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The literature on bone growth, fracture healing, fracture
treatment and the effects of forces and movements on these is
reviewed. Some methods of assessing the progress of fracture union
are considered. The conclusion from this is that a fracture movement
transducer is needed for use on an external fracture fixator, and the
design criteria are outlined.

The possible types of transducers are considered and a system of
light falling on lateral effect photodetectors was used. The
linearizing algorithms applicable to the employed detectors are
discussed and tested. The electronic circuits were designed and
revised, initially to produce a reasonable power consumption, and then
to give a system with reduced noise levels and improved linearity.
Isolation amplifiers were required to prevent leakage currents
reaching the patient from the mains powered computer.

The algorithms relating the movements of the transducer to the
movements at the fracture site were derived, including the use of
elasticity theory to calculate the bending of the fixator pins. The
engineering descriptions of the patient tests and the methods of
calculating the fracture stiffness are considered. The transducer was
calibrated, and consideration was given to the effect of the fixator
pins loosening in the bone.

Seven patients, all with tibial fractures, six injured in road
traffic accidents and one footballing injury, were tested and their

clinical histories were reviewed. Comparison was made between the



results from the displacement transducer and a strain gauge
transducer, related to the clinical history. It is concluded that
this transducer, although useful, has more relevance as a research
than as a clinical tool, but that further tests would lead to

increased further understanding of fracture healing.
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CHAPTER 1

INTRODUCTION



INTRODUCTION

e d

It is relatively simple to decide whether a bone is broken, and
the Ancient Egyptians had methods of immobilizing fractures. However,
it is more difficult to agree on the end of the healing process and
even more difficult to ascertain whether, or not, healing is
progressing. This work considers a method of following fracture
healing by measuring the relative movements between two points on
either side of a fracture and then mathematically relating these
movements to the relative movement across the fracture site. Seven

patients, all with tibial fractures, six caused by road traffic

accidents, one a sporting injury and treated with the Oxford External
Fixator, were studied as their fractures healed. The design criteria,
and the resultant transducer are discussed, as is the calibration of
the transducer. The results of the patient studies are compared with
results obtained by another mechanical method of measuring fracture

healing.



CHAPTER 2

HISTORICAL REVIEW



-
HISTORICAL REVIEW

2.1 Intact Bone

2.1(1) The Structure of Intact Bone

Pritchard (1972a) described bone as consisting of collagen
fibres, crystals of a calcium phosphate, a type of "cement" binding
them together, and a number of cells called osteocytes. The body of
each osteocyte occupies a cavity or lacuna; they are spidery in shape,
and have cellular extensions which extend throughout a bone volume of
about 5 x 10~% mm3. Collagen comprises nearly one third of the dried
weight of bone. It is in the form of fibers 4,000-12,000 nm in
length, consisting of three left-handed helical chains twisted
together into a right-handed helix, the collagen fibril (Fig. 2.1.1)
(Piekarwski,1973). There are 5 types of collagen (Fors;er, 1984),
although mainly type I is found in boné. The crystals are 300-500 nm
in diameter by about 6,000 nm long, and produce an X-ray diffraction
pattern similar to that of hydroxyapatite 3Ca3(P0,),.Ca(OH)y- They
account for nearly two thirds of the dried weight of bone. The
remainder is a cement which provides a continous phase through which
the collagen and crystals are distributed, along with
mucopolysaccharides, glycoproteins, lipids and other minor
constituents of bone. These basic comstituents are organised together
in various ways, with different amounts of vascularity, to produce the
different types of bone: fine cancellous, which is normally found in
the foetus and in healing fractures, compact or cortical bone,which
has a fine grained compact structure, and coarse cancellous bone. The
basic unit of bone structure is the osteon, which is generally a

cylindrical structure containing layers of bone around a central
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canal, containing blood vessels and nerve fibres. In young animals
most growth occurs at the epiphyses, near the bone euds, and on the
surface of the bone. In adult animals the growth is due to the
production of secondary osteons leading to remodelling. Osteoms are
built around some, but not all, blood vessels in the bone, and the
majority are orientated in the longitudinal direction of the bone.
Those which are orientated in this direction are also known as
Haversian systems, after Havers who first described them in 16951
(Bick, 1948). The osteocytes are arranged within the osteons, and are
slightly more numerous at the ends than in the middle.

Pritchard (1972b) described bone being produced by osteoblasts,

which are large cells 20 to 30 micrometers in length aand of various

shapes. They are found on the surface of new bone as they lay it
down. They absorb amino acids, glucose and sulphate, and secrete
collagen, mucopolysacchrides and glycoproteins, which become osteoid,
the organic portion of bone. In adults the number of osteoblasts
remains small until a fracture occurs. They are unable to divide, and
are produced by the maturation of osteogenic cells, which have yet to
be identifjed. Osteoblasts eventually mature into osteocytes.
Piekarwski (1973) analyzed bone as a composite engineering

material using the Hirsch model (Hirsch, 1962), the compliance being

given by:
1 1 \' \Y
1 1
B ViEy + VaEy Ey B

where E. is the combined Young's Modulus, E; and E, are

the Young's Moduli of the elements and V, and Vo are the
volume of the elements 1 and 2.

This is a combination of the Voigt model for uniform strain and

the Reuss wmodel for uniform stress; x is the proportioan of the



material obeying the Voigt model, and (l1-x) is the proportion obeying
the Reuss model as discussed by Hirsch. Bone approximates well to the

Hirsch model with x=0.925, showing it mainly to be a uniform strain

material.

2.1(ii) The Effect of Mechanical Forces on Intact Bone

Some of the early work on the effect of applied load on bone was
done by Wolff (1892). Like Koch (1917) he postulated that bone
remodels so that it can best resist the loads applied to it. Koch
also showed that the pattern of the trabeculae follows the principal
lines of stress in the bone. Bone adjusts its structure in response
to the applied stress by laying down new bone in areas were the
stresses are higher than optimal, and resorbing it where the stresses
are lower than optimal (Goodship et al, 1979). Ascenzi and Bell
(1972) quoted work by various authors, including Watt and Williams
(1951), showing that rats fed a rougher diet have stronger jaw bomnes
than those fed on a soft diet. Washburn (1947) severed muscle
attachments to certain bones in growing animals; these bones were
smaller than those of controls. In humans the ratio of total muscle
weight to total bone weight is fairly constant at 2.4 : 1, despite
varying amounts of bone (Doyle et al, 1970). The shape of the human
tibia is a compromise between the circular cross-section required for
optimal load bearing, and the effects of the muscles acting on it
which force it into a triangular shape. The tibia of a foetus with
paralysed legs was found to have a circular cross-section if the
paralysis was of early onset, but the cross-section was triangular if
the muscles had once functioned and subsequently become paralysed

(Ralis,198¢). Chamay and Tschantz (1972) showed that under tension



mature bone atrophies, and under compression it hypertrophies. With
static compression the growth only occured where there was plastic,
rather than elastic, deformation of the béhe, but with cyclic loading
growth occured until the bome had adapted to the overload, whether it
produced elastic or plastic deformation. Jankovich (1972) subjected
rats to mechanical vibration; this did not affect body weight, bone
weight, density or geometry, but it did increase the rigidity and the
modulus of elasticity of the bones.

Schartzker et al (1978) tried to quantify the extent to which
internal fixation of fractures protected the bones against applied
stress. They strain-gauged bones in vitro, and then loaded them to
determine the modulus of elasticity. The bone was then transected and
repaired either by internal plates for transverse osteotomies either
with or without compression, or by "lag” screws for oblique
osteotomies. "Lag" screws are screws applied across an oblique
fracture to stabilize the fracture. The modulus of elasticity was
then determined again. The "lag"” screws provided no stress protection
but the plates did. The amount of stress protection did not depend on
whether compression was applied to the bone, but it was affected by
the stiffness of the plate. Internal fixation by plates has been used
by various authors to decrease the stress applied to bone. Tonino et
al (1976) used plates with different moduli of elasticity to produce
different amounts of stress protection; the greater the stress
protection the larger and more numerous they found were the cavities
in the bone where resorption of the mineral had occurred. Woo et al
(1976 and 1977) showed that stress protection reduced the ultimate

ylield strength of bone and the energy absorbed to failure.

Paavolainen et al (1978) compared the strength loss of the tibio-
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fibulae of rabbits when plated with and without compression, but they
found no significant difference.

Goodship et al (1979) strain gauged pigs radii and removed a
portion of their ulnae. This produced increased stress on the radii,
but as the bone hypertrophied the strains gradually fell to those of
the unoperated control limbs. Jaworski et al (1980) immobilised one
hind leg in older dogs. There was a small but sharp drop in the
strength of the bone comparéd to thg contralateral control, followed
by a more gradual drop which after a few months became irreversible.
Hassler et al (1980) calculated, using finite element analysis, the
stresses being applied to rabbit's skulls by cantilevers, and with dye
techniques quantified the volume of new bone formed in the four weeks
for which the loading was applied. Bone growth was accelerated with
stresses up to 2 MPa; thereafter the growth rate was the same as that
of the unstressed bone, until above 7 MPa bone destruction occured,
due to avascular necrosis.

Thus it has been shown that intact bone reponds to the forces
applied to it. If these forces are tensile then the bone atrophies,
except in those regions, like the attachment points of muscles, which
are adapted to tensile forces. If the applied forces are compressive
then the effect depends on the level of stress which they produce.
Every bone appears to have a region of optimal applied stress,
although how this level is physiologicaliy defined is not known. If
the applied forces produce stresses below this level then bone
absorption occurs until the stress levels are optimized. If the
stress levels are excessively high, then avascular necrosis occurs.
At stress levels below these, but still above the optimal region, then
new bone formation occurs unﬁil the stresses fall within the optimal

zone. Hassler et al (1980) appear to be the only workers to date who
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have quantified the region of optimal stress, and then only for rabbit

skulls.
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2.2 Fractures

2.2(1) The Fracturing of Bone

Bone is an anisotropic material which is weaker in tension than
in compression. Long bones fracture more easily long itudinally than
transversely (Evans, 1973; Pope and Outwater, 1972; Behiri and
Bonfield, 198&). Adams (1978) described three basic causes of
fractures: sudden injury, fatigue, and fracture due to pathological
processes. Fatigue fractures are caused by repeated stresses below
the ultimate yield stress, so that eventually the bone breaks before
it has time to hypertrophy. An example of this is the "march”
fracture, which is a fatigue fracture of the metatarsals, typically
produced by marching. Pathological fractures are also produced by
stresses below the ultimate yield stress for normal bone; they occur
in a portion of bone weakened by disease. The cause may be a
generalised bone disease such as osteoporosis, or a single area of
weakened bone such as a bony metastasis from a primary tumour.

Adams (1978) also described the different types of fracture;
transverse, oblique, spiral, compression, greenstick and comminuted.
A transverse fracture (Fig. 2.2.1) occurs when the line of fracture is
~ perpendicular to the long axis of the bone. An oblique fracture (Fig.
2.2.2) occurs when the fracture is on one plane, but this plane is at
an angle to the long axis of the bone, generally of greater than 459,
A spiral fracture (Fig. 2.2.3) occurs when the fracture spirals up the
cortex, with a longitudinal fracture joining the two ends of the
fracture (Bonfield and Grynpas , 1982). A compression fracture (Fig.

2.2.4) occurs typically in the vertebrae or os calcis, where the bone
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is crushed, rather than failing as a result of bending. Greenstick
fractures (Fig. 2.2.5) generally only occur in young children. Their
bones are more elastic and less brittlelgﬁan those of adults, and when
they fall, more energy is absorbed during the process of fracturing
the bone, which does not fracture the whole way through. A comminuted
fracture (Fig. 2.2.6) is one in which there are three or more
fragments of bone: it frequently results from a high velocity injury
in which a great deal of energy is dissipated. Fractures may be
further divided into open or compound, where there is a wound leading
to the fracture, and closed or simple, where there is no wound.

Alms (1961) described the possible mechanical causes of four
different types of fracture: transverse, oblique, transverse-oblique
and spiral. Simple traction is an uncommon cause of fracture, as
muscular contraction generally produces compression of the bone. When
traction does produce a fracture, it is generally of the transverse
variety. Compression can either produce a crush fracture, as in the
spine, or an oblique fracture at an angle greater than 45° to the
transverse axis of the bone. Bending produces tension on one side of
the bone and compression on the opposite side. The side under tension
will fail, and the fracture will progress across the bone, generally
producing a transverse fracture. However, if there is compression on
the bone as well as bending, then as the fracture progresses across
the bone, the area under compression will reach the compressive yield
stress and will shear, resulting in either a transverse-oblique
fracture, or a separate fragment being broken off, this being known as
a butterfly fragment. Rotation produces a spiral fracture, which is a
shear failure at an angle greater than 45° to the transverse axis of

the bone, and progresses around the limb until the two ends are
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vertically one above the other, when a longitudinal fracture occurs
between the two ends o{- e SF‘:’“’I‘

The effect of the rate of strain on the formation of fractures
has been investigated by McElhaney (1966). Under compressive loading
at strain rates varying from 0.001 sec™l to 1500 sec‘l, the ultimaté
compressive strength increases, the Young%sxnodulﬁs increases, the
energy absorbed to failure increases and then decreases, and the
strain at failure decreases. Panjabi et al (1973) tested bomes to
failure under torsiomn, at strain rates varying from 0.003sec™! to
1.32sec”l. As the strain rate increased up to 0.33sec”l, they found
an increase in the maximum torque, the strain at failure and the

energy absorbed at failure. At higher strain rates they all fell.
Saha (1977) found that increasing the linear strain rate in
longitudinal shear, from 8.4 10~4 sec~l to 8.4 103 sec”l for embalmed
bone led to a 16% reduction in in the strain at failure, but the
energy absorbed to failure was not significantly changed. Bonfield et
al (1978) investigated stably propagating cracks, with a factor of 13
between the fastest and slowest velocities of propagation. They found
a tripling in the value of G., the critical strain energy release
rate, and a doubling in the value of K., the critical stress intensity
factor, as the crack velocity increased. Behiri and Bonfield (1980
and 1984) continued this work to include catastrophic fracture
propagation. At catastrophic fracture K, and G, could not be
measured, but the energy released at fracture fell from 2125Jm~2 to
125Jm~2 at the transition from controlled fracture to catastrophic
failure. They found that controlled fracture propagation produced

rough surfaces with the line of the fracture being diverted by the
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structures of the bone, whereas catastrophic failure produced smooth

fracture surfaces. Most fractures occur at catastrophic rates rather

than controlled rates.

2.2(ii) The Healing of Fractures.

According to Ham and Harris (1972) all free surfaces of bone are
normally covered in either periosteum or endosteum. Endosteum is
fouﬁd on the surfaces of the Haversian canals, and periosteum is found
on the outside of the bone. The periosteum consists of two layers, an
outer fibrous layer and an inner layer of osteogenic cells. When a
bone is fractured, the osteocytes near the fracture site die due to a
lack of oxygen, through damage to the blood supply. A blood clot is
formed between the bone ends.

There are two types of bone healing, primary and secondary.
According to Danis (1949), primary bone healing occurs where there is
rigid fixation and a very sﬁall gap between the bone ends, as may be
seen with fractures treated by internal fixation. Under these
conditions no external bridging callus is formed. The osteons whose
Haversian canals cross the fracture die due to a lack of oxygen, but
those which do not cross the fracture site are stimulated to
proliferate, and burrow across the fracture. The continuum of osteons
across the fracture site repairs the bone. The stimulus for this form
of fracture repair is not known.

Where the fixation is less rigid, as in a plaster cast, secondary
healing occurs (Danis, 1949). After the blood clot is forqed, the
cells of the osteogenic layer of the periosteum proliferate, lifting

off the outer fibrous layer. This produces humps of periosteum either
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side of the fracture, which grow towards each other, and eventually
fuse. The osteogenic cells secrete a tissue known as callus, made up
of bone matrix, or osteoid, around the fracture. If there is plenty
of oxygen the callus matures to form bone, but if the oxygen tension
is lower then cartilage is formed. This is later replaced by bone
when the oxygen supply improves, due to vascularisation of the
fracture. Callus is also formed in the medullary cavity of long
bones, but according to McKibbrn (1978) the external callus is
mechanically the most efficient, because of its distance from the
neutral axis of the bone, and the amount formed is related to the
amount of movement at the fracture site. The stimulus to fracture
repair is unknown, and although some workers have postulated a

"healing factor” which initiates healing, as yet this has not been

identified.

Rhinelander (1968) investigated the blood supply in the long
bones of dogs. In unfractured bones the inner 60 to 75% of the cortex
is supplied by the medullary blood supply, and the rest by the
periosteal blood supply. In undisplaced fractures the medullary
supply is generally intact, and throughout the healing process the
main supply is medullary. In displaced fractures the medullary supply
is usually damaged, and the resulting haematoma prevents this from
being immediately restored. Thus initially after fracture the blood
supply is periosteal, the medullary supply becoming more important
later in the fracture repair. In plated fractures there is little or
no blood supply under the plate, despite the medullary blood supply.
In nailed fractures, the medullary blood supply depends on the
tightness of the nail; if it is tight then the medullary supply is

obstructed and the blood supply is purely periosteal, but if the nail
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is loose then the medullary supply continues.
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2.2(iiij Factors Affecting the Rate of Fracture Healing.

Nicholl (1964) performed a prospective study on 460 South African
and 245 British patients who had sustained tibial fractures to
ascertain what factors affect the rate of fracture healing. Mean time
to fracture union was 15.9 weeks, with a 5% non-union rate, thus
normal union was defined as 16 + 4 weeks, i.e. between 12 and 20
weeks. They found that the factors having most effect on the union
rate were initial displacement, comminution, soft tissue damage,
infection and distraction. Delayed and non-union occurred in 367% of
cases with moderate or severe displacement compared with 13% of cases
with slight displacement. Thirty per cent of cases with moderate or
severe comminution had delayed or non-union as opposed to 18% in
patients with no or slight comminution. Moderate or severe non-
infected wounds lead to delayed or non—-union in 347 of cases, rather
than 18% with nil or slight wound. Nicholl then divided the fractures
into 8 grades, depending on whether displacement, comminution and
wound were classed as nil/slight or moderate/severe. For each of
these classes the delayed/non-union rate ranged from 9 to 55%, with an
overall mean rate of 32%. The 9% rate was found in the group with no
displacement, wound or comminution. Comminution alonme increased the
delayed and non-union rate to 15%: similarly a wound alone incresed
the rate to 12% and displacement alone increased the rate to 277%.

They also found that age between 16 and 60 made no difference to the
healing rate.

Hoaglund and States (1976) considered some of the factors

affecting the rate of healing of tibial fractures. They found that
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fractures healed faster in children. Open fracturee took longer to
heal than closed ones. High energy fractures, like those caused by
car accidents, took longer to heal than low energy ones, such as were
caused by a fall from a small height. High energy fractures were also
more likely to be open. The position of the fracture in the bone,
and its:angle relative to the long axis of the bone, did not affect
the healing rate, but a lack of bony opposition did increase the
healing time, as did open reduction and internal fixation, although
this observation may be misleading, since this type of treatment is
commonly used for the worst fractures. Johmnson and Pope (1977) found
that amongst the skiers they studied, the fractures which did not
require reduction healed faster than those which had to be reduced.
Johnson and Pope were also unable to relate the healing time to the
amount of comminution, the type of fracture (spiral or transverse), or
the position of the fracture in the bone. Patients who were 16 or
over took about 807 longer to heal than those under 16.

Allum and Mowbray (1980) reviewed 500 patients and they also
found that with patients of 16 and under the rate of healing was
faster than with adults. They also found there were no non-unions oOr
delayed unions in the children. In these patients the cause of the
fracture did not appear to influence the rate of repair. With
patients over 16, fractures as a result of accidents to pedestrians or
motorcyclists healed more slowly than those due to sport (mainly
football or rugby) or caused to car occupants. The first two groups
had higher rates of compound, comminuted and displaced fractures. The
authors considered that pedestrians and motorcyclists, in general,
suffered high energy or direct violence fractures, whereas car

occupants and sportsmenvgenerally suffered indirect or low velocity
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accidents. Surprisingly they found that an intact fibula decreased
the time té‘healing, although this might indicate a low energy
fracture.

Thus, 1in general, slow healing is expected with open, displaced,
comminuted fractures with soft tissue damage énd infection present.
Other factors leading to delayed union, according to Adams (1978), are
avascﬁlarity of a segment of the fracture, interposed soft tissue, and
certain pathological conditions. Fractures through bone cysts and
benign tumé%s heal slowly, but those through malignant tumé%s usually

Ty
only heal after the treatment of the tumgf. Corroding metal implants

also delay healing.
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2.2(4iv) The Effect of Mechanical Forces on Fractures

Some of the early work on the healing of experimental fractures
was done by Eggars et al (1949). They produced rectangular flaps in
the skulls of rats, and applied a force at the free end of the flap,
perpendicular to the two parallel sides, producing a gradually
increasing stress across the osteotomy. They observed maximum healing
at the area of medium compression. The area under maximal compression
underwent avascular necrosis, and the area under minimum compression
healed only slowly, showing that there is an optimum compressive
stress. Freidenberg and French (1952) applied known compressive
forces to the osteotomised ulnae of dogs; they found maximum healing
with compressive forces of 0.6-0.8 N, and avascular necrosis with
forces greater than 1.4N. However, they did not calculate the
stresses produced by these forces. They believed that the enhanced
healing was due to the more secure fixation and closer contact of the
fragments. These two papers show the same pattern as the work of
Hassler et al (1980) on intact bone (described in section 2.1(ii)).

Yamagishi and Yoshimura (1955) experimented with rabbits usiﬁg
external fixators to produce different types of loading conditions
applied across experimental fractures. The loading conditions studied
were, 1) firm fixation using a stiff fixator; 2) loosely controlled
fixation where the pins were free to move along the bar; 3)
compression of the fracture; 4) forced separation of the bone ends,
and 5) alternating shearing forces. The latter were produced either
by applying longitudinal varying compression to an oblique fracture,
or by applyingAforces perpendicular to the long axis of the bone, the
direction of force being altered every 24 hrs. Upon sacrifice the

callus formed was inspected radiographically and histologically.
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Different types of callus were formed depending on the type of force
applied. Pseudoarthroses were produced by the shearing forces. The
authors did not compare the healing rates for the different cases.

Lettin (1965) compared the healing of osteotomies in rabbits when
treated by plating with compression, plating without compression and
by plaster cast. It was found that plated fractures healed faster
than those in plaster casts, but there was no significant difference
between the two types of plating. The work of Schartzer et al (1978)

Cmonn bt

showed that th%hstress protection was unaffected by whether or not .
compression was applied by the plate (see séction 2.1(ii)).

Hutzchenreuter et al (1969) altered the rigidity, and
consequently the amount of stress protection, of internal fixation
plates by altering their thickness. These plates were applied to
osteotomised sheep's tibiae, after the removal of the periosteum.
Weight-bearing was allowed after a few days. After 7 weeks, with the
thinnest plates there was some bone resorption, but also some immature
callus. However, after 4 months the callus had disappeared, and the
osteotomy.had widened. With the medium thickness plates there was
less callus, but more osteoporosis, and with the thickest plates there
was only a small amount of callus at 7 weeks, and after 4 months there
was no visible sign of the osteotomy. However there were problems
with the thickest plates, the bone tending to break at the end of the
plate.

Hassler et al (1974) used finite element analysis to calculate

/skulls.

the stresses which they applied to osteotomies in rabbits
These osteotomies were allowed to heal for two to four weeks, and 24
hours before sacrifice the rabbits were injected with 208ALC1 of #5Ca
and 400/uCi of 3H proline. After sacrifice, sections were examined

for uptake of the radioactive isotopes, and also histologically for
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the "amount” of healing which has taken place. The maximum isotope
uptake was for stresses in the range 0.07 to 0.2 MPa. Outside these
ranges the healing rate was lower, but within this range the different
measures of healing showed maxima at different stresses. The 43ca
uptake was the highest for a stress of 0.11 MPa while 3y proline
uptake was maximum for 0.08 MPa. The maximum healing seen with
histology was at 0.19 MPa. These are much lower than the stresses
which they applied to the intact skulls of rabbits; accelerated bone
growth was produced by stresses of 2 MPa and avascular necrosis was
produced by stresses greater tham 7 MPa. According to Laros (1974),
after his experiments on rabbits with fixators with different amounts
of rigidity and compression a small but unspecified amount of
compression, increasing the rigidity, is optimal. Sarmiento et al
(1977) showed in experiments on rats that a weight-bearing splint
produced a callus which was initially quite plastic, but hardened
quickly, whereas non-weight-bearing splintage produced less callus
which hardened more slowly.

Panjabi et al (1977) and White et al (1977a and 1977b) osteomised
the legs of rabbits and tried to compare the difference in healing
between bones subjected to constant stress and those subjected to
cyclic loading. The constant loading was 20 N, and the cyclic loading
was from O to 40 N at a frequency of 55 cycles/min (0.92Hz) for 4
hours daily, and a constant load of 20 N for the rest of the time.
There was no significant difference in the type or rate of healing
between the two types of loading. The fractures were tested in
torsion to failure, and showed four stages of healing. Stage I was a
"rubbery” low stiffness failure with high angulation at failure; this

lasted for 21 to 24 days. Stage II failure occured with a higher
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stiffness, but the failure occured entirely through the fracture site,
and at failure the angulation was reduced and the torque had
increased. Stage III failure was a high torque, high stiffness
failure, with some of the new fracture line passing through previously
intact bone. Stage IV failure occured entirely in the intact bone.
This study agrees with the work of Kirillov et al (1978), also on
rabbits, who also distinguished four distinct phases in fracture
healing, which could be separated by the mechanical properties of the
fracture callus. Kirillov et al also found a linear relationship
between the Young's Modulus of the callus and its radiographic
density.

Connolly et al (1978) tried to distinguish between the
reactions of different bones to being fractured. They osteotomised
one radius and several ribs of dogs, and allowed them to heal,
splinted either by the ulna or by the other ribs as appropriate. The
fracture testing was done mechanically, histologically and
biochemically. The fibs quickly regained their strength, followed
more slowly by their stiffness. However, the radii regained their
stiffness before their strength, stiffness being considered by the
authors to be the most important property of the bones in the
forearm, the reverse of that for the ribs.

Bradley et al (1979) used plates of varying stiffness, with a
factor of 12 between the minimum and maximum, to plate osteotomies of
canine femurs. The bending strength at failure, and the bone
structural stress at failure, were measured under the plate, and on
the diametrically opposite side of the bone, after 16 weeks, and
compared with the unplated contralateral control femur. The strength
of the bone under the plate was almost unaffected by the rigidity of

the plate, but that opposite the plate was significantly decreased
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with increasing rigidity of the plate. The merment opposite the
plate is mainly due to the the bending of the plate whereas the
movement under the plate is is mainly due to its compression, and as a
result is much lower.

Sedel et al (1980) compared plating with nailing on the
osteotomised metatarsals of sheep. The testing was done after 8
months, and for each sheep the osteotomised bone was compared with the
contralateral limb. The normalised ultimate bending strength,
stiffness, moment of inertia, energy absorbed to failure and maximum
calculated stress at failure were all greater for the nailed than the
plated bones. The main effect of an intfamedullary nail is to prevent
shearing and angulation, but compressive movements are free to occur.
A plate prevents shearing and intermittent compression, but a static
compressive force may be applied, and an externally applied
compressive force may produce an angulation of the fracture. A nail
takes only a small amount of any compressive force applied, whereas a
plate takes most of it. A nail affects the medullary blood supply,
while a plate effects the periosteal blood supply-.

Henry et al (1968) compared the effects of the different fixation
devices on the biological environment. Rabbit's radii were
fractured, and then were either left alone to provide controls, or had
two half nails or two half plates applied, so that none of these gave
any mechanical fixation to the fracture. After healing, the bones
were tested to failure under 4 point loading, and each leg was
compared with its control. The stiffness and ultimate yield strength
were compared for the three groups, and no significant difference was
found, implying that the presence of the metal did not affect the

healing, and that it is the different mechanical environments which



-27-

produce the different rates of healing, not the changes in the blood
supply.

Thus it seems clear that medium level compressive forces applied
to a fracture appear to produce the maximum healing rate. If the
forces applied are too great then avascular necrosis occurs, but if
the compressive forces are low then healing occurs, but more slowly.
If shearing forces are applied to the fracture then a pseudo—arthrosis
" may be produced. Different fixation devices produce different
mechanical environments at the fracture site, and it is this factor,

rather than the changes in blood supply, which appear to affect the

rate of healing.

2.2(v) The Effect of Temperature

Eagleson et al (1967) tried to accelerate healing by warming the
fracture. Electric coils were put in the plaster casts around
osteomised canine tibiae, with a thermocouple in the leg, and the
current was varied so that the internal temperature of the leg was
increased by 1-2°C over the contralateral control leg. More callus
was seen radiographically, but there was no significant difference in
the type of healing. Mostafa et al (1980) made use of the fact that
the tail vertebrae of mice are at approximately room temperature. The
rate of healing of fractured tail vertebrae was found to be greater in

mice kept at higher ambient temperatures.
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2.2(vi) Piezoelectricity and Electrical Stimulation

The piezoelectric effect in bone was discovered ;""Jtph‘ie“"'y.in
the 1950s by Bassett and Becker in New York and by Fukada and Yasuda
(Fukada, 1957) in Japan. According to Bassett (1968 and 1972) the
electric potential is generated by the extra-cellular osseous matrix
in both living and dead bone. When the bone is deformed, a voltage is
produced due to the displacement of electrons, which gradually leak
away until there 1s no net charge. When the load is removed, a
reverse voltage is produced, which again leaks away. When a bone is
loaded as a cantilever, the upper surface is in tension and produces a
positive charge, and the lower surface is in compression and produces
a negative charge. The voltage generated is affected by the strain
rate; if the rate is low then the voltage leaks away as it is being
generated. Above a certain strain rate the rate of production of the
voltage is greater than the rate of leakage, and the effect of the
leakage becomes less important. The voltage produced is linearly
related to the load applied. Tendons are also piezoelectric, and it
is not clear whether the effect in bone is produced by the collagen,
or by the collagen—hydroxyapatite junction acting as a p-n
piezoelectric junction (Williams and Breger, 1975).

Two techniques for the electrical stimulation of fractures have
been described - electromagnetic and direct. Bassett et al (1977)
used two Helmholtz coils, one on each side of a fractured limb,
outside the plaster. The coils produced a magnetic field
perpendicular to the limb, and thus induced a current through the limb
and consequently through the fracture site. The current applied to
the coils was pulsed, and either a single pulse or a train of pulses

could be applied at a given frequency. Direct electrical stimulation
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was described by Romano et al (1976) and Watson (1979), who applied
cathodes to the fracture site, with an anode at a remote site. Bone
growth occured at the cathode, and bone destruction occurred at the at
the anode, if it was in bone. This problem was solved by placing the
anode on the skin, but it needed to be moved every few days to prevent
skin irritation. Levy (1974) considered bone growth to be a feedback
system, with stress producing a negative charge which stimulates bone
growth. He produced a transfer function for the system, and
calculated the frequency of oscillation of the system to be 0.7Hz.
Using this system he altered the magnitude, direction and duration of
the signal and found that pulsed stimulation was the most effective in
vivo. Totally implanted direct stimulation of fractures is now

commercially available.
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2.3 Methods of Treatment of Fractures

2.3(1) The Treatment of Fractures in Ancient Times

Splints of various types have been used since at least the
begining of recorded history (Epstein, 1937). Egyptian Mummies of the
Fifth Dynasty (2750-2625 B.C.) have been found with broken bones which
had been splinted (Smith, 1923). In India at an unknown date B.C.
the Ajur-Veda of Susruta described the use of bamboo splints for the
treatment of fractures (Bick, 1948). Hippocrates (c.420 B.C.)
described the treatment of fractures using compression bandages for a
week to ten days until the swelling went down, and thereafter
bandaging splints on top of the compression bandage to immobolize the
fracture. Traction was used to reduce the fracture and various types
of traction device, both mechanical and manual, have been described.
In Greece, Paul of Aegina (625-690 A.D.) discussed the problems of
malunion and advised caution in the use of corrective osteotomies. 1In
the 12th Century in Bologna improvements were made in the splints then
in use (Bick, 1948). In the same century Guy de Chauliac (1300-1368)

advocated the use of bandages steeped in egg whites and red oil for

the treatment of fractures.

2.3(ii) Current Methods of Fracture Treatment

According to Adams (1978) the three basic methods of treating

fractures are: external splintage, internal fixation, and external

fixation.
The original method of splintage, by tying rigid supports around

the broken limb, has now developed into the use of Plaster of Paris
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casts, and the more recent developements of heat-cured and ultra-
violet light cured casts, as well as thermoplastic splints. Casts
work by immobilizing the ad jacent joints, thus reducing, but not
totally eliminating, movement at the fracture site. The great
advantage of this system is that it is non-invasive, but problems may
arise from the limitation of movement at the adjacent joints, and also
the plaster prevents access to the skin surface of the injured limb,
which may be a problem if there is soft tissue damage which needs to
be treated.

Internal fixation is a method of splinting the fracture directly.
It is usually achieved either by a "plate"” of a biocompatible material
being screwed onto the bone, or an intramedullary nail passed along
inside it. Surgical steel is usually the material employed, although
titanium and cobalt~-chromium alloys are also used. Plating (Fig.
2.3.1) has the advantage of rigidly fixing the fracture, while at the
same time it permits movement of the ad jacent joints, thus reducing
the risk of osteoarthrosis which can occur following prolonged
immobilisation of a joint. On the other hand; it has the disadvantages
of being invasive, requiring a large incision to get the "plate” to
the fracture site, and sometimes a futher operation later to remove it
(London, 1980). This increases the chance of infection, and also
requires the presence of viable skin over the fracture site. The
problems commonly encountered are the screws loosening in the bone,
thus losing the rigidity of the fixatiom, and fracture or bending of
the "plate”. Intramedullary nailing (Fig. 2.3.2) is achieved by a
"nail” nearly as long as the bone, and approximately the same external
diameter as the intfamedullary cavity. The nail is introduced at ome
end of the bone and is driven into the cavity usually after reaming.

It prevents shearing and angular displacements of the fracture, but
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Bone Plate
(Fig 2.3.1)

Intramedullary Nail
(Fig 2.3.2)
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permits torsion and compression. It is not suitable for compound
fractures. Other types of internal fixation which are used for simple
oblique fractures consist of wires wrapped under tension around the
bone to hold the two portions together (cerclage wires), and screws
across the fracture site to join the two fragments together (lag
screws).

External fixation is a method of "bridging” the fracture site,
using transcutaneous “"pins” and support bars. This method does not
require the presence of viable skin over the fracture site, as the
"pins” may be placed well away from the damaged area. This skin is
then accessible for dressing and any other surgery necessary. The
patient is able to move the adjacent joints and preserve muscle
function. The main problems encountered are the loosening of the
“pins”, and infections of the pin tracks. The present study makes use

of an external fixation device, which will be considered in more

detail in the following sections.

2.3(iii) External Fracture Fixators

External Fracture Fixators can be divided into two basic types—
single-sided (Fig. 2.3.3) and double-sided (Fig. 2.3.4). The single-
sided consists of threaded pins screwed into the bone, above and below
the fracture, connected together by a single support bar. The double-
sided consists of pins passing through the bone, both above and below
the fracture, with support bars at each end of the pins connecting
the two sets, although the double-sided has various more complex
variations.

vidal (1983) divides external fracture fixators into six
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A Single-sided
External Fixator

Fig 2.3.3

- A Double-sided

External Fixator

Fig 2.3.4
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subgroups, unilateral or single-sided and then five groups of double-
sided fixators. These groups are: a) bilateral, with a single support
bar at each end of the-pins (Fig. 2.3.4); b) quadrilateral (Fig.
2.3.5), with two support bars at each end of the pins, dne on each
si’e of the pin clamps; c¢) triangular (Fig. 2.3.6), a bilateral
fixator with a single-sided fixator applied at an angle to the
transfixing pins, with interconnecting rods connecting the single-
sided fixator support bar, with each of the bilateral fixator support
bars; d) semi-circular (Fig. 2.3.7), where the support bars hold semi-
circular rings about the limb, and then pins.pass into or through the
base at various angles; e) circular (Fig. 2.3.8), where there are
complete rings about the bone and various transfixing pins.

External Fracture Fixation was first used by Malgaigne in 1853,
but the first published design was by Parkhill in 1897 and 1898 (Fig.
2.3.9). His fixator was made of silver plated steel. There were two
pins above and two pins below the fracture, and two pairs of curved
plates. Each pin was clamped to a plate, the outer pins being clamped
to the longer plates. This was done by one nut above and one below
the plate. The four plates were then clamped together by another two
straight plates. This allowed for non-uniform distances between the
pins, although the pins did have to be parallel. The limb was then
encased in Plaster of Paris until the fracture had consolidated. He
describes its use in 14 cases on the humerus, radius, ulna, femur, and
tibia, for non-unions, malunions, and fractures with a tendency to
displace, and claims (1897) 'no method has ever before given 100
percent of cures' although he only reports 9 cases in the 1897 paper
and a further 5 in the 1898 paper.

Lambotte produced the next design in 1907 (Fig. 2.3.10). This

was a single-sided fixator, with two pins above and two below the
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fracture site held between two pieces of metal clamped together.
During the 1930s fixators were designed by\Anderson (1934), Stader
(1937 and 1939), Hﬁynes (1939), Hoffmann (1938), and others. However,
during the Second World War their use by American Army Surgeons was
banned due to the high infection rate (Peterson, 1949 and Mears,
1979). Since then various types of fixators have been described. The
double-sided include the "Audrey-Vidal" modification to the "Hoffmann”
(Vidal et al, 1970), and others by Rezaian (1971) and Wynn-Joanes |
(1978). Examples of the circular type are described by Dywer (1973),
and Ilisarov (1976). Single-sided fixators have been described by,
amongst others, Edge and Denham (1977), Banks and Dervin (1980) and
Kenwright et al (1979).

More recently various authors have suggested that it would be
advantageous to have variable stiffness fixators. Bucholz et al
(1983) suggest that major injuries of the tibia should be initially
treated with a triangular fixator, consisting of a doubled-sided
fixator, connected by side members to a single-sided fixator. They
then advised that as the fracture heals the side members should be
removed, and then one of the fixators should be removed. A different

philosophy has been adopted by Evans et al (1982) and De Bastiani et

al (1984). Both these sets of authors have described single-sided
external fracture fixators with a sliding mechanism in the support
bar, thus permitting a controlled decrease in the axial stiffness

while retaining high bending and torsional stiffness.
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2.3(iv) Engineering Analyses of External Fixators

3y Various Authors have considered the mechanics of fracture
fixators with the intention of increasing the stability of the
fixator. Burny and Bourgois (1972) conducted experimental tests on
the "Hoffmann" to determine the configuration which would have the
greatest possible rigidity. They concluded that the rigidity was
increased if more pins were used per clamp, if the distance between
the clamps and the bone was reduced as far as possible, if one
supporting bar was applied to each side of the pins, and if two
fixators were used. They also felt that if the pins were smooth,
rather than "notched”, there would be less problems with fatigue
fractures. The Stein mann pins ﬁhey used were marked with a notch
every centimetre, as a guide to the surgeon.

Hierholzer et al (1978) divided external fixators into three
types; type I: a single-sided fixator, for example the single~sided
A.0. or the Wagner; type 1I: double-sided like the A.0. or the
Hoffmann, as shown in Figure 2.3.5; and type I1I: a double-sided
fixator with a single-sided fixator applied perpendicular to it,
either with or without the two sets of support bars connected to each
other, as shown in Figure 2.3.6. They conducted mechanical tests of
different arrangements of type I1I, with varying numbers of pins in
each segment of bone. Using this type of fixator they found that it
was possible to stabilize metaphyseal fractures where the size of the
smaller segment was too small to permit either the 2 Stein mann pins
necessary for a double-sided fixator, or the 2 Schanz pins reqired by
a single-sided fixator. They used one Stein mann pin and one Schanz

pin in the smaller segment, and achieved sufficient stability.

Chao et al (1979) analysed the "Hoffmann”, varying the number of
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pins, the pin diameter and length, pin group separation, clamp
separation, frame configuration, the number of supporting bars, the
type of fracture, and the amount of compreséion applied to the
fracture. They used an equivalent stiffness index to compare the
different arrangments; this index combined the stiffnesses in
different directions into a single figure. Behrens et al (1982)
compared the A.0. (Arbeitsgemeinschaft fur Osteosynthesefragen, or The
Association for the Study of Internal Fixation) and the Hoffmann
fixators in both their single-sided and double-sided configurationms,
when applied in both anterior-posterior and lateral directions. They
found that for the same distances between the pins, and between the
bone and the support bar, the double-sided fixators were stiffer than
the single-sided, and that the A.0. fixator was stiffer than the
Hoffmann. Chao et al (1979) and Behrens et al (1982) found that
increasing the inter-pin distances, decreasing the support bar to bone
distance, and using stiffer pins produced stiffer fixation.

Evans et al (1979) calculated the conditions required for maximal
stiffness of a single-sided fixator. The pins in each fragment should
be separated as far as possible, the bar should be as close as
possible to the bone, and the pin diameter should be optimised; the
thicker the pin the lower the pin deformation and the shear stresses
at the pin-bone and pin-clamp interfaces, but too large a pin would
excessively weaken the bone. Pope et al (1983) analyéed pin fixation
and found that increasing the pin diameter from 3 mm to 5 mm decreased
the deformation by between 197% and 228%, depending on the insertion
technique. Boltze et al (1976) in an A.O. Bulletin, advised adding a
set of Schanz pins to their double-sided fixator, with some extra
supporting bars and clamps to produce a triangular structure about the

limb. Boltze et al (1978), in a later A.0. Bulletin, also advised
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greater pin separation within the clamps, mutually tensioning the pins
against themselves, putting the pins as close as possible to the
fracture site and again using a set of Schanz pins to produce a
triangular system about the limb.

Kempson and Campbell (1981) and Campbell and Kempson (1981)
tested six different external fixation devices, both single and
doubie-sided. The fixators tested were the Denham, the Day, the
Vidal-Hoffmann, the A.0. tubular system, the Sué%ain—ﬁughes, and the
Oxford. They found in general that the double sided were stiffer than
the single sided. They found that an increase in the number and the
diameter of the pins, and the number and the stiffness of the
connecting bars, increased the stiffness of the fixator. Loosening of
the pins in the bone, which was inclined to happen in weak or
osteoporotic bone, led to reduced stiffness of the fixator bone
system.

Karaharju and Aalto (1983) tested the A.0., the Day, the Hoffman
and the Kalnberg external fixators, the first three of these both in
single-sided and double-sided configurations. The Kalnberg, which
consists of a circular frame with Kirschner wires, was only tested as
a double~sided fixator. The pin separation in all cases was 5 cm in
each bone segment, but the pin length was not stated. They were
tested in torsion, bending both in the plane of the pins and
perpendicular to it and in axial loading. They found double-sided
fixators were stiffer than single-sided, that all the fixators were
stiffer when the bone ends were in contact, but they decided that all
were stiff enough even for severely comminuted fractures.

Churches et al (1985a and 1985e) in a mainly experimental study

considered the stiffness of the "Oxford" fixator, both the Mark I and
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the Mark II sliding types. We found that stiffness was related to pin

length to the power of -2.0 and pin separation had no significant
effect in the axial direction but that in different directions
different relationships applied. We also found that one loose pin
decreased the axial stiffness by 23%, the torsional stiffness by 8%
and the bending stiffness by 154 in one direction, and an amount

dependent on the fixator geometry in the perpendicular direction.
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2.4 The Stiffness of Healing Fractures

2.4(1) Mechanical Methods of Measurement

Various authors have considered the stability of tibial fractures
while they are healing. Jernberger (1970) determined the stiffness of
healing tibial fractures using a device which measured the deflection
for a known load (Fig. 2.4.1). This instrument consisted of a steel
beam attached to the bone by three pins inserted under local
anaesthetic, with fracture between two of them. The two outside pins
held the bar in place while a load was applied by the central pin.

The deflection was read from a pqsition transducer on the central pin;
a similar measurement of the contralateral leg was used to give a
measure of the deflection of the steel bar and the intact tibia. This
device was used on 40 cases clinically, and in healing fractures the
flexibility of the fracture decreased approximately exponentially, the
time constant was not calculated. With delayed and non-unions no
decrease was seen, and with premature weight-bearing an increase in
the flexibility was seen.

Jgrgensen (1972a,b,c and d) used a deflection measurement device
(Fig. 2.4.2) on patients whose fractures were fixed with a single-
sided "Hoffmann" fixator. The supporting side-~bar was replaced by two
bars connected by a dial micrometer. A known transverse load was
applied in each direction to the distal part of the limb, and the
deflection was recorded. The angulation of the fracture was
calculated from the two deflections and the distance between the
centre of the bone and the micrometer bars. Full weight bearing was
allowed when the deflection was less than 0.5 degrees for a bending

moment of 0.06 Nm (0.6 kgfm) at the fracture. After several weeks,
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providing there was no pain or instability the fixator was removed.

Jofe et al (1982) measured the stiffness of healing osteotomies
in sheep by applying a dial micrometer to the inner pins of an
external fixator, and hanging weights from the distal pin. They
monitored the sheep each week, and found a decrease in the deflection
of the dial gauge. The increase in stiffness occurred in three
stages: initially there was a slow increase in stiffness. Then there
was an increase in rate, which coincided with the X-ray appearance of
callus at the fracture site. Thereafter there was a slower stiffening
of the fracture.

Bourgois and Burn y (1972) investigated the theoretical
relationship between the percentage healing and the deformation at the
fracture site. The percentage heéling was considered to be the

strength of the callus as a percentage of the strength of normal bone.

They considered 5 different cases; (i) a long bone submitted to
tension, (ii) a long bone submitted to bending, (iii) a fracture with
an intre medullary nail, the deformation being measured by a strain
gauge on the nail at the site of the fracture, (iv) a plated fracture
with a strain gauge on the plate at the fracture site, and (V) an
external fixator with a strain gauge on the bar of the fixator. All
five cases produced hyperbolic relationships between the measured
strain and the percentage healing. Subsequently, Burny et al (1978)
used a strain gauged supporting bar on an external fixator to find the
deformation of the bar, to measure the healing of fractures. For
uncomplicated healing the graph was a decreasing exponential, but if
healing was delayed then the slope of the curve was reduced. If there
was no healing, then there was no drop in the curve of the percentage

deformation, and if the healing was disrupted, for example by too

early weight bearing, then there was a rise in the curve.
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Lippert (1973) and Lippert and Hirsch (1974) used photogrammetry
to calculate the movement at a fracture site. Two photogrammetric
targets, consisting of V-shaped pieces of perspex, were fixed above
above and one below the fracture site, each connected to the tibia by
two Hoffmann pins applied to its antero-medial surface. The relative
movement between the two ;targets" was calculated using standard
short range photogrammetry. They used this method to compare the
effectiveness of»various different types of plaster casts, which were
applied with windows around the "targets". Six patients were studied,
with fractures ranging from a day old fracture to a nine month old
non-union, as well as a control with an intact tibia. In the control
no movement was detected within the obtainable accuracy of 1.5 mm of
translation and 1.5 of rotation. 1In the patient with a non-union up
to 10 mm of shear movement was found, whereas the other translations
in this patient were less than 3 mm, and he showed less than 3° of

rotation. The amount of movement was greater in the more recent than

in the less recent fractures, but in general the movements were up to
5 - 6 mm translation and about 5° rotation. In some cases the
movements were in different directions to the applied loads.

Stokes et al (1978) attempted to measure the movement on weight
bearing of a fracture in a patient with an "Oxford" fixator, using
biplanar radiography. The accuracy of the system was 1.5 mm and 1.5°,
and the movements which they measured were of the same order.

Beauprt et al (1983) applied a dial gauge between the inner pins
of a 6 pin double~-framed Hoffmann-Vidal External Fixator, to measure
the displacement, in the axial direction, between two points on the
pins. In this paper they backed this up with a finite element

analysis of the fixator and an experimental study using various
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visco~elastic elements to model healing fractures. However, for
routine clinical use they intended to use just the dial gauge.

Hammer et al (1984) used a method of superposition of X-rays, to
measure the bending stiffness of the fracture. The fracture
immobilization was released, the uppér tibia was held still, and the
heel was rested on a trolley, one X-ray was taken, a load of 2 to 8 fgg
was applied to the ankle, medio-lateral in the direction and a second
X-ray was taken. The displacement angle was measured by superimposing
the two X-rays, with an accuracy of 0.19°. The deflection is divided
by the bendiﬁg moment and multiplied by the patient's weight, to give
a deflection ratio. The deflection ratio versus time plotted on a

log-log graph gave a linear relationship.

2.4(ii) Sonic and Ultrasonic Methods

If a bone is tapped at one end, a stethoscope at the other end
will pick up a resonant ringing if the bone is solid, but if the bone
is fractured then a dull thud is heard. This method of assessing bone

union is known as osteophony, and according to Weiss et al (1977) it

has been in use for about 200 years. They osteotomised rabbits'
tibiae and allowed them to heal for varying lengths of time in plaster
casts, either with or without intramedullary nails. The bones were X~
rayed, and after sacrifice at different time intervals, the tibiae
were dissected out and both ends were flattened off. A piezoelectric
accelerometer was applied to one end and a pendulum was used to
percuss the other end. Typically the output of the accelerometer was
a decaying sinusoid. The damping ratio (the ratio of the magnitude of
the first peak to that of the second peak) was measured. The bone was

then loaded to failure under three point loading. There was a
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significant correlation between the fracture strength and the X-ray
assessment, and between the fracture strength and the damping ratio.
However, there was not a significant correlation between the X-ray
assessment and the damping ratio. With increased healing time the
damping 'ratio increased and a more reasonant sound was heard.

Seigal et al (1958) quantified the osteophonic assessment of a
fracture, by measuring the velocity of sound across it. Soon after
the fracture occurred, the haematoma transmitted sound at the same
velocity as the bone. Once healing started the velocity dropped, and
when cartilage was formed in the fracture site the velocity dropped
again. However, once ossification started the velocity gradually rose
to that of the contralateral limb. These measurements had to made at
the same points on each limb, otherwise the differing amounts of soft
tissue gave errog?us results. Abendschein and Hyatt (1970) measured
Young's Modulus for bone specimens, mechanically and by using
ultrasound. Young's Modulus for an elastic material is related to the
velocity of sound in that material. It is given by the product of the
density of the material and the square of the velocity of sound.
Abendschein and Hyatt found significant correlations between Young's
Modulus determined mechanically, and calculated using the velocity of
sound. They also found significant correlations between Young's
Modulus determined mechanically and both the velocity of sound and the
bone density.

Lewis (1975), in vivo, projected a small air driven bullet at a
metal plate at one_end of a bone, and read the output from an
accelerometer at the other end of the bone. He compared the injured
and uninjured limbs to determine when healing had occurred.

Sonstegard and Matthews (1976) inserted three hypodermic needles
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through the periosteum into bone. One, at an angle of 45 degrees was
tapped to produce partially planar excitation. The other two needles
had accelerometers at their ends, and were placed either side of the
fracture, and again healing was determined by comparing the good and
bad limbs. Saha and Lakes (1977) tried hitting one end of a bone with
a hammer, and reading the output of an accelerometer at the other end,
but they found that there was too much variability produced by the
soft tissues, when they tried to compare the two legs, to assess the
progress of healing.

Doeﬁland et al (1982) developed a microprocessor-based "Long Bone
Analytic Computer” which produced, in real time, the Fourier Transform
analysis of the frequency response of the bone to percussion. The
tibia was percussed at the medial malleolus, and monitored at the
insertion of the semim%%ranosus muscle, and the fibula was percussed
at the lateral malleolus, and monitored at its head. On control
subjects the frequency response of one intact bone was generally very
similar to that of the contralateral one. They monitored various
fractures at different states of healing, and found differences
between the two legs, and between fractures at different states of
healing. However, they did not monitor amny fracture serially as it

healed, so it is difficult to know whether this method could be used

to monitor fracture healing.
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2.5 Scintigraphic Studies

O'Reilly et al (1981) attempted to differentiate between
fractures which were healing normally, and those which were
progressing to non—union. There was increased uptake of tecé?tium99-
methylenediphosphonate at the fracture site compared to the
contralateral iimb, but there was no significant difference between

those fractures progressing to union and those progressing to delayed

or non-union.

2.6 Nuclear Magnetic Resonance Studies of Fractures

Nuclear Magnetic Resonance (N.M.R.) can be used in two modes.
The first of these, imaging N.M.R., is used to look at sectiomns
through the human body, as described by various authors including
Bottomley et al (1978). This uses 1H, the common isotope of Hydrogen.
The second mode of use, chemical shift spectroscopy, is used to look
at the biochemical activity of a piece of tissue both in vitro and
in vivo as described by Ackerman et al (1980). This looks at either
31P or 13C, the common isotopes of phosphorus and carbon. This method
was used by Newman (1983) to study the healing of experimental
fractures. In this study closed fractures were produced in rats'
tibiae. These were then studied in a 3P N.M.R., every day for 20
days when the fractures had healed; at the position of the inorganic
phosphate relative to the phosphocreatine may be used to derive the

intracellular pH of the fracture haematoma. The rats were X-rayed on

the same days that they underwent N.M.R. to provide a correlation
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between the pH and the X-ray appearance. Two days post-injury when
the first test was performed, the pH had risen to 7.2 from the normal
range of 7.04 to 7.09. This rise continued until it reached 7.4 on
day 20, with calcification of the callus seen on X-ray. When a second
set of rats were given a steroid (prednisolone) to delay fracture
healing, or in one rat whose fracture was open and became infected
with stapﬁgccocucus aureus, the same rise in pH was seen but delayed
the pH remaining at 7.2 until day 10 and as callus appeared on X-ray
the pH increased although reaching 7.4 on day 25.

Although this gives an insight into the.behaviour of the
fracture, it cannot be used in any fracture treated by internal or

a
exterg} fixation with any, even slightly magnetic material, due to the

high magnetic field (1.5 T)used in the technique.
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MECHANICAL AND ELECTRICAL DESIGN OF THE TRANSDUCER

3.1 Aims of this Study

It was considered to be of interest to measure the movement at
the fracture site. Various authors including Yamagishi and Yoshimura
(1955) have suggested that shear displacements lead to the hypertropic
or elephant-foot type of non-unions. Sarmiento (1970) and other
authors have suggested that axial displacements lead to good fracture
healing with abundant callus formation.

Lippert and Hirsch (1974) measured the movement at certain times
in certain fractures, and they theorize the way the healing would
proceed, but do not measure this progress in an individual fracture.
The system used by Lippert and Hirsch would not be acceptable in this
country for either individual or long—-term studies. X-ray
photogrammeﬁry would probably also not be acceptable to perform long-
term studies of fracture measurement due to the X-ray dose. If a
suitable method of assessing fracture healing could be developed then
the number of X-rays that would be taken could be reduced. Another
advantage would be that mechanical testing shows up delayed or non-—
unions earlier than using X-rays to detect calcification of the
fracture callus.

Strain gauge readings from internal fixation plates are possible
but there are two major problems. One is transmission of the strain
gauge signals from the plate; either a direct connection can be made
through an incision in the skin as in animal studies, but this again
would be unacceptable in clinical trials, or a radio signal can be
used which can pass through the skin, but this has proved to be
unreliable in previous trials. The second problem is that of

attaching the strain gauges to the plate; in previous studies these



-55-

have remained on a for a maximum of a few months (Burny et al, 1978),
whereas it is said that an internal fixed tibial fracture can take up
to 18 months to heal. Finally, internally fixed fractures heal by
primary healing rather than secondary healing unlike most other
fractures, so any results obtained would not be applicable to the most
common types of fracture treatment.

It was considered that if the fractures studied were confined to
tibial fractures which had been treated with the "Oxford” External
Fracture Fixator, then a direct mechanical connection was available
between the fractured bone and the outside world. Tibial fractures
were chosen for study as they have a particularly high rate of non-
union and delayed unions.

The "Oxford"” External Fracture Fixator is a single-sided external
fracture fixator; the pins used are 6 mm diameter stainless steel
Schanz pins of various lengths. There is a threaded section 50 mm
long at one end, with a self-tapping point, the core diameter is 4.0um
pitch is 2.75mm and the thread form has radiused bases, with square
ends. These.pins are inserted via an incision in the skin and a pre-
drilled pilot hole. The pins are held in stainless steel clamps which
permit up to 12° of angulation from the central position. The pin
passes through a plastic sleeve in the clamp body which is filled with
steel ball bearings, and these are compressed down with a grub screw
in the cap of the clamp. These clamps are individually positioned on
a 16 mm square stainless steel bar. Usually there are 2 pins above
and 2 pins below the fracture site. The original fixator, the Mark I,
has all four clamps rigidly clamped to the support bar, but the second
fixator, the Mark II has two sliding clamps. These two clamps have a

layer of low friction polytetrafluoroethylene on the surfaces with a
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coefficient friction of 0.09 (manufactured by Emralon 833 Acheson
Colloids Co., Prince Rock, Plymouth, UK) in contact with the support
bar, and the two clamps are connected together and then the
interconnecting rod passes through a spring system which is clamped to
the support bar. There were two different spring systems used in this
study, the first, chronologically, was a pack of Bellville washers,
the second was a pack consisting of a light spring (stiffness 5 - 10
lhnm'l) held preloaded in a pack. Thus the fixator did not slide until
the preload was overcome, once this had happened the fixator slid
easily until the end stops were reached.

Thus what was required was a method of measuring the movements at
the fracture site and thus deciding how the fracture was healing. It
was decided to confine the study to patients treated with the "Oxford”

fracture fixator. Allowance was needed to be made for the bending of

the fixator pins and movements due to the sliding of the fracture

fixator.
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3.2 Mechanical Design of the Transducer

3.2(1) Design Criteria

The requirement was to measure the movement at the fracture site
in terms of three linear translations and three angular rotations. As
the fracture was inside the body direct mechanical measurement was
impossible. The work of Stokes et al (1978) using biplanar
radiography on external fixator patients found that they were
measuring movements of the order of 1.5 mm and 1.5, which was the
same order as the accuracy of the system, so this method was
discontinued. Lippert and Hirsch (1974) found in their patients
treated in plaster casts the movements were much greater, up to 20 mm
of translation and 8% of rotation for a grossly unstable fracture, and
up to 8 mm of translation for other patients.

The movement at the fracture site can be related to the movement
at the point where the pins enter the bone, provided the bone is
considered a rigid member, and according to Evans (1973) its Young's
modulus is or the order of 20 GPa, one tenth of that of steel. The
movement between the pins and the bone depends on the forces being
applied at the point where they meet. The deformation of the pins may
be calculated by standard elasticity theory providing they are within
théir elastic range. The movement of the clamp-support bar system may
also be calculated (Evans et al, 1979). If the relative movement
between two points on pins on opposite sides of the fracture are known
then the relative movement at the fracture site can be calculated;
this is performed in Section 4.2.

From the work of Evans et al (1979) it was be estimated that the
maximum movement at the fracture site would be + 5 mm in any given

direction and from this an estimate of i:Z.S:nm at the transducer was
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made. The transducer would also be required to fit in the space
between the fixator support bar and the patient's leg, and between the
two inner pins as shown in figure 3.2.1. The space available for the
transducer was estimated to be 30 x 40 x 60 mm. The transducer would
be required to be clamped to the pins and the clamps of the fixator
permitted up to 12° of angulation, so the transducer clamps should be
able to accommodate this amount of angulation. The clamps‘should also
not be so large as to affect the bending.of the pins, and they should
also be capable of being replaced in the same position on the pins
each time they are used. The transducer should not take sufficient
load appreciably to affect the stiffness of the fixator-bone system,
and, finally, as much of the transducer as the patient was to be asked
to carry should be sufficiently light so as to be conveniently

portable by a patient with a fractured leg.
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3.2(4i1) Possible Systems of Measurement

Various methods of measuring displacement were considered:
a) Strain Gauges
b) Pot entiometers, or Linear Displacement-Voltage Transducer
c) Light Em itting Diodes with Phototransistors
d) Light Em itting Diodes with Lateral Effect Photodetectors
Strain gauges were rejected as the strain which was required to
be measured, up to 20%, would be too large for conventional gauges.
Potentiometers and Linear Displacement-Voltage Transducers
(LDVTs) were considered together and rejected, as the space available
was not sufficiently large to accommodate six of either of these. The
potentiometers would have interfered with each other, and there did
not seem to be any LVDTs of sufficiently small size and sufficiently
large travel on the market at the time.

The system of Light Emitting Diodes (LED's) and phototransistors
would have involved six LED's coupled with six phototransistors on one
half of the transducer, and in between them attached to the other half
of the transducer there would have been sheets of continuously
variable transmissivity. This would have required the production of
the sheets, which would have been extremely difficult. There would
have again been problems with the amount of space available for the
detectors and LED's and six sheets of this material.

The last method considered was using LED's again, but this time
shining onto Lateral Effect Photodetectors. These detectors are
manufactured by United Detector Technology Inc. of California, and
they produce an electrical output dependent upon the displacement in
two dimensions of the centroid of the light falling upon them. Thus

three of these would have been needed, mounted mutually
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perpendicularly, with three LED's shining onto them to produce the
required six degrees of measurement. This was clearly the most
practical approach, and a transducer of this type was constr;cted.
These detectors are availible in two different types, either
Schottky barrier PIN (P-type, Intrinsic, N-~type) photodiode or planar
diffused PIN photodiodes. The Schottky barrier ones were available
with active areas of 10 mm square in a 25 mm diameter case, 18 mm
sguare in a 38 mm diameter case and 44.5 mm Square in a 56.5 mm
diameter case. The planar diffused ones were availible in two sizes,
2.5 mm square in a 9 mm diameter case and 10 .mm square in a 25 nm
diameter case. To measure the expected maximum displacement of
+ 2.5 mm in any direction the requisite size was 10 mm square and this
size was obtainable in both types in cases of diameter 25 mm, which
was within the previously defined size limit even when it was mounted
in a box. The Schottky barrier photodiodes required to be used
photoconductively which would have required a power input, while the
planar diffused type were used photovoltaicly. The spectral range of
both types was similar, 350-1100 nm with a peak at 900 nm for the
Schottky barrier and 850 nm for the planar diffused type. These
wavelengths are in the infra-red part of the spectrum and miniature
infra-red LED's are available (Texas Instruments TIL32) with a length
of 5 mm with 12.7 mm long leads and a diameter of 3 mm. There was a
difference in the responsivity for the two types at their maximum
responsivity wavelengths, 0735 AW~l at 10V bias for the Schottky
barrier compared with 0.55 Aw~l at OV bias for the planar diffused.
The quoted positional linearity over the central 25% was identical for
both types, but for the central 75% it was 4% for the Schottky barrier
compared with 3% for the planar diffused. The 10-90% rise and 90-10%

fall times for the Schottky barrier were both Z/us at 10V bias
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compared with 4/us at OV bias for the planar diffused type, and as a
result the maximum frequency of usage for the Schottky barrier was
10 kHz which was double that of the planar diffused type.

The planar diffused type of photodetector was chosen in
preference to the Schottky barrier primarily for its increased
responsivity, but also because it did not require biassing. It was
considered that if a LED had to be collimated then the amount of light
availible would not be very great, and thus the increased responsivity
would be advantageous and would produce a better signal-to—noise
ratio. The lower frequency response of the planar diffused type would
not be a disadvantage as it was not intended to use it at a frequency
as high as 5 kHz. The detector used, the United D%?tor Technology

PIN-SC/10D, is shown in Figure 3.2.2, mounted in the transducer.






-64-

3.2(11ii) Design of the Transducer

.. A sketch diagram of the Transducer is shown in Figure 3.2.1 with
an exploded view in Figure 3.2.3. The transducer consists of two
mechanically separate parts, the detector head containing the three
detectors mounted in mutually perpendicularly on a rod and the LED
head containing the three LED's which were also mounted mutually
perpéndicularly onto a rod. The three lateral effect photodetectors
were mounted in a perspex box with their leads on the outside of the
box, this is shown in Figure 3.2.4. In the initial electronics design
the pre-amplifiers were mounted on the backs of the detectors as shown
in Figure 3.2.1, and suitable sized cutouts were made in the perspex
to %%ommodate the integrated ciréuits. The electronic design was
subsequently modified, and in the second design the initial
amplification took place remotely, so the perspex box only needed five
small holes behind each detector to permit the electrical connections
to be made. However, as the detectors were already mounted in a
suitable box, this was not changed. The perspex box was mounted onto
a plate that was fixed to a 6‘mm~square steel rod so that the
"transducer head” could be clamped perpendicular to one of the pins of
the fixator.

There were two designs for the "LED head” of the transudcer. The
original one is shown in Figure 3.2.5 and as a sketch in Figuré 3.2.3.
Here the LED's were placed inside the head, which was hollow, with
three mutually perpendicular holes drilled in it into which the three
collimators were pushed. The collimators were cylindrical with
flanges which sat flat on the outside of the head when in position.
These collimator s were a push fit both into the holes and onto the

LED's so that they held the LED's mutually perpendicular. Each
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collimator consisted of one long thin hole. There was a two core
cable going to the LED head which passed through to the inside of the
head on either side of the 6 mm diameter bar upon which the head was
mounted. Both the versions of the LED head were mounted on a 6 mm
round diameter bar, so that if the two fixator pins upon which the
transducer was mounted were not parallel, then the detector head would
be mounted square to one of the pins, with the LED head mounted square
to the detector head.

The LED head was redesigned when the second set of electronics
was built. In this design a solid aluminium ‘block had three mutually
perpendicular quarter inch holes drilled and reamed through it. 8ix
collimators were then made of quarter inch aluminium stock rod, which

~was a push fit into the quarter inch holes, by drilling this rod to
within approximately 1 mm of the end and then drilling a 0.5 mm holé&
through the end.

Three collimators were pushed into the holes so that their fronf
faces were flush with the sides of the block facing the detectors
(Fig 3.2.6). The remaining three collimators were then pushed into
the block so that their front faces met at the centre of the block,
and the three LED's then were pushed into the holes in the collimators
so that their leads were then sticking out of the sides of the block.
These were then connected to solder pads on a flat of the block as
shown in Figure 3.2.6.

Two collimators were used per LED so that the light was
collimated by passing through two small, short holes separated by a
distance rather than one long hole which would be more difficult to
manufacture.

The block was drilled out so that it would take the 6 mm diameter

rod. A saw cut was made through this hole and the two sides parallel
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to this cut were then milled down to produce flats which could clamp

'wghe rod. The LED head could then be loosely placed on the end of the
rod and the two parts of the transducer clamped up in a "set-up jig".
The position of the LED head could be zeroed on the rod before being
clamped onto it.

The "set-up jig" (Fig 3.2.8) was designed so that the two
parts of the transducer would be in the same relative position each
time the transducer was used. It was also used to hold the transducer
when not in use and so reduce the risk of damage. The two arms of the
jig holding the transducer each had a slot milled across them and then
a steel ball bearing was mounted in the corner of the slot. Each of
the support bars of the transducer had a pair of indentations made in

e other
them, one to mate with the ball bearing andnwith the end of the

locking screw.

The original clamps are shown in Figures 3.2.1, 3.2.9 and 3.2.10;
they were designed so that they would fit on either the round or the
square rod of the transducer. They would also allow up to 12° of
angulation between the direction of the perpendicular to the pin and
the rod. They were, however, rather awkward to put oﬁ.

The design of these was improved, as shown in Figures 3.2.11 and
3.2.12. There was more angulation possible and only one screw to be
tightened per clamp.

In both Figures 3.2.9 and 3.2.11, one complete clamp is shown
dismantled along with the one component that varies between the
transducer head clamp and the LED head clamp. In both Figures 3.2.10
and 3.2.12, the clamps are shown in use on the LED head.

The detectors were covered with a photographic filter so that the

amount of non-infra-red light reaching the transducer was reduced.
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This filter, Kodak Gelatine filter No. 87C, permitted infra-red light
only, the transmissivity is shown in Table 3.2.1. Thus the amount of
interference due to daylight and light from the lights in the room was
reduced. In order to reduce stray light, the inside and outside of
the detector box was painted with matt black paint, as shown on the
LED head in Figure 3.2.2. This would also have the effect of reducing
the amount of light which could be reflected inside the box. Infra-
red light reflected inside the box would be picked up by other

detectors and give a false reading. For the same reason the LED head

was also painted with matt black paint.
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Table 3.2.1: Transmissivity of Kodak No. 87C Gelatine Filter

Wave Length in mm Percentage Transmission
790 0.55
800 3.0
810 8.3
820 16.2
830 25.7
840 38.0
850 48.4
860 | 57.5
870 65.3
880 72.5
890 78.5
900 80.2
910 82.2
920 83.2
930 83.2

940 83.2
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3.3 Electronics

3.3(1) Lateral Effect Photodetector

When a semiconductor diode is illuminated, a voltage is produced
across the junction. According to Lucovsky (1960) when light falls on
the junction, electron-hole pairs are formed at the surface the light
is falling on. These pairs diffuse through the region in which they
are formed. 1If the thickness of this region is less than the minority
carrier diffusion length, then some of the e;ectron-hole pairs will
diffuse as far as the junction, where the electrostatic charge will
separate the pairs. If, for example, the pairs were formed in the p
region then the electrons will cfoss the barrier and go to the n
region, and the holes will remain in the p region. This will reduce
the potential barrier across the junction and thus alter the Fermi
Levels. In an attempt to return this barrier to its equilibrium value
a current flows from the p to the n region, as electfons flow from n
to p regions and holes from p to n regions. At steady state the rate
of separation of electron—hole pairs is equal to the reinjection
current attempting to produce equilibrium. The voltage produced by
this current is known as the transverse voltage.

1f, however, only one part of the junction is illuminated, or if
the illumination is non-uniform, then at different point in the
junction different numbers of electron-hole pairs will be produced,
then separated by the electrostatic barrier at the junction. This
will result in a different level of reduction in the Fermi Levels, and
thus a variation in potential across the base layer.

This was first reported by Schottky in 1930, using a copper-

copper oxide metal semiconductor. His base was copper, and lateral
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currents flowed in it due to its low resistivity. Moore and Webster
(1955), while measuring the surface recombination velocity of a
Germanium surface with a floating barrier, found that when a spot of
light, which was producing holes, was over the barrier region, the
lifetime of the holes did not agreee with the one dimensional theory
which they were applying. They realized that the reason for this was
that the junction was of lower resistivity than the rest of the
germanium, and was acting as an equipotential region, but they did not
realize the capabilities of such a system. Wallmark in 1957 used a
junction between an n region and an p region; the p region was more
heavily doped than the n region and was known as a p+ region. It had
a lower resistivity than the n region, and as a result higher currents
flowed in the pt region.

There are injected holes in the pt region, and injected electrons
in the n region. The pt region has a higher conductivity than the
than the n region, and the holes redistribute themselves throughout
the p+ region. At points which are not illuminated, the potential
difference between the two sides will be different from the Fermi
level, and the majority holes in the p+ region will be injected into
the n region, where they will become minority carriers. The
" electrons, as majority carriers in the n region, will then move
through this region to recombine with the holes, and this movement
produces the lateral current.

The detectors used were United Detector Technology Inc.'s PIN
SC/10D. 1In this type of photodetector the light falls on the p
region, the electron-hole pairs are formed in the intrinsic region,
the electrons go into the n region or base, while the holes go into
the p region (Kelly, 1976).

Lucovsky (1960) produced a theoretical analysis of a circle of
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light of radius a falling on an infinite p—-n junction. The radius of
the spot of light was greater than the minority carrier diffusion
length, and the relationship between voltage and illumination which he

produced for steady-state, small signal conditions was :-

d2y + 1fav\- ClB®U\~/Ppqlds U = £/W r<a
q
47U+ 1 /"p /*pdJs /pf/Vp (3.3.1)
de2 rlar Wp dt Wp k T ‘ 0 r>a
orY
U - o clul- Js U = q pof(r,t)
/e fp 1°s /TS (3.3.2)

k T
Wp ot Wp

where U(r) is the transverse photovoltage, a is the radius of the spot
of light, r is the distance of the position being considered from the

centre of the spot of 118ht,/°p is the resistivity of the p type

region, q is the electron charge, Jg is the current density, Wp is the

thickness of the p type layer, k is Boltzmann's constant, T is the
absolute temperature and f is the number of electron-hole pairs
separated per unit time per unit area at the point being considered.

The term [/2pJsd is ol 2, where ot is the Lucovsky fall-off parameter

e

W
P kT
(Woltring, 1975). Woltring interpreted this parameter as the product
of the lateral sheet resistance per unit area and the transverse
conductance per unit area at zero bias.

Kelly (1976) for a similar PIN detector used the solution of the

above equation

I, = Iy _sinh(4L-s)) (3.3.3)
sinh(edL)

for a detector of length L and a spot of light distance s from the

contact through which Ig is flowing; { is the Lucovsky fall-off

parameter and I; jg the total photoinduced curreant, given by
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A=

1, =J Pa R &) (3.3.4)
A=0
where Pj is the monochromatic light power incident perpendicularly on

the detector and Ry is the detector responsivity to light of
wavelengthlk. With zero termination impedance most of the current
produced flows down the contacts, but some is lost due to
recombination at the surface of the diode. As Capproaches zero then
I, approaches Iy (1-s/L), and the smaller® is the more nearly this is
approached. Kelly considered that non-linearities in the system are

solely due to variations in the light intensity.

Lucovsky's equation (3.3.2) for the time dependent small signal

case 1is:

V2Zuy-p4c [3u\-02 =0 g £(r,t)
AN B _pd & (3.3.5)

Wg \9t Wy

according to Woltring, where C is the barrier capacitance. This is
the generalised heat equation (Kreysig, 1975) and may be solved with

the boundary Dirichlet conditions (i.e. U=0 at the edges) giving

[ =1[==08) . Q I, E sin[(2n-1) 7 %] -{s"wkfm( - <4 )]
W

N==—00 (Qt\"l) Sinh Qp
- o 2 (3.3.6)
22—
2 o qnz + Mz—(_(—z /‘JL

where aj, = Qx212+(2n—1)z”2)

The y coordinate is present in this solution, and as a result the
signals output from two opposite contacts decrease when the spot of
light moves out of the centre towards either of the other contacts,

for constant noise and light power. For the PIN type of detector, if
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the outputs from the four contacts are xt in the positive and X~ in

the negative X directions and Y© in the positive and Y~ in the

negative Y directions, Woltring suggested three possible linearising

algorithms:
(1) P, = X*-X" , Py = yt-y~ (3.3.7)
(1i) P, = Xxt-x- P, = Yr-y~
y (3.3.8)
xtx+rHy XHx+Y Y
(111) P =log o (X*/X7) Py=logjq (Y'/Y") (3.3.9)

Olson (1977) suggested three different electronic circuits for reading
the output of the lateral effect photodetectors:
(i) Simple difference, which is equivalent to Woltring's first

algorithm, i.e. P_ = X™-X", P

= yt=
X = Y ~Y" (3.3.7)

y
(ii) Divider Intensity Normalisation, where the difference of the two

signals is divided by the sum of the two signals,

= - = vi_v"
ioeo Px'-x+_x ’ P _Y-Y

- (3.3.10)
xt+x” Yy

(iii) Automatic Gain Control Intensity Normalisation, where the sum of
the two sides is compared to a desired voltage level, and the light
intensity is varied to make these two levels equal. The difference of
the two signals is then used. However, this method is only suitable

for one dimensional rather than two dimensional detector.
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3.3(i1) Electronic Circuits

It was decided that the way to use the photodetectors was by
illuminating them with pulsed light. This meant that if they were
sampled during both the "light” and "dark"” times any background light
or current could be subtracted from the signal.

The original electronic circuit that was designed is shown in
Figure 3.3.1. The outputs from the Lateral Effect Photodetectors were
first fed into current-to-voltage preamplifiers (Analog AD510J). The
output signals from opposite sides of the detector were subsequently
applied to both the adder and the subtractor circuits, and then into
the Sample-Hold circuits, so that the minimum could be subtracted from
the maximum value of the signal. The minimum signal consisted of any
background light, and any voltage offsets from other causes, including
bias voltages, while the maximum signal consisted of required signal
togefher with the offsets that were present in the minimumvsignal.

The difference between the output signals was divided by the sum of
the output signals, in an Analog AD532JD divider, so that any changes
in the light intensity would be nullified (Kelly, 1976). Finally the
signal was passed through a low pass filter (Sallen and Key, 1955) to
remove any high frequency noise.

The LED's were driven by the circuit shown in Figure 3.3.2. Here
the CMOS 555 is used in its astable manner to produce a train of

pulses with a duty cycle given by ty = Rp+Rg x 100%

(3.3.11)
t1+t2 Ra+2Rp

were t3 = 0.693(Rp+Rp)C and ty = 0-693RBC (Horowitz and Hill,

1980). The chosen values were R,=1M0, Rp=680k and C = 330pF.

This gave a duty cycle ti/(t; + tz) of 71% at a frequency of

1.85 kHz. This signal was fed into a 4017 5-stage Johnson counter,
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from which outputs Op and O5 Were sent to a 4066 Quadruple Bilateral
Switch. This produced the signals to control the sample-and-hold
circuits, and to switch the LED's. The LED's (Texas Instruments
TIL32) were connected in series, and supplied by an 80 mA pulsed
constant current signal, with a 1 in 10 cycle. The devices are rated
at 40 mA in free air at a temperature of 250C. Since the LED's were
to be placed inside a tightly fitting aluminium collimator, inside an
aluminium block, ins%de a black box, it was considered that a safety
factor was needed to prevent the LED's from overheating, and that a l
in 10 cycle of 80 mA would provide this while still giving a frequency
of sampling of 185 Hz.

When these circuits had been designed the power consumption was
found to be approximately 900 mW at +/- 15 V d.c. per detector. This
was to have been supplied by a 5 V battery pack, via a 5V to +/- 15 V
converter of approximately 707 efficiency. The total power
requirement would therefore be 1.3 W per detector, or approximately
4 W for three detectors. This was thought to be too great to permit
the patient to be monitored for a reasonable length of time.

It was decided that a significant saving in power consumption
could be made by eliminating the divider circuit, half of the sample-
and-holds, the adder and one of the subtractors. The output would
then be sensitive to variations in LED light output. However, the
LEDs were to be run off a constant current source, under which
conditions the light output should be stable (Kelly, 1976; Olson,
1977). The resulting reduction in power consumption was appoximately
1.3 W or 32%, increasing the possible monitoring time by 50%, although
this was still not long enough, so another circuit was designed.

The circuit decided upon is shown in Figure 3.3.3. The four
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current outputs were fed into four pre-amplifiers, which were low
power dual matched instrumentation operational amplifiers (Precision
Monolithics OP10CY). These amplifiers could be run off +/- 5 V d.c.
power supply, with a maximum power consumption of 8 mW, compared with
a maximum power consumption of 120 mW for the Analog AD510J. The
outputs from the opposing sides were then subtracted and fed into
sample-and-holds, so that the "dark” current could be subtracted from
the "light"” current. The signal was finally passed to the Sallen and
Key low pass filter. This circuit was run off +/- 5 V d.c. power
supply with a total power consumption of 250 mW for the three

detectors and the L.E.D. drive circuit.
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3.3(iii) Lineariyn;of the detectors

The detectors were calibrated by mounti‘ng a detector on the stage
of a microscope and mounting an LED in its collimator in the lens
section of the microscope. The microscope stage was arranged so that
two micrometers could move it relative to the rest of the microscope
in two perpendicular directions. The micrometers were were marked in
divisions of 0.01 mm, and each had a travel of 25 mm. The detector
was mounted so that as far as possible the axes of the detector were
aligned with the directions of movement of the stage. However, as the
detector was mounted in a circular case by the manufacturer, this
élignment had to be done by eye. A similar problem was encountered in
mounting the LED and its collimator perpendicular to the stage. This
resulted in the effects shown in Figure 3.2.22 where as the LED was
raised, theoretically perpendicular to the plane of the detector, the
point of light moved over the detector.

The system consisting of the LED in a collimator, driven by the
circuit shown in Figure 3.3.2, and the photodetector, read by the
circuit shown in Figure 3.33, was calibrated. The voltages produced
by the X and Y circuits ﬁere measured in steps of 0.25 mm in one
direction and steps of 2.00 mm in the perpendicular direction. The
relationship between displacements and voltages are shown in Figures
3.3.4 to 3.3.7. As the spot of light was moved parallel to one of the
axes, the output in the direction perpendicular to the direction of
motion did not remain constant, which it should have done according to
Kelly (1976) and Olson (1977). 1Instead it varied in an approximately
parabolic manner so that as the light moved away from the centre line
of the detector the output in the perpendicular direction fell. The

change in output perpendicular to the direction of motion was not
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predicted by Olson (1977) or Kelly (1976), but it does agree with the
theory of Woltring (1975). The output parallel toAthe direction of
movement, however was found to be linear, over the range + 3 om from
the centre of the detector. The falloff in the signal outside this
range was presumably because the some of the light was not falling on
the detector and the number of electron~hole pairs being produced was
reduced. The spot of light was designed to have a diameter of
approximately 2 mm, which would result in a falloff in signal strength
at a distance of 3 mm away from the centre of the detector.

Various methods were tried to remove the non-linearity of the
detectors. Reverse biassing the detector with 5 V and 12 V, did not
have the desired effect. When the two sides which were not being
measured were disconnected, the non-linearity was still present, as
can be seen in figure 3.3.8, showing the véltage in the direction
perpendicular to the direction of movement.

It was decided to perform the linearisation mathematically, using
a digital computer, rather than by electronic circuitry. It was thus
necessary to modify the circuit to output the signal from the

preamplifiers, eliminating the sample-and-hold and subtraction stages,

as shown in Figure 3.3.9. A separate signal was provided to send
timing signals to the computer 'A/D start' line, as shown in Figure
3.2.10. The detector output signals were conneted to the ARIl
analog/digital interface on a Digital Equipment Corporation PDP11/34
computer. The 12 channels were each sampled twice during the cy;le,
once in the "light" pulse and once during the "dark" phase. The
sampling was performed by the subroutine LSAMPL.MAC, and the timing
pulses were detected by the subroutine MSTART.MAC, both of which were

called by the program LINPUT.FOR. (The programs and subroutines are
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listed in the Microfische in the back cover of this thesis.)

Three linearising algorithms were compared:

(1) Dpgx = Xt-=x- py = Y'Y
- (3.3.12)
XHHX-+Y Y Xt4+X+rHY
(ii) Dy = 1logjo(X~/XT) Dy = logjo(Y~/Y") (3.3.13)

suggested by Woltring (1975) and

(1ii) DX = X+"X- Dy = Y+-Y_
Xt+x— YHY™

which is the mathematical equivalent of the circuitry suggested by
Olson (1977) where Xt and X, and Y' and Y~ are the outputs in the
positive and negative X and Y directioms. W61tring's third algorithm,
Dy = X++X-, Dy = Y'+Y~, was not tried as it was the mathematical

equivalent of the circuit which had previously been tested and

rejected.

Figures 3.2.11 to 3.2.14 show the results from Woltring's first
algorithm (equation 3.2.12). The Dx Versus X micrometer movement and
DY versus Y micrometer movement graphs are linear, however, the Dy
versus Y micrometer and Dy versus X micrometer are parabolic. Figures
3.2.15 to 3.2.18 show the results from Woltring's second algorithum,
the logarithmic relationship (equation 3.2.13). The Dy Versus X
micrometer movement and Dy versus Y micrometer movement are linear as

are the Dy versus X micrometer movement and Dy versus Y micrometer

movement graphs. Figures 3.2.19 to 3.2.22 show the results of Olson's
algorithm equation 3.2.14. All four graphs are linear. The two

algorithms, Dy = 1n (X~/X*) and Dy = Xt - X~ give
xt + X~
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Fig 3.3.20
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equally good results, but it was decided to use Dy = Xt - X

Xt + X,
as the logarithmic relationship is more susceptible to quantization
errors at the extremes of movement, as can be seen by comparing the
X =16.0 and X = 24.0 lines in Figure 3.3.16 and the Y = 6.0 and Y =
14.0 lines in Figure 3.3.17 with the equivalent lines in Figures
3.3.20 and 3.3.21.

Figure 3.2.22 shows the effect of altering the distance between
the LED and the detector. The direction of the light beam was not
absolutely perpendicular, so that as the LED was raised the positions
at which the spot of light hit the detector changed. However, the
diferences between these positions was constant over the vertical
displacements of the order expected in the final system.

One consequence of feeding the detector output directly into the
computer was that the ﬁatient was then connected to a piece of
equipment with a supply voltage of 240 V a.c. This meant that
electrical isolation had to be provided by means of optical isolation
amplifiers, to prevent any leakage currents reaching the patients from
the computer. This problem is considered in greater detail in the
section on Patient Isolation (section 3.4).

Due to the low féequency response of the Isolation Amplifiers,

1 kHz, the time between the start of the LED pulse and the start of
the A/D sampling had to be increased to allow the full signal value to
be reached. In order to meet this requirement the length of the pulse
had to be increased, and the LEDs were pulsed 1 in 5.

A suitable length of cable to allow the patients to walk about
during data acquisition was found to be about 20 m. The previously
designed circuitry was unaﬂie to drive this length of cable due to its

A

capacitance, which was 190 pF m—l, giving a total capacitance of
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approximately 4 nF for the whole cable.

It was also found that the input impedance of the operational
amplifiers used was too low to give a linear output when used to
provide a current to voltage gain of 50,000. A further problem which
had been found was that the power supply voltage across the detector

circuit varied as the LEDs were turned on and off.

3.3(div) Redesign of the Transducer Electronics

The entire electronic circuitry was thus redesigned to meet the
following requirements:

(i) There should be two totally separate power supplies, one for
the operational amplifiers and one for the LEDs and
associated circuitry.

(ii) The operational amplifiers used for the preamplification of
the signals should either have a much higher input impedance
than the OP 10 CYs used previously, or a smaller feedback
resistance should bé used, ﬁith a second stage of amplification.

(iii) As the sample/hold circuitry had been removed the LED driver
circuit could be much simpler, as all it would be required to
do would be to pulse three LEDs and to produce a TTL logic

pulse to control the A/D start. The LEDs were to be pulsed
1l in 5 at a frequéncy of 50 Hz.

(iv) The LED currents were to be adjustable so that despite any
differences between the individual LEDs, or between their
collimators, the amount of light produced by each
LED-coliimator combination would be the same.

It was decided to power the preamplifiers from the isolation
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amplifiers, by means of the connecting cable. The Isolation
Amplifiers have a + 15 V power supply with a maximum current of
+ 10 mA giving a maximum power of 300 mW. This was used to power
three TLO64CN's which are quadrilateral Bifet Operational Amplifiers
with low power consumption, typically i_ZOQ#A,at + 15 V per amplifier,
and with wide input voltage range, + 2 V to + 18 V. These were used
as the preamplifiers as shown in Figure 3.3.24. The typical total
power consumption of three of these quads (12 operational amplifiers)
is 72 mW, which is well within the maximum power supply of one of the
Isolation Amplifiers

The pulsing circuit was Transistor Transistor Logic (TTL),‘
ﬁowered‘by PP3 8.4 V battery via a 5 V regulator. This circuit is
shown in Figure 3.3.25. This circuit again was based on a 555,
although this was a TTL 555 rather than a CMOS 555, acting astably,
with Rp = 1M5, Rg = 470k and C = 12nF. The duty cycle is given by
t1/(t1+tp) = (RA+RB)/(RA+2RB) = 817% and the pulse duratioms by
t; = 0.693(Rp+Rp) = 16 msec and ty = 0.693RgC = 4 msec. The output
sigﬁal from this was fed into three halves of two SN75453B dual
peripheral positive—or drivers. These consist of an NAND gate
controlling the base of an n-p-n tramsistor, with the emitter
grounded. Both inputs of the gates were connected to the output of
the 555, and as can be seen from the logic table (Table 3.3.1) when
they are both low the output is low and the transistor conducts, and
when they are both high the transistor does not conduct. The LED was
connected as the collector load of the tranmsistor, and it was
i1luminated when the transistor was conducting, i.e. when the 555
output was low. The Qariable resistor provided an ad justment on the

light output of the LEDs.
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Table 3.3.1: Logic Table for SN74121

INPUTS OUTPUTS
Al A2 B Q Q
L X H L H
X L H L H
X X L L H
H L X L H
H / H IL e
' H H I r
| ' H o r
L X ’ T 1r
X L f JL r

The output of the 555 was also applied to the input of a 74121
monostable multivibrator, which provided a delay to permit the LED'S
to stabilise before sampling took place. The input B was set
permanently high, and the output of the 555 was fed into A; and Aj,
the inputs of a NAND gate which is connected to a Schmitt trigger. As
can be seen from Table 3.3.1, when B is high and A; and A are both
falling, then a positive pulse is produced at Q and a negative pulse
is produced at'a. The length of this pulseée is controlled by the
external resistor and capacitor applied to the 74121. The pulse width
is CL7CextRext (from the sPeP}fications of this device) and when
Rext = 22k and Coxe = 100 oF then t = 1.5 msec so that the A/D start

pulse was produced 1.5 msec after the LEDs were illuminated. The
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pulse produced by the 74121 was then fed into the two inputs of the
remaining SN75453, to buffer the 74121, so that the signal could be
driven down the long cable back to the computer. The two circuits
were packed into the box shown in Figure 3.3.26.

Particular thought was given to the earthing and wiring of these
circuits, as there were twelve signals of 102 A being produced by the
detectors, which had to travel approximately 1 m to the preamplifiers,
beforg they were amplified and sent down 25 m of cable to the
computer. The cable to the transducer would also be carrying the
three LED drive pulses, which could easily interfere with the signals
from the detectors. The cable to the computer would also be carrying
the A/D start pulse. The length of cable in use produced a
significant risk of picking up any stray electromagnetic radiation
around the laboratory or the Patient Assessment Area. An earth star
point was provided at each detector, as can be seen in Figure 3.3.27,
from which there were 5 ground wires. Four of these went to the
noninverting input of the differential preamplifiers, so that the
inputs to the preamplifiers were pseudo-twisted pairs. The remaining
wire from the earth star point went to the zero volts of the + 15V
power supply. The same arrangement was used at each of the detectors,
to reduce the cross talk between them. Ideally, the output from each
detector would have been carried by a twisted pair, but thig would
have resulted in 12 shielded twisted pairs. It was felt that such a
cable would have been impractible for a piece of equipment to be
carried by a patient. Shielding was also applied around and between
the LED driver circuit and the preamplifier circuit, to minimise
cross-talk. High force energy transients from the A/D start signal

were reduced by means of a capacitor. The timing of the A/D start
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pulse was not critical and was not deleteriously affected by this

smoothing.

A 22 nF capacitor in parallel with a 470 k resistor was added to

the preamplifier feedback, to eliminate a 28 kHz oscillation which was

present on the line, presumably arising from the detector.

According

to its specification, the typical detector capacitance at O V bias is

1200 pF, and the typical value of the series resistance of the base is

5 kSl These two values in an R-C circuit would produce oscillation at

a frequency of 26 kHz.

The entire transducer was then calibrated , using the

algorithm

xt-x- Y-y~

Dy = - ,
X xH+x— Y YH+Y

and this is discussed in section 5.1.

' (3.3.14)
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3.4 Patient Isolation

3.4(1) Isolation Requirements

According to Health Technical Memoradum No. 8 (HTM 8), Safety
Code for Electro-medical Apparatus (1969) for an alternating current
flowing to and from the body via external contacts, e.g. hand to hand,
the threshold of feeling is 1 mA. Muscular péralysis is produced by
15 mA and ventricular fibrillation by 70 mA. For a direct current
these values are higher, 5 mA being the threshold of feeling, and
muscular paralysis and ventricular fibrillation being produced by
75 mA and 300 mA respectively. However if direct contact is made with
the heart then ventricular fibrillation can occur with currents as low
as 0.5 mA. Therefore British Standard 5724 (Specifications for the
safety of Medical Electrical Equipment) (1979) which has superseded
HTM8 has two sets of maximum patient leakage currents. One is for
equipment "which may come into Direct Conductive Contact with the
Patient's heart"” (section 2.2.7), and the other for equipment which
does not. For the first type of equipment the "maximum Patient
Leakage Current” in nofmal use is 0.01 mA and in the single fault
conditidn is 0.05 mA. . For the second type of equipment these currents
are 0.1 mA and 0.5 mA respectively (sectiom 19.lc). B.S.5724 defines
50 V d.c. or 24 V a.c. maximum rated supply voltage as "Medical Safety
Extra-Low Voltage" (section 2JL3)‘and circuits working at or below
these voltages must be isolated from the "Mains Supply”, and also are
subjected to lower insulation and earthing requirements.

There are two convenient methods of electrical isolation: optical
and electro-magnetic. The former uses a light emitting diode and
either a phototransistor or a photodetector inside the same light

proof box. If a current is flowing in the LED then light is given out
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which is received by the photodetector or the phototransistor, and an
identical signal to the input signal is produced. If a signal is
applied at the output end nothing happens. In the second (magnetic)
method, which was the one used in this case, the input signals
modulated to an a.c. signal which then passed through a transformer to
a demodulator to give the output signal, as current cannot flow from

the demodulator to the transformer.

3.4(i1) Isolation Amplifiers

.The isolation amplifier chosen was the Intronics Inc. IA 184.
This has a maximum leakage currént of 1.2/“A r.m.s. at 115 V, 60 Hz
with a frequency response of 1 kHz, and a breakdown voltage of 2500 V.
The input impedance is 108 L in parallel with 3 pF. 1If more than one
of these amplifiers is used then they may be syn%?onized to prevent
beats, and they also produce an isolated power supply of +10 mA
maximum current at + 15 Vd.c. This gives an isolated power supply of
300 mW.

There were 12 signals from the detectors and one A/D start signal_
which had to be transmitted to the computer. The isolation amplifiers
were built in boxes containing four isolation amplifiers with a 64 way
edge connector so that they could be plugged into a 19" rack in the
analog‘input computer rack along with a 15 V power supply and a
syncronizing circuit. It was arranged that the inputs to each unit of
isolation could either be via one plug with four signals with a common
ground signal and +15 V power supply, or via four plugs for four
signals, each with its own signal ground and +15 V power supply. The

circuit inside each unit is shown in Figure 3.4.1.
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3.5 The Strain Gauge Transducer

3.5(1) The Strain Gauge Transducer

The output from the fracture movement transducer was compared
with that of a strain gauge transducer (Fig. 3.5.1) which was designed
by Evans (1979) specifically for use on the Oxford External Fixator.
It is a removable device which clamps onto the fixator support bar,
measuring the two bending strains and the torsional strain about the
major éxis of the fixator s;pport bar, the axial strain is not
measured. There are two strain gauged semi~circular bridges mounted
onto anchor blocks which are then clamped onto the support bar. The
output from the strain gauges was fed into a purpose build three
channel strain gauge amplifier which wasAconnected to the input of the
A/D converter of the DEC PDP 11/34 computer. The two sets of tests,
those with the displacement transducer, and those with the strain
gauge transducer, were performed separately.

The strain gauge amplifier had no scaling in it to allow for the
geometrical amplification of the support bar strain, as discussed in
Churches et al (1985b), but the same transducer was used for all the
tests, and thus the scale factor does not affect the trend in results.

The tests performed for the two transducers were identical and

are discussed in the section "Patient Testing”
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3.5(1ii) Calibration of the strain gauge transducer

This has been discussed in various papers by Evans (1982). The
two bending channels give an output of 3.625L¢€ N"1m~1 applied bending
moment in the support column with a cross talk of less than 7% torsion
and 4% bending. The torsion channel gives an output of 4.65uc N"lm-1

of applied torsion to the support bar with a maximum of 15% cross talk

on the bending chanmnels.



CHAPTER 4

GEOMETRICAL AND MECHANICAL ANALYSIS OF FIXATOR AND TRANSDUCER
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4 GEOMETRICAL AND MECHANICAL ANALYSIS OF FIXATOR

4.1 Photodetector Qutputs to Transducer Displacements

- When the three PIN photodetectors had been mounted as described
in section 3.3 and the signals from the outputs of these detectors had
been amplified as described in section 3.4, it was required to
calculate the relative positions of the two parts of the transducer.
First the two dimensional position of each spot of light on the
detectors was calculated. The "dark"” cuffent was subtracted from the
"light" current; as the LEDs were pulsed, the data input program
LPATIN sampled each detector output twice per pulse, once when the
LEDs were illuminated, the "light"” signal, and once when the LEDs were
not illuminated, fhe "dark” current. The differences between these
"light" and "dark” currents were used with the algorithm from section
3.2, to find the positions of the spots of light. The beams of light
were known to be mutually perpendicular, so the problem of finding the
relative positions of the two sections of the detectors are that of
finding the point of intersection of three mutually perpendicular
lines which pass through three known poin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>