where (|)T(in) is the total flux inside the primary coil.
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Unfortunately, evaluating the expression of C l.7 numerically for z=l produces a 

non-convergent result due to the singularity in the denominator. Evaluating for z 

between 0 and 0.995, (|)T(in) is given by 10.724poINR/2 (eqn. C l.7, Table Cl). 

Including the additional flux calculated to lie between 0.995R and the inside edge 

of the coil, (|)T(in) = 6.032poINR. Evaluating between z = 1.004975 (a radius which 

bounds the same area outside the coil as 0.995 does inside) and oo, is given

by 10.796poINR/2. Including the contribution between z = 1.004975 and 1, (|)T(out) 

= 6.066poINR (>(|)T(in))- Assuming the total calculated flux generated by the 

primary coil (|)t  to be the sum of that calculated to lie in the plane of the coil, both 

inside and outside, = 12.1poINR. Since (|)i is given by Li I / N (eqn. 4.4.4), and 

putting (|)T =  <|)i:

L, = 12.1hoN^R  (C3.1)

Using the values above for N and R, and setting no to 4tt 10' ,̂ we obtain Li = 

266pH, 3.8 times greater than the measured value. The above analysis however 

assumes a perfect primary coil of zero length. The practical coil was 19mm long 

and operated at 1.4MHz. It was determined theoretically (Terman 1943, pp53-55) 

and confirmed experimentally that the longer coil served to decrease the 

inductance several times over the ideal coil of zero length assumed in the above 

analysis. This shows that the above numerical analysis is broadly consistent with 

the measurements of coil inductance.

Our original supposition (eqn. ) was that k was the proportion of the 

generated flux captured by the secondary coil (k = (|)2 / <|)i). However, eqn. 4.4.8 

shows that this is not the case for dissimilar coils and that k will be higher than ^2 

/ (|)i where L2 < Li (for a uniform field). For short single-layer solenoids (such as 

those used for the inductive link) L =Fn^R (Terman 1943) where F i s a  constant 

for a given shape and increases with coil diameter;length ratio. Since the flux is 

least at the coil centre (eqn. C l.2), for coils of the same diameterrlength ratio eqn. 

4.4.8 reduces to k < z’’̂ , independent of n. Using empirical relationships of the 

form L =Fn^R for each coil, eqn. C2.2 reduces to:
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k = 0.5 Ho It (FiFj)-®-  ̂z‘-’ ----------------------------- (C3.2)

where Fi and F2 are the shape constants for the primary and secondary coils. Eqn. 

C3.2 yields k = 1.16 for the Mkl link and 0.51 7}'^ for the Mk2 link. The Mk2 

coils both had a diameter:length ratio of about 8.5, being fairly short coils, but the 

Mkl implant coil was much longer, having a diameterilength ratio of about 0.37. 

This accounted for the greater value for k in this case.

These results show that even for small air-cored coils such as the Mkl implant 

coil the coupling coefficient is several times greater than might be expected from 

the ratio of the coil areas (x5.7 for M kl). This was due to the lower than expected 

dependency of k on z. In addition, if the secondary has a ferrite core, the effect is 

to increase the inductance about tenfold and the coupling coefficient by a further 

factor (x3.86 for Mkl), and to reduce kcrit by a factor of 1.8. The actual coupling 

coefficient with ferrite is therefore increased 22 times over that estimated by the 

ratio of the coil areas (with no ferrite). From eqn. 4.4.8 the amount of flux coupled 

into the secondary, (|)2 «; k L2 '̂̂ , and this is therefore increased with ferrite by a 

factor of 12.76 for the M kl, and by a further factor of 5.7 when estimating from 

the area ratio (a combined increase of 73 times). The increase in k and reduction in 

kcrit with ferrite combine to achieve very useful values for t|t(c).

In the case of the Mk2, the increased coil diameter produced useful values for k 

and kcrit even without ferrite. The coil shape helped to reduce kcrit- Thus very good 

efficiency values were obtained without ferrite. The ferrite was required to 

compensate for the loss effect of the solid metal shaft about which the coil was 

placed, whereas in the Mkl it was required to compensate for the small diameter 

of the implant coil itself.
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Appendix D Analysis of strain gauge bridge amplifier circuit

In this appendix an analysis of the strain gauge bridge amplifier is given. The aim 

is to show that the performance of the circuit used is comparable to that of a 

traditional differential amplifier, and to quantify the errors in the circuit for axial 

and bending strains. A discussion about the noise sources present is also given.

D l Amplifier performance

The amplifier circuit used for each strain channel was shown in figures 4.22 and 

4.32. This circuit is shown below, figure D l, with the individual voltages at the 

op-amp inputs labelled. This is to enable more detailed analysis taking into 

account the common-mode errors. In this analysis the resistors Rti, Rtz and Rp of 

figure 4.22 are neglected, since they do not contribute to the strain sensitivity. The 

small amplifier input offset voltage is also neglected, since this effectively 

constitutes an offset in one half of the bridge and also does not affect the gain 

eqn.. Unlike the more usual instrumentation amplifier circuit configuration, where 

the strain gauge bridge outputs feed directly into the instrumentation amplifier 

inputs and constitute a true differential input, in the Mkl and Mk2 circuits one of 

the bridge outputs is fixed relative to the other. The half-bridge output V02 adjusts 

itself according to the strain in its two gauges, as in the usual method. The half

bridge output Voi, however, is constrained to track its other half because of the op- 

amp. The first op-amp therefore causes changes in strain to redistribute the current 

flowing in Ry, Rc and Ri, thereby causing variation in Vi. The second op-amp 

further amplifies this signal relative to V02 , thus introducing a strain-dependency 

into the second stage. Although this complicates the overall relationship between 

strain and V2 the arrangement is very convenient for the reasons given in #4.4.3.2, 

and the following analysis will show that the differential nature of the circuit is not 

compromised.

In an application in which the bridge outputs or supply voltage varied appreciably 

this design would require a very large op-amp common-mode rejection ratio
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(CMRR) to avoid common-mode errors. In this application though, the bridge 

supply is fixed and the output swing is so minimal even for large strains (e.g. 

lOOOpe) that this requirement may be considerably relaxed.

In the following analysis, the individual stage output voltages Vi and V2 are first 

calculated in terms of the individual resistor values, and then the overall and 

individual stage gains are calculated analytically in terms of the resistor values, in 

order to see the modifying effect of the circuit on the gain expression. The output 

is then derived in terms of strain, for axial compression. This is necessary since in 

this topology the strain gauge bridge forms an integral part of the circuit. The 

common-mode gain is accounted for in order to test the linearity of the gain 

relationship, as compared with the usual instrumentation amplifier circuit. The 

response to pure bending is then determined to show the effect of sensitivity to 

unwanted loads. (The analysis assumes perfect gauge alignment, and an estimate 

of the errors due to bending and torque for various gauge positioning errors is 

given in Appendix E.) Finally the performance is compared to an instrumentation 

amplifier of assumed infinite CMRR, figure D2. The value for Poisson’s ratio 

(here shown as p) was set to 0.35. This may be rather high but in practice values 

between 0.3 and 0.35 make very little difference to the results.

10 V

Ra Rb R3V03VOI
R2

V2Rc V02Rd
Cl, A d

02, Ac2
TLC27L7CD

CMRR = 97dB Vn = 68nV/Hz''0.5 

Avd = 800V/mV GBW = 110kHz

Figure Dl Two-stage strain channel amplifier circuit.
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For the currents flowing through R1, Rb and Rc:
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V I  V O I  V d d  V O L VO I 

R l Rb Rc
( D l )

rearranging,

V 1 = V 0 1-  1 R l -  ' ’ ^ ' - V d d
Rb Rc Rb

( D 2 )

If the open-loop differential voltage gains for the two amplifiers are denoted by Ad1, Ad2, and 
the common-mode gains by Ac1, Ac2, then the common-mode rejection ratios are given by:

CMRR1=C1=^‘̂ ’
A c l

c m r r : ^ C 3 =
A d2

A c2

where Ad1, Ad2 and A ct, Ac2 are given by:

A d l = ^ - V I  
d ( V 0 2  V O I )

A c l = -

Ad2=̂ V 2
d ( V 0 2  V 03 )

VOl-i  V 0 2

A c 2 = - -------------------- V 2
. / V 0 2 +  V 0 3

4  2

The open-loop output is the sum of the common-mode and differential signals: 
For the first amplifier,

V l = A c l -  C l  ( V 0 2  V O I )
V O I -  V 0 2

( D 3 )

Rearranging in terms of V01 :

V 0 1 =

V I  V 0 2 A c l - , C l  -
\ 2'

A c l - I C l -  -

( D 4 )

Substituting into D2;

V I  V 0 2 A c l  I C I

V l = ,

A c l -  C l  -  
21

1 - h R l - f  ’ + - Î - I I - ^ ' - V d d  
R b Rc I Rb

( D 5 )

Rearranging:

V 0 2 - A c l - | C l   ̂ 1 -

vr
1 -r R l -  -  +

Rb Rc

R l

Rb
-Vdd- C l  -  M - A c 1

2 '

A c l - C l  -''l +  1 - R l - '
’■ 1

2 ' Rb Rc

( 0 6 )

For the second amplifier,

V 3 = V 0 3  1 + V1- —
\ R2 R2

( 0 7 )
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In the same way as for the first amplifier (eq D3):

V03 V02^
V 3 = A c 2  I C 2  ( V 0 2  V03) + ( D 8 )

V 2 = V 0 2 A c 2 -  C2J r ?  ' V03Ac2-fc2 ( D 9 )

Rearranging:

VÔ
V 2  V 0 3 A C 2 - C 2 + - .

2
I

A c 2 \ C 2

(DIO)

Substituting V03 into eq D7:

V2 V03Ac2-fc2 +

I
Ac2- C 2 -  

\ 2
' R2, \R2i

Rearranging:

V?
V 0 2 A c 2 -  C 2  - -  ]• I +  ~  -  V I -  —  i-Ac2- C 2  '

21 \ R2I R2I 2

Ac2  C 2  - j r i l
2 '  \ R2

( D l l )

( D I 2 )

If eq D6 is substituted for V1, and Adi and Ad2 are set to infinity, V2 simplifies to:

(DI3)V2 =  V02 , _ ! _ )
V d d  V dd  I R2 Rb R c /

Replacing V02 in terms of Ra, Rd:

R I R 3

R b R 2

V 2 _ /  Rd ' 

V d d  Ra Rd R2 \R b  Rc Rb R2
( D M )

For axial compression,

R a=R c=R O -(  I k £ )

R b = R d = R O -(  I p-k-s)

Substituting these expressions in eq D14:

V 2 _ [  I p-k-E 

V dd [ 2  k- E- ( l  p )

R l  R3 / J  I

R 0 R 2  I -  p-k-E 1 -h k-E

R I-R 3  

R 0-R 2 - ( l  p-k-E)
( D I 5 )

Rearranging,

V2_ I p-k-E R l  R3 I

V dd  2 +  k-E-( I p )  R 0 R 2  I p-k-E I k-E
(DI6)

To determine the sensitivity of output V2 to strain, differentiate eq D16 w.r.t. strain:
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d V 2  _ k-p

de V d d  ( 2  k - 8 - ( l  p ) )  ( 2 ^ k - 8 - ( l  p ) )

( 1 - p-k-s ) - k - ( l  p )  R l  R3  

RO R2 (1  p-k-s)

-p-k-h  k

( 1 -h k-8 j

( D 1 7 )

which simplifies to

ds V d d

k-( 1 p)

( 2  k - s - ( I - p ) )

R l  R3  

2 I RO R2
-p-k

( 1 -  p-k-s) ( I  k-E)

( D I S )

For zero (or low values of) strain, this reduces to;

d ................ ....................
ds ' V d d /  RO R 2  4

This is the overall strain sensitivity expression for the circuit for axial compression. 
The individual amplifier gains can now be determined by diffentiating the ideal 
expression for V1. If Ad1 is infinite, V1 is given by:

( D I 9 )

V I = V 0 2  - I , -  ^ ' - V d d
Rc Rb Rb

( D 2 0 )

Substituting for V02, and replacing Ra, Rb, Rc, Rd by their previously defined strain 
relationships for axial compression:

V I  _  Rd R l  R l  I R l  

V d d  R a + R d  Rc Rb Rb
( D 2 I )

V I p-k-E

V d d  2 k-s-( I -  p )  [ \ I -H k-8 1 p-k-s ' RO

R l R l

R 6 ( l  p-k-s)
( D 2 %

Simplifying,

V I ^ R l  ! I 1 ;

V d d  RO I k-E I p-k-s 2 k-s-( I p)

I p-k-s
( D 2 3 )

Differentiating w.r.t. strain.

d V I _ R I  

d s V d d  RO

k _ p-k 

( 1 k-s)^ ( I  -  p-k-s)^

- p .  k - ...... (I Pk : )  p)
( 2  k - E - ( l - p ) )  ( 2  k - E - ( l - p ) ) ^

( D 2 4 )

Again for zero (or low values of) strain this reduces to:

« V = k,, .p).' R' J.
ds V d d  RO 4

( 0 2 5 )

The gain for the second stage is therefore given by dividing eq D19 by eq D25:
R I R 3  I 

d V 2 _  ' RO R2 4 

d s V I  R l  ^ I 

RO 4

(026)
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If the strain gauge bridge outputs were unconnected, the bridge output would be 
given by:

V 0 2 - V 0 1 ^  _Rd Rc   ( D 2 7 )

Vdd Ra Rd Rb +- Rc

In terms of strain,

V02 VOI_ k-8-(l p)
(1)28)

Vdd 2 1(8 (I  p)

The bridge output sensitivity alone is therefore given by: 

d V02 VOI^ 2d<.( l^-p) ( D 2 , )

( 2 1  k c ( I -  p))^

For zero (or low values of) strain, we have:

d V02 \ / 0 i ,  k.( I + p)

d8 Vdd 2

From eq D25, the effect of the first amplifier on the bridge output is therefore 
to amplifiy it by a factor G1, given by:

Gl=2-,  ' (D31)
RO 4

From eq D26 the gain of the second stage, G2, is given by:
2 Rl R3 1

G >  ' ^ - (D32)
Gl

Substituting for RO, R1:

R3 I 1 1
G3=

R2 2G) 2.G.R3
\ R2

(D33)
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Returning now to the general expressions for the output voltages derived in eq D1 through 
012, the output V2 will be determined for the values used in the circuit. By repeating for 
various values of C l , 02, the effect of these can be observed.

Set values used for channel 1 (axial compression) for Mkl :

Set strain range from 0 to 1000 microstrain. The parameter c is used to denote 
hundreds of microstrain (c = microstrain/100)

k - 2 . 1

p 0 .35

RO 5 0 0 0  ^

100 1

R l  7 3 0 0 0  200 2

R 2  10000  300 3

4 0 0 4
R3 2 7 0 0 0 0

£ 500 c 5

A c l  - 1 1 . 3  600 6

700 7
A c 2  11.3

800 8 '

C l  7 0 8 0 0  900 9

1000 10
C 2  7 0 8 0 0

V d d  10

For axial compression,

Ra RO 1 - r k - c l O ‘̂ j 

Rb = R O l  1 -  p-k c lO ' 

Rc -  R O ( l  k -c -1 0 '*  

R d - R O ' I  p k c  10 '

V 0 2  -  -V d d
Ra Rd

V I

V2
V 0 2 A c 2 - | C 2

. A
2

1 R l-
1 1 

R b ^  Rc
V d d - I C I -  ’ ' - A c l  

Rb \ 2

A c l • C l  1
1

, - U  R l-
1

+  — - '
2, \ R b  Rc

1 R3 R3 1

" 2 ! i '  : R2,
-A c2 -  C 2

2

1 R 3 '1
Ac2- C 2  - 1 -, 1 1

2 ' R2
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The resulting values are:

0 5.0019439681 4 .9 4 93 1 7 05 6 5  ^

1 4 .9598510733! 6 .0 6 59422114

2 4 .9 1 77 6 9 56 6 7 .1822626215

3 4 .87 56 9 9 43 7 8 8.298278515

4 4.8336406801 9 .4 1 39 9 0 11 9 8

5 4 .7 9 15 9 3 28 4 7 "^2=  10.5293976637

6 1 4 .7495572429 ' 11.6445013743

7 ' 4 .70 75 3 2 54 6 4 12.7593014789

8 ! 4 .66 55 1 9 18 6 8 13.8737982047 '

9 4 .6 2 35171555 14.9879917788

lO J 4 .5815264442] 16.1018824281

Plotting V2 against strain yields a straight line having the following slope 
and intercept. The correlation coefficient (a measure of the slope linearity) 
is also given:

slope ( e , V 2) = 0 .0 1 1 1 5 2 5 6 2 6  

intercept ( e , V 2) = 4 .9 5 1 5 9 7 1 7 4 8  

cord V 2 ,c )  = 0 .9 9 9 9 9 9 9 2 7 6

c 0 .. 10

volts per microstrain 

volts

i(

16

-

4

V2
C

This analysis was repeated for different combinations of CMRR for each amplifier, 
and the results are given below, for the slope of the V2 vs. strain plot and for the 
correlation coefficient of V2 against strain.

C M R R (d B )

C l

C 2

I
correlation coeffic ient 

slope

120dB

1000,000

1000,000

97dB

7 0 .8 0 0

7 0 .8 0 0

3 d B -  var 

5 0 ,1 2 0  

100,000

3 d B -  var 1

100,000

5 0 ,1 2 0

I I  I I
0 .9 9 99 9 9 92 7 6  0 .9 9 99 9 9 92 7 6  0 .9 9 99 9 9 92 7 6  0 .9 9 99 9 9 92 7 6  

0 .0 1 11 5 3 22  0 .0 1 11 5 2 56  0 .0 1 11 5 2 55  0 .0 1 11 5 2 49
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For bending in one direction about the ML axis.

A circuit responsive to axial compression only should be insensitive to all other strain 
signals. The effect of a pure bending strain is therefore now examined.

0

' ,
2
3

4

c -  5 

6
7

8
9

10

Rb RO 1 t- k-c- 10 ^

Rd RO 1 k-c -io"*

Ra RO 1 p -k -c -io '* )

Rc R O il p-k-c-10

V 0 2  Vdd
Ra Rd

V I

V 0 2 A c l-  C l  ' • 1 R l- ' ' ^ * -V d d - C l \ - A c \
2 Rb Rc Rb \ 2

A c l - lC l R l
Rb Rc

V 2

V 0 2 A c 2 - C 2 + 1 . * ^ '  - V I -
2

Ac2- C2

R2

1
2

A c2  C2 '
R2 2

The resulting output values are:

0 ir 5 .0 0 1 9 4 3 9 6 8 r [ 4 .9 4 93 1 7 05 6 ^

1 5 .0012319413 4 .9486951671

2 5 .0005141694 4 .9 4 82256826

3 i 4 .9 9 97 9 0 65 3 4 4 .9 4 79085719

4 4 .99 90 6 1 39 4 4 4 .9 4 77438039

5 V l  = 4 .99 83 2 6 39 3 7 V 2 =  4 .9477313475'

6 4 .9 9 75 8 5 65 2 4 4 .9 4 78711718

7 4 .9 9 68391715 4 .94 81 6 3 24 5 6

8 4 .99 60 8 6 95 2 2 4 .9486075383

9 4 .99 53 2 8 99 5 6 4 .9 4 92040189

10 4 .9945653029' 4 .9 4 99526566

s lo p e (e ,V 2 )  = 6 .3 5 9 7 1 8 2 4 7 1 0  volts per microstrain

intercepte e , V 2 ) =  4 .9481747651  VOltS

c o r r (V 2 ,c )  = 0 .2 8 6 5 3 2 0 3 3 4

There is therefore a small error of 1 6mV at an applied strain of 500 microstrain, 
equivalent to about 3 Newtons axial force error. Beyond this strain level the error 
reduces again.
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If the bending is applied in the reverse direction,
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Rd RO-(l k-c-lO

Rb RO- 1 k-c-10 ^

Rc RO- 1 p-k-c-10

Ra m h - p-k-c-10 ^

V02 -  Vdd
Ra + Rd

VI

V 02A cl- Cl -  • 1 + Rl-
2/ Rb Rc

A cl- Cl

R 1 I
-Vdd-jCl -  -Acl 

Rb ' 2

-t- 1 R l -  +
Rb Rc

V2

V02-Ac2- C2
2 \ 

Ac2- C2

R3

R2

2/ \

^'\Ac2-C2 '
R2 2

R3̂
R2

The resulting values are:

2
3

4

5

6
7

8
9

10

V l  =

5.0019439681

5.0026502486

5.0033507817

5.0040455661

5.0047346009

5.0054178847

5.0060954165

5.0067671952

5.0074332195

5.0080934884

5.0087480007

,-5slope (e ,V 2 ) = 1.460768419410 

intercept(e, V2) -4 .9481727964  

corr(V Z c) =0.9895275552

V2 =

4.9493170565

4.9500913821

4.9510181752

4.952097467

4.953329289

4.9547136727

4.9562506494

4.9579402507

4.9597825083

4.9617774538

4.9639251189

volts per microstrain 

volts

There is therefore a larger error in the output when bending is applied in the reverse direction 
The output changes by 5.5mV for a 500 microstrain change, equivalent to about 9 Newtons 
error in the axial force reading. However, this is about the overall force resolution of the 
system.
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Instrumentation amplifier arrangement.

To compare the performance of the circuit of figure D1 with that of an instrumentatior 
amplifier, the output of the circuit of figure D2 will now be derived, again in terms of 
the bridge resistors. Since instrumentation amplifiers are designed to minimise 
common-mode errors, the amplifier will be considered to be ideal.

V01 and V02 are given by;

V O I=  -V dd  V O ^  Vdd
Rb Rc Ra Rd

If the amplifier gain is G, the output voltage VO is given by:

V ( ^ G ( V 0 2  V O I) (D 3 5 )

Substituting for V01 and V02:

V O . O I -  I (D 3 6 )
Vdd Ra Rd Rb Rc

Substituting values as before:

G 787.9 (for equivalent gain to the previous circuit, derived from eq D19)

For axial compression.

Ra RO- 11 k -c -io "*

Rb R 0-( 1 -  p-k-c-10

Rc RO- 11 +  k -c -10 "*1

Rd R0-! 1 p-k-c-10

VO Vdd-
Rc

Ra Rd Rb Rc  ̂j

0 I 0

1 I -1 .1 167720303

2 -2 .2 3 33 9 16 4 2

3 -3 .3 4 98 5 88 6 6 4

4 4 .4661737346

5 ^ 0 = 1 -5 .5 8 2 3 3 6 2 7 7 7

6 6 .6983465271

7 j 7 .8142045138

8 -8 .9 2 99 1 02 6 9

9 10.0454638238

10 11 1608652095
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slope (8, VO) = 0.0111608648 

intercept ( 8, VO) = 0.0011423909 

corr(VO,c)= 0.9999999818

volts per microstrain 

volts

T hese  values are  very similar to those for the Mk1 circuit. In particular, the slopes ag ree  to 
within 0.1%.

For bending about the ML axis,

Rb -RO- 1 + k-c-10

Rd RO 1 -  k-c-10^

Ra RO 11 + p-k-c-10 ^

Rc RO 11 p-k-c-10

VO Vdd- Rc
Ra Rd Rb + Rc

c =

2
3

4

5

6
7

8
9

10

V0 =

7.622489416510

3.04899577110

6.860240662910

0.0012195984

0.0019056225

0.0027440966

-0.0037350206

0.0048783946

0.0061742187

0.0076224929

Since the amplifier w as modelled a s  ideal, this small change in VO over the range of strain it 
du e  to the  small nonlinearity of the bridge rather than to the CMRR of the amplifier.

The error due to bending therefore increases with strain, and is 1.9mV at 500 microstrain, 
equivalent to about 3 Newtons of axial force. This is com parable with the Mkl 
circuit perform ance for bending in one direction. The Mkl circuit show s a 9 Newton 
error for the sam e  strain applied in the opposite direction.
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10 V

Instrumentation amplifierRa Rb
VOI

Rc V02Rd

Figure D2 Traditional instrumentation amplifier topology.

D l . l  D iscussion

Eqn. DM gives the ideal relationship between the output voltage V2 and the 

bridge and amplifier resistors and supply voltage. As expected V2 is linear with 

the supply voltage and is dependent on all the resistor values, although not in the 

simple manner of the true differential amplifier. Eqn. D19 gives the overall two- 

stage gain expression. The (1/4) tenu is due to the feedforward effect of 

connecting the half-bridge output V02 to the second amplifier as well as the first. 

Eqn. D25 gives the first stage gain, which also contains a (1/4) term. This term is 

due to the connection between Vdd and Voi through Rb, which otherwise looks 

like a non-inverting stage (eqn. D19). These two (1/4) terms, occurring in different 

stages in the network, do not cancel when calculating the second stage gain (at 

zero strain), eqn. D26. These modifying effects are apparent when the second 

stage gain is calculated in terms only of its two resistors (R2 and R3) and the first 

stage gain Gl. This is mainly of academic interest in the function of the circuit.

The remainder of the analysis uses the actual circuit values (for the axial 

compression channel) to calculate the output V2 for axial compression and 

bending. For given circuit parameters the output is very linear with strain. 

Variation in the CMRR of the individual amplifiers proved not to alter the 

linearity or slope significantly. Although the Mkl gauges were mounted on a
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diameter running in the A-P direction in order to minimise output due to the 

primary (M-L plane) bending moment, an unknown amount of bending also 

occurs in the orthogonal plane due to shear forces acting at the femoral head. The 

bending analysis is therefore presented to assess the errors due to this moment. In 

one direction the slope is non-linear but negligibly small (1.6mV at 500 ps, 

corresponding to 60Nm bending moment); in the other direction a slightly larger 

figure of 5.5mV at 500pe was found. However, both these errors are comparable 

to the overall resolution of the telemetry system.

The final section simply analyses the (ideally differentially amplified) bridge 

output, to show that the small nonlinearities are due in part to the those inherent in 

the bridge itself. In particular, the A-P plane bending errors due to the bridge 

alone are the same as those found for the lower of the two A-P plane bending 

sensitivities in the Mkl circuit.

D2 Noise calculations

One of the important parameters to guide the selection of the op-amps was the 

noise figure and the bandwidth over which the noise would be amplified. 

Sufficient bandwidth should be available to pass the frequencies of interest 

unattenuated, but little more, so as to avoid amplifying additional noise. The 

LTC27L7 dual amplifier has a gain-bandwidth product of lOOKHz at 37°C. The 

main physiological frequencies of interest lie between d.c. and about 50Hz. (Since 

the sampling rate for the Mkl was 200Hz it is strictly necessary to band-limit the 

signal to lOOHz in any case, in order to avoid aliasing, but since 99.9% of the 

spectral power is in the frequencies below 25Hz [#4.4.4.2] this is unnecessary 

here.) In order not to attenuate signals between d.c. and lOOHz a -3dB frequency 

of IkHz was chosen. The maximum gain of either stage was therefore limited to 

100/1 = 100. The actual gains used were 30 for the first stage and 27 for the 

second. This gave a bandwidth for the first stage of 100/30 = 3.3kHz. The 

equivalent noise bandwidth is about 1.5 x BW = 4.95kHz. In retrospect more gain
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could have been allocated to the first stage, to reduce the noise bandwidth and to 

provide some inherent amplifier low pass filtering.

The potential noise sources were as follows:

1 Johnson noise in the strain gauge resistors

2 1/f noise in the strain gauge resistors

3 shot noise in the strain gauge resistors

4 the amplifier equivalent voltage noise

5 the amplifier equivalent current noise

The r.m.s. Johnson noise is given by nj = (4kTRB)0.5

where k = Boltzmann’s constant, 1.38 x 10^^

T = absolute temperature, 310°K

R = gauge resistance, 5kQ for the Mkl gauges, 20kQ for the Mk2 gauges. 

B = measurement bandwidth, 4.95kHz

The Johnson noise is therefore 0.65pV for each M kl, 1.3pV for each Mk2 gauge.

The 1/f noise in the strain gauges, np, was minimised by the use of metal foils and 

films for the gauges. Over one decade of frequency a maximum of 0.2p.V r.m.s. 

could be expected per applied voltage across the resistor, or 1 pV in this case.

Shot noise depends on the current. It is given by:

ns = (2qIB)“*

where q = charge on the electron, 1.6 x 10’

I = r.m.s. current, 1mA for Mkl gauges, 0.25mA for Mk2 gauges 

B = measurement bandwidth, 4.95kHz
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The Shot noise is therefore 1.3nV for Mkl, 0.63nV for Mk2 gauges.

The amplifier equivalent voltage noise, e„, is specified as 68nV/Hz’®'̂ , which gives 

4.8pV. The current noise, i„, is specified as 0.5fA/Hz’®̂ , which is very low and 

may be ignored.

The main noise sources are therefore:

1 Johnson noise in the strain gauge resistors

2 1/f noise in the strain gauge resistors

4 the amplifier equivalent voltage noise

Combining these uncorrelated noise sources, the total circuit noise referred to the 

amplifier input may be calculated as:

ut  ̂= n /  + np̂  + en̂

For the Mkl circuit, ut = (0.65^ + 1̂  + 4.8̂ )®'̂  = 4.95pV r.m.s, 

for the Mk2 circuit, nr = (1.3^ + 1̂  + 4.8^/’̂  = 5.07pV r.m.s.

There is therefore little difference between the total circuit noise for Mkl and Mk2 

gauges, as the amplifier is the dominant noise source.

An input r.m.s. noise of 5pV is equivalent to a ‘force noise’ of about 7N r.m.s. for 

the axial compression shaft channel, and 1.8N r.m.s. for the tip channel. The noise 

for the Mk2 bending moments is 0.06Nm and for axial torque is 0.04Nm. These 

channels have reduced gains which have the effect of reducing the noise by the 

square root of the gain ratio.
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D3 Summary

The circuit topology used for the Mkl and Mk2 strain gauge amplifiers, whilst 

unconventional, does not compare unfavourably with an instrumentation amplifier 

(figure D2). Common-mode rejection at the level of strain applied by 

physiological forces is almost as good as the instrumentation amplifier, and is 

comparable with the overall amplified noise, 7 Newtons for shaft axial 

compression. Moreover, the chosen topology has certain advantages, outlined in 

#4.4.3.2.

The principal noise component is the equivalent amplifier voltage noise, en. The 

strain gauge noise is an order of magnitude lower and therefore a quieter amplifier 

would offer considerable improvement for the same GBW product. There are 

several new op-amps which would offer lower noise whilst retaining the other 

desirable characteristics of low GBW, low quiescent current, low bias current and 

low input offset voltage and temperature coefficient of offset voltage. A small 

improvement would be made, without degrading the bandwidth, by having more 

gain in the first stage, say G = 100 for the first stage and 8 for the second.
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Appendix E Estimation of maximum measurement errors due to

strain gauge misalignment and cavity wall thickness variations

This appendix will derive the errors in axial force measurement for the first Mkl 

instrumented prosthesis due to strain gauge misalignment and to differences in the 

cavity wall thicknesses. As described in #4.6.1, in order to determine the 

sensitivity of each channel to applied axial loads, the prosthesis was 

compressively loaded under two conditions: i) between the solid portion of the 

shaft above the instrumentation and the domed stem tip, and ii) between the 

femoral head and the domed stem tip. Since the prosthesis is symmetrical about 

the plane of the neck and shaft the bending moment produced by the second 

loading condition may be referred to as ‘in-plane’ bending, and bending in the 

orthogonal plane about the prosthesis axis as ‘out-of-plane bending’.

The sensitivities to the applied axial load component, measured in the shaft and at 

the tip, varied between different loading conditions. In the shaft, the sensitivity 

was 2.2% greater when true axial load was applied compared with head-tip 

loading. The corresponding value at the tip was -6.8%. The possible sources of 

these errors are as follows:

(i) the strain gauges were not on a true diameter,

(ii) the centre lines of the gauges were not parallel to the prosthesis 

longitudinal axis,

(iii) the opposing wall thicknesses in each cavity were not equal.

Since the prostheses were not calibrated under deliberately applied ‘out of plane’ 

bending moments or axial torques, it is important to be able to estimate the 

maximum errors in the measurements which would be due to these applied 

moments. The strain gauges were deliberately positioned on an A-P axis in order 

to render the measurements insensitive to the primary bending moment (the ‘in 

plane’ moment) which arises from compressive loads on the femoral head. The 

following section derives the expressions for the output of the strain gauge bridge 

circuit, during applied bending moments and axial torque, when the gauges are
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subject to different combinations of positioning error. The results are given in 

Table E l, expressed as uncertainties in the measured axial force for given applied 

moments.

El Derivation of bridge output expressions

The strain gauges in each cavity were wired in a bridge such that the bridge output 

was sensitive to axial force. Figure E.l shows the gauge wiring in each cavity. The 

two longitudinal gauges (one on each side of the cavity, R1 and R3) were wired 

diametrically opposite each other in each bridge, as were the two lateral gauges, 

R2 and R4.

Positive supply

R4

out

R2 R3

Negative supply

Figure El Wiring of the strain gauge bridges used at the shaft and stem tip.

The resistance of each gauge depends on the unstrained resistance Ro, the gauge 

factor k, and the strain 8 in the direction of the gauge:

R = R o (l+ k e ) ------------------------------- (E.l)
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For perfectly aligned gauges, sensitive to axial compression, the output from the 

bridge shown in figure E.l, Vout, is given by:

Vout= Vs(l + plc8) / [(2 + k8 (p -1)] - (1 - k8) / [(2 + k8 (p - 1)] ------------- (E.2)

= Vs k8 (1 + p) / [(2 + k8 (p -1)]---------------- ------------------------------ (E.3)

= Vsk8 (1 + p) / 2 for small strains-------- -------------------------------(E.4)

where Vs is the bridge supply voltage, k is the gauge factor and p the Poisson’s

ratio for the gauge alloy, 8 is the applied strain.

However, if the effects of the postulated errors are included, the strain terms are 

modified by a sine or cosine term according to the error effect, and the resistance 

of a single gauge can be expressed by the general term:

Rx = Ro (1 + nx k8)  (E.5)

where x = 1,2,3 or 4, denoting the gauges of figure E.l, and n% is a term whose 

value depends on the error condition (or combination of error conditions) and the 

type of loading. In general, nx can be expressed as:

nx = m cos(a) sin(b) cos(c)  (E.6)

where m, a, b, c assume values according to the particular error condition, and are 

shovm as arrays in the MathCad analysis below. Terms a , w and y may be defined 

for the error angles (in degrees):

a  is the angle by which one half-bridge is off a true diameter,

w is the angle by which one half-bridge (both longitudinal and lateral

gauges) is skewed relative to the long axis of the prosthesis.
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y is the angle by which the other half bridge (both longitudinal and 

lateral gauges) is skewed relative to the long axis of the prosthesis.

It is reasonable to suppose that the errors would have occurred during ‘blind’ 

bonding of the gauges to the cavity walls, rather than during the relatively easy 

gauge inter-positioning which took place before the wired assembly was inserted 

into the cavity. The two gauges forming each half-bridge are therefore assumed to 

have been accurately positioned at 90° to each other. The 10° adjustment for 

certain coefficients in the bending columns represents the 10° anteversion which 

was applied between the femoral head and the instrumented part before welding. 

This adjustment has the effect of slightly increasing the errors.

The bridge output, Vout, is then given by:

Vout = Vs (1 + n2 ke) / [2 + ke (ni + ni)] - (1 + ns ke) / [2 + ke (ng + n4)] -----(E.7)

In order to determine the sensitivity errors due to the changes in ni..n4 this 

expression is differentiated w.r.t. strain. Knowing the relationship between each 

force or moment and the strains which they produce, the change in bridge output 

per given applied force or moment can be calculated. The ratio of each of the three 

bridge output derivatives w.r.t. moments, to that w.r.t. axial force, yield the errors 

in N/Nm. These are the values tabulated in Table E l. Values for a , w and y were 

chosen which represented the largest likely practical errors as estimated by the 

strain gauge contractor.

The analysis described above was carried out numerically using MathCad 

(worksheet below). Arrays for each of the error terms were used, to produce the 

results in the form of a matrix. The first case assumes that the wall thicknesses on 

opposite gauged sides of each cavity were equal, and determines the errors due to 

gauge misalignment only. The second case sets all misalignment errors to zero and 

calculates errors due to wall thickness differences only. The shaft wall thickness is 

denoted by f, and the tip by h. The worst-case is the combination of the two cases.
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Bridge output (normalised to supply voltage):

V 2-'= ___ I
V  2  k - £ -  n  j  n  2  2  k - e -  n  3  - i -  n  4

Case 1 : no wall thickness errors:

maximum off-diameter errors: 

maximum skew errors:

material constants:
p 0 .35  k - 2 . 1

a n t e v e r s i o n  a n g l e  Ô  -  1 0 - d e g

h 1 

1 - d e g  p  = 0  d e g

w  2 . 5  d e g  y  ' 2 . 5 - d e g

For 3kN offset load, strains are calculated as the sum 
and difference o f the compressive and bending strains:

£  s ,  - ( 1 6 0  5 2 7 ) .  1 0  

£ 5 2  ( 1 6 0  5 2 7 ) .  1 0

£ j ,  ( 8 1 9 ^  9 7 5 )  1 0

£ ^ 2  ( 8 1 9  9 7 5 ) .  1 0

Generate arrays for variables:

1 1 1 1  
1 1 1 1  

I  1 I  1 1

1 1 1 1

0 0 0 0 ] 
0 0 0 0 

w  w  w  0  

w  w  w  0

9 0 .  d e g  Ô  9 0 .  d e g  0

9 0 .  d e g  a  Ô  9 0 .  d e g  0

9 0 .  d e g  Ô  9 0 .  d e g  2 . \ v

9 0 .  d e g  5  9 0 .  d e g  2 . \ v

P  P  P  P  

P  P  P  P  

P  P  P  P  

P  P  P  P  

0 0 0 0 

0 0 0 0 

w  w  w  0  

w  w  w  0

m

I  1 1 1  1

1 1 1 1  
1 1 1 1  
1 1 1 1

[ 0 0 0 0  

0 0 0 0 

0 0 0 0 

y  y  y  0

[ 9 0 - d e g  5  9 0  d e g  0

,  9 0  d e g  a  8  9 0  d e g  0  

9 0  d e g  8  9 0  d e g  2 . w

I  9 0  d e g  8  9 0  d e g  2 . \ v

P  P  P  P

P  P  P  P

P  P  P  P

P  P  P  P

0 0 0 0 

0 0 0 0 

0 0 0 0 

y  y  y  0

9 0  d e g  8  9 0  d e g  0

9 0  d e g  p  8  9 0  d e g  0  

9 0  d e g  8  9 0  d e g  0

9 0  d e g  8  9 0  d e g  2 - y

0 0 8 0

0  0  a  8  0

c 1  -
0 0 8 0

0 0 8 0

0 0 8 0

0  0  a  8  0  

, 0 0 8 0

0 0 8 0

[ 9 0  d e g  8  9 0  d e g  0

9 0  d e g  P  8  9 0  d e g  0

9 0  d e g  8  9 0  d e g  0

9 0  d e g  8  9 0  d e g  2 .  y

0 0 8 0

0 0 p 8 0
[ C4

0 0 8 0 ^

0 0 8 0

0 0 8 0

0  0  p  8  0  

0 0 8 0

0 0 8 0

Define general expressions containing error combinations:

n  I  m  j . c o s  a  ,  r s i n  b  1 c o s  c1 1 }
n  2  i  m  2  c o s  a  2  - s i n  b  ^  c o s  c  2 )

n  3  m  3 . c o s  a  3  s i n  b  3  . c o s  c  3 n  4  I  0 1 4 . c o s  a 4  . s i n  b  4 j . c o s  ( c  4 )  j
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Bridge output sensitivity to strain: Define x - Y=̂
de V

n 2 - n , -k

[2  k - e s i - ( n  ,

t " 2 - n 1 k

2 k e  j ] - ( n 1 " 2 ) f

[2+k-es2- "3 " 4)!'

i n -j -  n yiVk

Yt -
2 - k-e 2̂ ‘ n 3 i- n

12

evaluate bridge outputs:

X ,  Y s  =

Xt Y,=

1.41781 9 .3 3 3 2 9 H 0  ^ 3 .0 0 5 6 6 2 1 0  * 0

1.41781 0 .0 1 2 2 0 6 0 .0 0 2 3 4 6 0

1 .417134 1 .2 6 4 3 3 5 1 0 "* 3 .6 4 98 6  n o ' * 0 .0 6 1 7 7 7

1.41646 9 .3 1 5 5 3 4 1 0  6 2 .9 9 9 9 4  n o ' * 0 .1 2 3 5 4 6

1.419088 4 .7 7 67 1 7 10 "^ 0 .0 0 15 4 0

1 .419088 0 .0 1 2 2 3 8 0.003591 0

1.41841 1 .6 4 8 0 6 1 0  * 8 .7 2 3 7 9 5 1 0  * 0 .0 6 17 8 5

1 .417736 4 ,7 6 76 3  h 10 ^ 0 .0 0 1 5 3 7 11123555]

Convert from Volts/Volt/strain to ppm/N and ppm/Nm: 

Compression: *̂ =aE=Â ^

Bending:

Torque:

W='E.M
S , t

S , t

From geometry and material properties, these give:

^  sl 18.73 M g j  - 0.12 T s l  = 0  104

^  t l 3 .6 6 M j ,  - 0 .0 1 1 1 7 T j ,  = 0 .0 0 9 7

^  s2 -  18.73-f M 32 = 0.12  f T g 2 0 .1 0 4 f

^  t2 3 .6 6  h M ^2 -0 .0 1 1 1 7h T j 2 - 0 .0 0 9 7 h

<0>  ^  s

<o>  ̂t

<0>

si

<0>

< ! >

< l >

< l >
s

1sl
< 1>

<2> ^  S

' M

<2>

si

<2>

tl
<2 >

tl

<3>

<3>

<3>

sl
<3>

tl
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evaluate bridge output in ppm of supply voltage per Newton or Newton-metre:

<o>

<o>

<0>

s2

<o>

< i >

< i >

< i >
5
1s2
< 1>

t2

<2>

<2>

<2>
5

 ̂ s2 

<2>

t2

<3>

<3>

<3>
3

s2

<3>

t2 t2

Divide columns 2,3,4 by column I to obtain sensitivities normalised to axial force sen

, < o >

C  <0> c1 1 5) o

, < ! >

<0>
-  S

<o>
<2>

<3> <3>

, <0>

<0> <0>
, < 1>

<o> <%>
<2> - T

,  <0> ,  <0>
1 1 1 o

evaluate error in apparent axial force due to applied moments (N/Nm):

r 0 .0 1 1 0 2 9  0 .3 5 5 5 6 2  0  

2 .8 2 5 7 4 9  0 .8 2 9 2 4 9  0  

0 .0 3 8 0 7 1  0 .2 0 1 5 2 6  1 6 .4 3 5 7 4 3  

0 .0 1 1 0 1 9  0 .3 5 5 2 2 3  3 2 .8 8 3 3 0 5

0 .0 0 1 0 2 7  0 .0 3 3 0 8 9  0  

1 .3 4 3 7 0 5  0 .2 5 8 2 6 1  0  

0 .0 1 3 9 2 5  0 .0 4 0 2  7 .8 5 0 8 7 4

0 .0 0 1 0 2 7  0 .0 3 3 0 5 7  1 5 .7 0 8 2 3 3

Case 2: wall thickness errors only: f  1 . 0 0 2 5  h 1 . 0 2

maximum off-diameter errors: a 0  deg p 0  deg

maximum skew errors: w - O  deg y o deg

G g, ( 1 6 0  5 2 7 ) 10 G - ( 8 1 9  9 7 5 )  10

G g 2  ( 1 6 0  5 2 7 ) 10  ̂ f  G Q  - ( 8 1 9 -  9 7 5 )  10 ^ h

evaluate error in apparent axial force due to applied moments (N/Nm

s =

0.032801 0.224988 0 

0.032801 0.224988 0 

0.032801 0.224988 0 

0.032801 0.224988 0

! 0.551573 3.550374 0 

0.551573 3.550374 0 

0.551573 3.550374 0 

0.551573 3.550374 0
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Table El shows the calculated output sensitivities for the tip and shaft bridges to 

in-plane bending, out-of-plane bending and axial torque, for certain values of 3 

different types of errors in gauge positioning, and also for wall thickness 

variations at each cavity. The tabulated values are the axial force error in Newtons 

which would occur per Nm of applied moment. Values are given for perfectly 

positioned gauges and for the error conditions above. The tabulated conditions are 

for the estimated maximum variation in gauge alignment and wall thickness at 

each site which might reasonably have occurred, and take account of the 

anteversion of the head-neck. During head-tip loading, the loadline was offset 

from the neutral axis by 21.1mm at the shaft and 3.6mm at the tip.

Error condition In-plane
bending

Out-of-plane
bending

Axial torque

Shaft
gauges

Tip
gauges

Shaft
gauges

Tip
gauges

Shaft
gauges

Tip
gauges

Perfect gauge 
alignment

0.00 0.01 0.03 0.35 0.00 0.00

(i) One half-bridge 
off diameter by 1°

1.34 2.83 0.26 0.83 0.00 0.00

(ii) One half-bridge 
with both gauges 
skewed by 2.5°

0.01 0.04 -0.04 0.20 7.85 16.43

(iii)Both half-bridges 
with both gauges 
skewed by 2.5°

0.00 0.01 0.03 0.36 15.71 32.88

1% difference in 
wall thickness

0.03 - 0.22 - 0.00 -

10% difference in 
wall thickness

- 0.55 - 3.55 - 0.00

Maximum combined 
error
(i + ii or iii + wall 
thickness)

1.38 3.42 0.51 4.74 15.71 32.88

Table E.l Calculated error in axial force reading due to applied moments, for 

various error conditions (N/Nm), with 10° head-neck anteversion.
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Table El shows that error condition (i) is the major contributor to the small 

difference in sensitivity found during calibration, assuming moments other than 

in-plane bending were zero. The observed 2.2% error in the shaft would be 

accounted for by a 0.77° off-diameter error in one half bridge, corresponding to a 

displacement of 0.13mm. Similarly, the 6.8% error at the tip would be explained 

by a 6.7° off-diameter error, which is a displacement of 0.64mm. These are within 

the tolerances of accuracy in bonding the gauges.

The other two gauge positioning error conditions are presented in order to assess 

the likely errors during service due to applied loads which are not measured by the 

system. Due to the lack of muscles attached to the artificial proximal femur it is 

not valid to use available torque data from instrumented total hip implants. 

However, axial torques of no greater than 6Nm were measured near the mid- 

femoral level in the first instrumented distal femoral replacement, after 9 months 

implantation, albeit with a rotating hinge type knee joint. Estimating the torque in 

the proximal replacement to be lONm leads to a maximum combined error of 

157N in the shaft. The peak out-of-plane shear force is estimated at O.SxBW, 

which translates to 70Nm at the level of the gauges, leading to a maximum 

combined error of 36N in the shaft. The stem tip is protected from these moments 

and the tip measurements would therefore be subjected to less error.

The value for Poisson's ratio was set to 0.35. This may be rather high, reducing it 

to 0.3 makes at most 10% diffrence to the out-of-plane bending errors, and has 

virtually no effect on the other errors.

£3 Conclusions

The discrepancies in sensitivity between the two compressive loading conditions 

found during calibration can be explained by the tolerances in gauge positioning. 

Estimates of the maximum likely ‘out of plane’ bending moment and axial torque 

lead to shaft force errors of 157N and 36N respectively. These are the
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measurement errors which would occur during maximum applied force, typically 

2.5kN, and therefore represent about 6% and 1.5% error respectively. Although 

the errors at the stem tip appear larger than those for the shaft, particularly in ‘out 

of plane’ bending, the tip is protected from large moments by virtue of its location, 

and the errors would be correspondingly low.

The above analysis shows that although the Mkl prostheses were instrumented to 

measure only axial force, the errors due to the simultaneously applied moments 

would be expected to be low. The calibration slopes used to derive the forces 

during use were those for the head-tip loading condition, since this was most 

likely to approximate the in vivo situation. The force measurements are therefore 

only compromised by the other moments, and these have been shown to contribute 

additional errors of a few percent at most.
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