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SUMMARY

Severe lower limb fractures may be stabilized by an External
Fixation Device such as the DENHAM BAR, which is a single-sided
Fixator,, The feasibility of detecting healing in tibial shaft
fractures using this device as a transducer was investigated, The
Bar was instrumented with strain gauges and calibrated in two modes
to determine its reliability as a transducer,, Further experimentation
was carried out on a Bone / Fixator configuration to determine the
limits of detectable strain in the Bar which results from firstly, a

complete break, and secondly, when the bone is fully healed.

The experimental work was fraught with practical difficulties
and the results indicated that the bar did not behave as a reliable
transducer. This suggested that direct instrumentation of the bar
is not a suitable technique for clinical application, A lack of
response from the strain g-auges was found when the bar was in situ
with fully healed bone indicating that the device behaved as a

redundant structure at this stage.

The Denham Bar is, however, a clinically popular device but
subject to wide variation in its application. Using the device as a
basis for a theoretical analysis, strain energy;techniques were employed
to determine whether intermediary stages of healing could be detected
by related changes in the level of strain. The extent of this analysis
indicated that as healing bone reaches 10 - 15% of normal strength
changes in the level of healing are not detectable by the bar. The
motion at the fracture site, that the device permits, was also deter-

mined from a further analysis using Beam Deflection techniques. These



results were compared with an analysis of the same configuration using
the PRIME STRESS PROGRAM. A number of Fixator and Physiological
variables were identified, which were then selected for further
analysis by"rthe Prime Stress program to determine their relative

importance and contribution to overall stiffness.

From this final investigation the maximum and minimum criteria
for stability were established. The analysis included a consideration
of healing bone and the changes iIn fracture site motion which occur
as the strength of CALLUS (Healing bone) approaches that of normal

bone



CHAPTER ONE;  INTRODUCTION

Traditional methods for assessing®™ the healing®™ following fracture of
long bones are based upon radiological and a variety of less easily
classified criteria which fall under the somewhat vague title ’clinical*.
The most important clinical tests centre around movement (or rather
lack of It) in the region of the break point. This is taken as an
indication of the strength of ’callus’ (the callus being the material
which makes the initial union between fractured bone ends). Measure-
ments tend to be qualitative, somewhat subjective and are fraught with
problems of interpretation. Thus, for example, pain free motion is
unsatisfactory as pain and non-union (nhon-healing) of broken bones do

not always coincide (Matthews et al, 1974).

It is obvious that prognosis and patient care could be consider-
ably improved iIf an accurate quantitative, mechanically based measure
of fracture stability (movement lack) could be found. This was the

aim of this project.

The initial research proposal was for the continuation of work
on the detection of healing begun at the University of Surrey on a
newly designed bilateral "external fixator', the '"'Sayegh Frame"
(Sayegh, 19779). As this frame has not found popular clinical use
however, the subsequent proposal submitted by Dr. J. Wielogorski
and Mr. C. Wyn-Jones suggested that the work continued using the
"Denham Bar', which is clinically popularQ This device is a single*-
sided external fixator which is connected to the antero-medial aspect

of the tibia by six or more transfixing pins. It was envisaged that

the bar, instrumented with strain gauges, could be used as a transducer



for the detection of motion at the fracture site, as the strength’
characteristics of regenerating bone change with time, the assumption
was that the relative motion of the two fracture ends would also

diminish. This would result iIn a reduction of bar deformation and the

levels of strain.

Finding the correct experimental approach posed a number of
problems. Initial experiments were planned to find the best instru-
mentation of the Denham bar for the deformation envisaged. As the
availability of fresh cadaveric material was limited, it was decided
that a substitute material- with consistent physical properties in the
range covered by bone, the hardwood "Greenheart™ would be used in
these pilot experiments. As will be seen in Chapter Four, these ex-
periments showed the bar to be unreliable as a transducer and the
deformation initially too small to satisfactorily record changes in
the level of strain which would be likely to occur during healing.

A subsequent theoretical analysis also revealed that the later stages
of healing (i.e. when the callus is approximately 10 - 15% of the

strength of normal bone) could not be monitored by an iInstrumentated

bar.

By this stage a considerable portion of the time available

for the project had elapsed and the following course of action was-

decided upon.

Although the Denham Bar is a popular device, considerable
variability in its application had been observed, and the time for
removal was found to be based upon subjective findings. Within the
University of Surrey a computer simulation, the PRIME STRESS PROGRAM,

was available, which it was felt could be used for the three-dimensional



analysis of a system (a-SPACE FRAME) involving different configur-
ations of bone, transfixing pins and Denham Bar, The application

of this program with the input of data on physiological and ana-
tomical variables should give quantitative information about the
range of motion that is permitted at the fracture site. The physio-
logical variables included the likely changes in the mechanical

properties of callus and the effect upon fracture site motion.

until now, bio-engineers have followed the sensible, but not
proven idea, that "stiffness is best"” with little consideration of
the changes in physiological demands during healing. It was felt
that, with an improved understanding of a Ffixator, suitably compared

with theories of bone healing, the requirements of an ideal fixator

could be defined.



CHAPTER TWO

20Acl PART As INTRODUCTION TO ENGINEERING CONCEPTS AND THE PROPERTIES OF
MATERIALS RELEVANT TO .THIS STUDY

All solids subjected to an externally applied load or force,
deformo The deformation which results from a compressive load, applied
through the long axis of a body, e0y0 a bone, results in a decrease in
length and an increase in breadth (Figure I"]? Conversely a tensile

axial load will elongate the bone and reduce its breadth (Figure 1c)0

The ratio of

change in length

original length STRAIN
may be expressed as
= unit strain = ¢
and £ x 10 ® = micro strain

Strain may be detected by small resistive elements called STRAIN
GAUGES o0 These are bonded to the surface of a body or member and undergo

the same deformation as the surface0 A change in resistance (ft) occurs

since

R qC L where L ss length of wire, A = cross-sectional area

This may be measured by connection to a Wheatstone Bridge, It

is the application of this technique which will be presented in the
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experimental work in Chapter Four. -

2. A2 IT the deformation of a body is measured and plotted as a LOAD*?>*
DEFORMATION curve then certain characteristics emerge. With repeated
loading and unloading a linear relationship is observed between load
and deformation, and no permanent deformation of the member occurs.(Fig. 2)
If the load per unit area iIs excessive then permanent deformation takes

place and failure may occur. The STRESS or load per unit area may then

be calculated where

_ FORCE
STRESS = o~ or

o . where

F = mass x acceleration due to gravity

= X kg x 9.81 = X Newtons
The ratio: of :ﬁii?ﬁ determines the Young’s Modulus of Elasticity
(E) where
E = if

e.g., E for steel 200 GN/MZ, E (Bone) 20 GN/M2

A member may also be loaded in TORSION where twisting occurs ..de

to the external moment or TORQUE (T) and

- T = Force x perpendicular distance to the line of action

of the force.

SHEAR STRAIN §Y) is the angular deformation that results from

torsion, e.g. in Figure 3, when line AB twists throughy to AC, RA



A3

rotates through © to RC:
therefore L = RO

and SHEAR STRAIN (y) may be expressed as

The modulus of elasticity in torsion is known as the MODULUS OF

RIGIDITY (©). where

- SHEAR STRESS
~ SHEAR STRAIN

SHEAR STRESS is usually expressed as J but the relationship j -~

i, - . \/
is similar to the expression for stress where.<j = K »

For any given material (Shigley 1976) the relationship between
the modulus of elasticity (E) and the modulus of rigidity is established

by the formula

= Q E _ MODULUS OF ELASTICITY
2(1%7) 2(1 + POISSON»S RATIO)

lateral strain
axial strain

where “IT =
For ISOTROPIC materials, which have the same properties in all
directions, the values for E and G are equal in all directions. Bone
is however ANISOTROPIC since its properties are not the same in all
directions and the stiffness of the material is dependant upon the

direction of loading.

BN B /

Frankel and Burstein (197.1) and Burstein and Reilly (1976) .

demonstrated that human cortical bone is weakest in shear and strongest



mfig.3 Torsion in a solid rod

- fig 4



Greenheart (Ocotea rodiaei) is a botanical hardwood which is exported
principally from British Guiana. It is very heavy and weighs about 72 Ibs
per cubic foot. The grain is straight, often free from knots but
difficult to work since it has a tendency to split. Microscopically

it has a diffuse porous structure. The timber is air seasoned, very

durable and has been traditionally used for dock and lock gates.

The specimens of timber used in this work were supplied by W.W. Howard,

timber merchants, Southampton.



in compression. The following table is a comparison of the values for

the elastic moduli of materials used in this work.

2.A.4

TABLE 1
YOUNG MODULUS MODULUS OF
VATERIAL TYPE (E) N/mm”~ RIGIDITY (G)
Stainless Steel 316,316L 200,000 87,000
Aluminium - 10,000 3,745
Tibial Cortex Range of Values 18,999 - 5,500
(WET - BONE) 28,996
Greenheart 129% Moisture
Content 25,507 12,616
43% Moisture
Content 20,475 11,926
Fibrocartilage WET (Human
Annulus Fibrosis) 72 .5 -
Hyaline
Cartilage WET 490 -
Polymethyl
Methacrylate - 2,000 -

Maximum values for the mechanical properties of tibial cortex -

are found in the 20-29 age group with an average reduction of all

properties by 17% in the 70-79 years age group (Yamada 1970),

If a beam is subjected to bending by two equal bending moments

(M1 and M2) Figure 4, maximal tensile stresses will occur at the convex

surface at C and maximal compressive stresses on the concave surface at B.




The magnitude of the stress is proportional to the distance from the
NEUTRAL AXIS (AX) which is the axis along which no change in length

due to bending occurs. The ability of that member to withstand defor-
mation, i.e. the strength, is however dependant upon additional

factors to the elastic moduli (E + G) of the material. The distribution
of material away from the neutral axis is known as the SECOND MOMENT OF
AREA (). This concept may be understood by considering bending of a
ruler in which two equal bending moments (MW and M) are applied firstly
about the transverse axis z - z (Figure 5a), then secondly about the
vertical axis y - y (Figure 5b), The second moment of area is greater
in (b) than in (a), and a corresponding increase iIn resistance to
bending will occur in (b). The derived formula for the second moments
of area are related to the cross-sectional shape of the structure, i.e,
a circle, square etc,, and standard formulae used in this work may be

found in Appendix 5*2

The equivalent factor in torsion is the POLAR SECOND MOMENT of
area (J)- For a solid circular member such as the DENHAM Bar the value
for J may be derived using the formula

w» 4
| D)

J = “32¢
IT the TORQUE (T), the radius and the length are known a theoretical
value for strain may be determined, then compared with experimental. <

levels of strain where " x

TORQUE X RADIUS

maximum shear stress
Polar Second Moment of Area

therefore

10.



Tibial Cross—sections

From Evans 1951



2.A.5

J} shear stress

and G shear strain r

therefore j =

where G = MODULUS OF RIGIDTY

For theoretical work the values for Second Moment of Area and
Polar Moments of Area of uniform cross-sections may be derived using
appropriate Standard Formulae (Appendix 1A)a The non-uniformity of
bone, e.g. Tibia, is however apparent from cross-sections of this bone
taken at intervals along its length (Figure 6). As a result standard
formulae for area, second moments of area and polar moments of area are
not directly applicable. This has inevitably presented some problems in
the application of basic engineering theory to the representation of
bone dimensions in theoretical work. Cadaveric bone also presents a
range of mechanical properties which very according to the moisture
content of the bdne and other physiological factors particular to the
individual from whom the specimen was removed. (Evans and Lebow 1951,

Dempster abd Liddicoat 1952, Dempster and Coleman 1960).

In this work a substitute material for bone was used in the expert
ments which reduced the number of variables and yet maintained a

relationship with human tibia.

The use of bone models iIn experimental and theoretical work

Previous workers have experimented with a variety of substitute

materials for bone.

Evans et al (1979) used .45 mm square timber for the-analysis of a
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single-sided fixator and suggested that comparable results with
experiments using® bone could be obtained. It was not clear however
which type of wood was used, or that the moisture content of the wood

at the time of the experiments was established. The elastic moduli

of hard-woods such as Oak and Greenheart differ greatly from softwoods
such as Pine and a range of 7.5 GN/M2 is quoted for different types of
Pine with 12% moisture content. The moisute content of wood and bone

influence the mechanical behaviour of these materials and lower values
of the elastic moduli for "wet" bone or wood with 43% moisture content

are found (see Table 1).

,— Kempson (1979) (personal communication) in a comparative study of
external fixators, in a fixator / bone configuration, repeated the
experiments replacing bone with metal tubing, and found that the stiffest
configuration occurred with metal tubing. Karlstrgm & Olerud (A977) in
the analysis of a quadrilateral fixator used synthetic bone, but encountered
difficulties in the precise measurement of the material properties. It was
found that the stiffness characteristics of the synthetic material resembled
bone in bending but large differences occurred in torsion. Karlstrgm
attributed these differences to the variations in the cross-section between

the synthetic"bone and the cadaveric material.

Since there was insufficient data from these previous workers to
construct a comparative bone model in the author’s experimental work,
a simple bone model using Greenheart was designed. This hardwood was
found to have similar values of Young’s Modulus to human tibial cortex.
The diemnsions of this model and the data for bone in the theoretical
analyses (using the PRIME STRESS PROGRAM) was based upon a consideration

of anatomical data and the cortical profiles presented by two groups of
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workers (Piezali, Hight and Nagel 1980, and Miller and Purkey 1980).
These profiles had been compiled by various computer programs using
mathematical techniques of integration with data derived from measure-

ments of tibial cortices, (see part B).

The Prime Stress Program

Primes®™ version of STRESS ( i.e. STRuctural Engineering System
Solver) was obtainable at the University of Surrey for the analysis of
framed structures,, The program is written in Fortran 1V language and
computes forces, reactions, moments, three-dimensional displacements,
temperature changes and distortions in structures composed of prismatic
slender members. The program uses a right-handed orthoganol cartesian
co-ordinate system and suggests the use of S.1. units. The orientation
of each member in the structure to be analysed is defined relative to
this system but the description of the shape of each member (Member
properties) 1is defined by the local co-ordinate system. The local x
axis of each member is the longitudinal axis of that member (Figure 7)
and is independant of the spatial orientation of the member. For further
reference material the reader is referred to the Bibliography at the end
of this work. The terms used in the Reference Manual (prime Users
Manual 3.2) employ conventional engineering terminology. Some difficulty
was however encountered in the interpretation of 'Shear Area'" AY/AZ
with respect to local member properties. The interpretation of the
method for determining this data will be described more fully in Chapter

Five which discusses the work carried out with the prime Stress program.
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PART Bs THE TIBIA AND FIBULA
Shape and dimensions of the bone

The tibia consists of an assymetrical shaft and an expanded
proximal end formed by the medial and lateral condyles articulating
with the femur. The proximal end slopes slightly downwards from the
anterior midline to the protuberance of the tibial tubercle (Figure 8).
The bone is generally triangular in cross-section (see Figure 6 part A)
tapering distally with subsequent developmental external rotation of

20 degrees (Lanyon and Bourn 1979) .

Cortical profiles demonstrating the change in area and second
moments of area along the bone length, have been presented by two
independant groups of workers in 1980, Piesiali et al and Miller and
Purkey. piezali’s work was based upon the program developed by Thomson
in 1971 and Miller and purkey compiled comparable cortical profiles from
a computer program (SCADS) by Piotrowski and ;Kellman (1973, 1978).
Piezali et al derived data for Thomson’s program by selecting co-ordinates
at 1 intervals of the bone length from only two pairs of bones.

Miller and Purkey however, obtained similar profiles from 9 pairs of
bone but excluded the proximal and distal 20% of the bone length in
their calculations. From their work Miller and purkey found that signi-
ficant differences occurred in pairs of bones from different individuals,
but the profiles of geometric distribution were none-the-less comparable.
They isolated such characteristics as height, weight and sex of the
individual as more important in determining these geometric differences
than the overall length of the bone. They did however find that there
was no significant right-left bias, 5pus negating any notion that pedal

dominance contributes to bone size.
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The findings of Miller and Purkey also demonstrated that the

outward appearance of bone does not mirror the thickness of the cortex.
This is evident, for example, in the proximal expanded section of the
tibia in the region of the tibial plateau (Figure 9). It was demonstrated
by both teams that gross cortical area and the values for Polar moments

of area (J) are variable along the length of bone (Figure 10). Miller

and Purkey however suggested that the values for polar moments of area,
derived from standard formulae for circular tubes, are exaggerated.

They felt that more realistic profiles could be obtained using the
"Membrane Analogy', a technique for the analysis of non-uniform members,:
(Den Hartog 1953). The effective "J" value was therefore calculated
(Figure 11) and these values are used in this work as the data source

for the polar moments of area (J) in the analysis by the Prime Stress
Program (Chapter Five). Miller and Purkey also point out that the minimum
value for 1 (second moments of area) and J is found at approximately 70%
of the bone length (Figure 12) which they relate to the earlier findings
of Frankel and Burstein in 1965 that torsional fractures are most likely
to occur at this level. The application of the dimensional data to my

own work, presented by these two groups, Piezali et al and Miller and
Purkey (op. cit.), is described more fully in the experimental work in

Chapter Four, and the analytical Work in Chapter Five.

Anthropometric data (Davis 1979, personal communication) compared
favourably with measurements of tibial length taken by the author in
which an average length of 42 cm was found. This was obtained by
measuring the distance between the medial tibial condyle and the hori-
zontal line at the level of the ankle joint. |In this work the location
of any landmarks, e.g. fracture site, were expressed in millimetres from

the proximal end of the bone, but represented a percentage of bone length.



Fig. 1. Midfrontal section of the normal proximal tibia. Knee joint obtained from a 22-year-old male
autopsy specimen with no previous history of joint disease.

fig 9

Reproduced from Hayes et al 1978
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2.B.2 The distribution of muscle attachments and forces generated by their

activity

The tibia is deficient in muscle attachments over the anterio-
medial border and the distal quarter of the bone shaft (Figure 13).
The proximal section tends to give attachment to those muscles which
act upon the knee and the remaining sections of the shaft give direct
attachment to the three muscles which act upon the foot (Flexor
Digitorum Longus}Tibialis Anterior and Posterior). The Ffibula however
gives rise to extensive muscular attachment to the remaining muscles
which act upon the foot (Figures 13 and 14). From a consideration of
the anatomical details alone, a severe unstable fracture of the mid-
shaft of the tibia and fibula is more likely to cause extensive
muscular dysfunction while similar fractures located more distally
are likely to cause ligamentous disruption or damage. Mechanical
function of the foot is enhanced by the containment of tendons within
the flexor and extensor retinaculae, and i1t follows that disruption of
the retinaculae is likely to hinder full restoration of function. The
extent of damage to muscle and soft tissue at the time of fracture should

therefore be considered in the rehabilitation of patients..

Normal movement occurs as a result of complimentary agonist and
antagonistic muscle action. This synergic activity of muscles acting
upon a limb at any given time must therefore be considered before analy-

sing the effects of forces due to individual muscle activity.

The analysis of these forces is based upon four principal criteria
(Frankel and Nordin 1980),,
1. The identification of structures involved in the production of forces

by consideration of the local anatomy.
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2. The angular acceleration of the moving body part which may be measured by
light goniometry or photographically and correlated with time.

3. The mass moment of inertia of the moving body part which can be
obtained from anthropometric charts (Orillis et al 1964).

4. The torque (1) about the joint where T = force x perpendicular
distance from the centre of motion (measured radiographically)
and T = mass moment of inertia x angular acceleration. Since T,
mass moment of inertia, angular acceleration and the perpendicular
distance from the centre of motion can be determined, then the force

can be calculated.

Extensive analysis of muscle forces has been carried out (Winter
1980, Nissan 1980, Seireg and Arvilcar 1975) and a comparative survey
of some theoretical models predicting muscle forces jjs presented by
Patriarco (1981). Seireg and Arvikar’s work correlated well with
electromyographic studies and a comprehensive analysis of“lower limb
forces during normal walking is presented e.g. Figure 15. Although
considerable work has been undertaken to quantify lower limb joint forces
(Rydell 196s, Morrison 1968, 1970 and Paul 1967) there appears to be
little experimental evidence which quantifies the load sharing components
of bone and muscle during normal activity. Siereg and Arvikar’s compu-
tation of forces generated by individual muscles of the lower leg is
listed below In Table 2. These forces were calculated for 15%, 39%
and 53% of the walking cycle corresponding to the flat floor, midstance

and push-off phases of walking (Figure 16).

If the direction, magnitude and point of application of the force
are known then the effects of that force applied to the tibia may be

assessed by vectoral resolution of that force into the vertical and
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Muscular load sharing during walking
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Simplified ground reaction R. during quasi-static walking. (RHS: right heel strike; LTO; left toe
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fig le (from Seireg- & Arvikaf 4975)



2.B.3

horizontal components (Figure 17)#

, Figure 17 represents a fractured

limb with rigid fixation at the knee and an actively contracting gastro-

enemious (F), then the horizontal component (H) results in compressive

axial loading of the bone and the vertical component (V) will tend to

displace the distal fragment vertically so that compression and rotation

of the distal section will occur when the calf muscle contracts.

TABLE 2

Calf

Quadriceps -
Hamstrings
Tibialis Anterior
Tibialis Posterior
Ext. Dig. Long.

Flex. Hall. Long.

peronei.
Ext. Hall.

Flex. Dig. Long.

Force

in Newtons

SEIREG & ARVIKAR

Percentage of gait cycle

15%

767

1532.

484

400

39%

1692

0

1147

888

-347.3

53%

26.5

0

1048

117.7

The load bearing axis of the leg and the forces transmitted through the

knee and ankle joints during static and dynamic activity.

The tibia is thg principal load carrying bone of the lower leg



knee

prox imal

fig 17

ITig. 1*. Selected body positions in the AP (.micro-posterior) plane, giving examples of
static analyses, a) Military bearing with hypcrcxtcnded knee joints, b) An approximate
lower extremity, c¢) Standing with ilexed Kkr.ee joints, d) and c)

axial loading of the
I; the dorsal foot

Kneeling positions. T represents the m. triceps surac; s the in. solcns;

muscles; H the hamstrings muscles; Q the m. quadriceps ftmoris and G the m. gluteus

maximus.

fig .18 (ljunggren 1980)
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although Lambert (1971) suggested that the fibula does take a small
component of the load. In the normal erect posture a line from the -
centre of gravity of the body extends through the anterior portion of

the sacral vertebrae, passing 5 cm or less behind the line joining the

hip joints (Basmaijan 1967). This line then descends vertically in the
midline to a point anterior to the line joining the centre of the knee
joints from which it descends in the midline, anterior to the line

jJoining the ankle joint. This assumes a normal erect adult posture
although variations do occur (Figure 18). The centre of joint pressure

in the knee tends to be located in the medial joint compartment immediately
following heel strike (Morrison 1968, Harrington 1976) (Figure 19).
Morrison (1968) and Paul (1974) have shown that maximum loading of the

knee joint (up to four times body weight) occurs during the stance phase
only and that the very small loading during the swing phase is due entirely
to gravitational and inertial effects. Morrison (op. cit.) has postulated
that loading is lower in the less fit, the aged and pathological states.
Harrington (op. cit.) suggests that in certain abnormal gaits (e.g. a
Trendelenburg gait), the centre of the joint pressure is transferred

from the medial to the lateral knee compartment.

During normal load bearing activity it is doubtful whether direct;1lv
axial loading of the tibia occurs as synergic muscle activity causes
continual anterior-posterior motion and direct axial loading would only
be transient. It has been suggested by experimental work with strain,
gauges bonded directly to the surface of bone that the functionally
loaded tibia is continually subjected to bending since tensile and
compressive strains have been .recorded on opposing surfaces of the

bone (Lanyon and Bourn 1979).
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2.B.4 The distribution of mass in the lower leg and foot

In a biomechanical analysis it is necessary to know the total

weight of each limb section involved in the analysis and the point
at which the resultant gravitational force is acting upon that limb.
The study of body mass is ancient, with investigations recorded as
early as 3000 B.C. but Drillis (1964) summarised results from work
produced over the past century. Unlike the mechanical properties of
bone, the mass of a limb.is independent of age or sex (Bernstein 1936)
and it is apparent from clinical experience that mass may not necessarily
be an indication of muscle bulk or strength. The work of Harless (1860),
and Bernstein (Figure 20) suggests that the total weight of the lower
leg (shank) and foot is less than half the weight of the thigh. This
would however not appear to be true from the work of Fischer (1906),
Dempster (1955) and Davis (Figure 21) (personal communication).
Drillis suggests that the popular belief that the mass centre of all

. segments is located at approximately 45% of the total segment length
measured from the proximal end, is untrue. He suggests that the mass
distribution of the body and the centre of gravity of all segments is
related to body build. The anthropometric data used iIn this work is
based upon the standard anthropometry of males with a mean height of
170 cm and a total body mass of 75 kg (Davis 1979 personal communi-

cation)

2.B.5 The mechanical properties of the tibial cortex

Whole bone consists of cortical and cancellous bone with a

porosity (or bone occupied by non-oseous material) of 5 - 30% for

cortical bone and 30 - 90% for cancellous bone (Frankel and Nordin 1980).
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The strength of whole bone largely depends however upon the second
moments of area and the elastic moduli of compact bone. Evans (1951?)
and Yamada (1970) reviewed extensively the mechanical properties of
compact bone and Evans defined a number of factors which influence the
stress-strain relationship. These were defined as the moisture content,
the preservation technique (e.g. chemical treatment or air drying), the ¢

shape of the cross-sectional area, the direction of application of force ;"

with respect to the long axis of the bone or the collaginous fibres and 7

the age, health, sex and race of the subject, from whom the specimen® = ;&
was obtained. Bupstein and Reilly (1976) also suggested that significant "
differences <occur in oSteoparotic or cortico-steroid treated indi-

viduals .

The range of values for Youngs modulus of human tibia presented
by various workers extends from 18 GN/M2 - 35.3 GN/M2- Swanson and
Freeman (1977) suggest a mean value of 20 GN/M2 while Yamada (op cit)
suggests 18 GN/M2 for wet tibial cortical bone. Burstein and Reilly
(1976) and Yamada also suggest that tibial cortical bone is stiffer
than femoral cortical bone. Rauber (1876) first demonstrated the
visco-elastic behaviour of bone which is dependent upon the duration
of the load applied to the bone. Brief intermittent loading shows
rapid and complete recovery of deformation, whereas sustained loading

produces two phases of activity in which an initial iInstantaneous

deformation is followed by a gradual time dependent deformation.

The value for torsional rigidity (G) of tibial cortex has not
been clearly defined although considerable data has been presented for
the ultimate limits of failure in torsion, which Yamada (1970) suggests

is five sevenths of the limit for fgmoral cortex. The tibia, relative
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to the femur, appears therefore to be stiffer in bending- but weakerf

in torsion.

2.B.6 Stability of the tibia and fibula

During flexion of the knee the normal range of motion in the
anterxo - posterior plane is 140°. Rotation of the tibia about the
femoral condlyes is complicated by additional transverse and axial
rotation. The transverse rotation is maximal at 30° flexion and 0°
in full extension with 30° internal rotation and 45° external rotation
when the knee is flexed to 90° (Figure 22). At 30° flexion, Piezali
Seering et al (1978) suggest that the medial collaterial ligament aids
flexion by displacing the medial memcius and reducing the resistance to
motion. The results from their work also suggest that the collateral
ligaments are more important in the control of transverse tibial motion
than previously acknowledged. The traditional view is that bony appo-
sition prevented motion, but they suggest that lateral tibial motion
is resisted by the medial collateral and posterior cruciate while medial
displacement is resisted by the lateral ligament and the anterior cruciate.
Maximal rotation of 11° in the frontal plane during walking has been
recorded by Kettelcamp et al (1970). The medial femoral condyle is
approximately 17 mm longer than the lateral condyle and normal motion of
the tibia about the femoral condyles occurs as a spiralling lateral motion
of the tibia about femoral polycentric radii. The knee is therefore
additionally stabilized in full extension by this 'screw-home'™ mechanism

(Frankel and Nordin 1980).

Stability of the fibula is maintained by the ligaments of the superior
and inferior tibio fibular syndesmosis (Johnson et al, Grays Anatomy 1958),

the talo-fibular ligaments and the interosseous membrane.® The interosseous
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Figure 22; Thigh fully supported knee in
90° flexion.



membrane is tightly attached to the inter osseous border of the tibia
and fibula blending with the upper edge of the distal tibio-fibula
ligament. It is approximately 757~ m thick passing downwards and
laterally fiom proximal to distal at an approximate angle of 20°

(Figure 23).

Sarmiento (1974) carried out experimental work to determine the
role of an intact interosseous membrane upon fracture site stability
and deduced that the membrane, although capable of elongating 120 per
cent before failure, had a peak load carrying capacity at 50 per cent
elongation. Displacement -of the fracture, supported externally with
a cast brace and an intact membrane*was minimal, whereas experiments
repeated with disruption of the membrane caused extensive displacement
at the fracture site. Further work by Sarmiento suggested that fractures
of the tibia and fibula at one level were less likely to cause a dis-
ruption of the membrane than fractures at differing levels. From a
consideration of the cross-section of the tibia, fibula and iInterosseous
membrane (Figure 23) the configuration may he viewed as. an I-beam in
which maximal strength of the lower limb is gained by the remote dis-
tribution of mass away from the central interconnecting member (the

interosseous membrane).
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PART C: THE PROCESS OF FRACTURE HEALING

The tiaditional view that healing of a fracture occurs in pro-
gressive stages of clot formation, inflammatory response and organization
of the clot into- a fibro-cartiliaginous matrix which is later converted
into woven bone, forms the basis for the understanding of fracture
repair. The process of healing is however complex and not fully under-
stood. The hypotheses conflict and until such time that these views

are Firmly contradicted they contribute to the understanding of fracture

repair.

In the case of patients fitted with an external fixation device
such as the Denham Bar, the rate of fracture repair and the mechanical
state of the callus are at present evaluated by radiological and manual
tests of stability (see 2.C.5) which give qualitative rather than quant-
itative information about the strength of healing bone. Clinically the
Denham Bar has been found to allow greater motion at the fracture site
than other devices which are now used (see part D, Chapter 2) success-
fully for the treatment of severe lower limb fractures. Earlier
designs, e.g. the Anderson frame and Stader splint were found to give
rise to complications, resulting in non-union, and their use is now
discontinued. Clearly the management of patients fitted with an external
fixation device should be carried out with an understanding of the

process of fracture repair and the factors which enhance or restrict

the response.

The production of bone, or calcification may occur extra-skeletally

e.g-, In myositis ossificanss but the repair of bone is thought to be an



extension of the normal ossification processes that occur during
development and maturation of the skeleton. Ossification may occur®™ =
by a single process of INTRAMEMBRANOUS OSSIFICATION or by the two-fold
process of INTRAMEMBRANOUS and ENDOCHONDRAL ossification (Williams and
Warwick, 1980, Grays Anatomy). Intramembranous ossification occurs

with the direct transformation of mesenchymal or primitive cells into
bone and generally occurs without the production of any callus (Ketenjian
1978). It has been found that in rigidly immobilized fractures the
process of repair is by intramembranous ossification. Endochodral ossi-
fication, on the other hand., occurs in fractures which are less rigidly
immobilized. In this case bone formation occurs in the epiphyseal

growth plates of developing young bones (Bloom and Fawcett, 1975).

The traditional view of fracture repair presented by Weinman and
Sieher (1955) suggests six clearly defined-stages of healing although
in reality-these stages may merge.

1. Clotting of the maematoma

2. Organization of the clot

3. The reparative stage with formation of the fibrous collar

4. Formation of primary bone callus

5. Formation of secondary bone callus

6. Functional reconstruction of the bone.

McGibbin (1978) has reviewed concisely the processes that afce
involved in fracture repair which | feel eliminates conflicting termin-
ology. McGibbin describes four different healing processes?

a) The primary Callus response

b) External bridging callus

c) Late medullary callus -
d) primary cortical healing.‘V



The healing* of a fracture will therefore be described as follows;
AO The initial response to injury

Bo The primary callus response

CO The formation of external bridging callus

Do Late medullary callus

EO Primary cortical healing

Fo The process of remodellingo

A O The initial response to injury

The initial local response to a fractured bone is a simultaneous
activation of localised bleeding and haematoma formation with an asso-
ciated acute inflammatory response of surrounding soft tissue (Rhine-lander
1974)o0 As a result of the inflammatory response vasodilatation, oedema,
exudation of plasma and phagocytic cells occurs?followed by removal of
necrotic tissue (Lindholm et al, 1969)P Bone deprived of nutrition
usually necroses back to the level of viable circulation (Johnson 1980)

but resorption may not necessarily occur (Schenk and Willeneger, 1967)0

McGibbon (opD citO) suggests that the first evidence of cell
division occurs within eight- hours of injury,, This is First seen in
the periosteum, extends throughout the whole length of bone, but Ffinally
localises around the fracture site within a few daysO Cellular activity
has also been noted in the surrounding soft tissuesO Cells in the bone
ends at the fracture site have not been found to be activated although
Schenk and Willeneger (1967) suggest that osteoclasts may ream out

tunnels in dead boneO



Bo The primary callus response

The i1nvasion of the clot by fibro-vascular tissue is rapid and
begins within the first few hours of injury,,- Collagen is laid down
and the matrix of subsequent woven bone, the PRIMARY CALLUS may be

produced in the sub-periosteal space within six days.

Within the inner layer of the periosteum, the CAMBIAL LAYER, and
on the free surfaces of the bone (endostealand periosteal) are spindle-
shaped cells similar to Tfibroblasts. These are the precursor cells of
osteoblasts and are known-as OSTEOPROGENATOR cells. Primary callus is
produced directly from osteoprogenator cells, and the callus may be

detected radiologically within two weeks of injury (Johnson, 1980).

This stage appears to be a fundamental response of bone to injury
and occurs independantly of environmental factors. The process does
not continue indefinitely, and it has been found by Phillips and McKenna
(1976) that"."formation of a firm callus collar is dependant upon the
early contact of regenerating callus surfaces. The factors which trigger
the activity of the mesenchymal cells are unknown but prostoglandins

are amongst the substances implicated (1&lkoner et al, 1980).

Co The formation of the external bridging callus -

An external bridging callus is formed when fixation of a fracture
allows some mobility at the fracture site. The formation of bone is
dependent upon an adequate blood supply. [IFf this is insufficient cartilage
will tend to form rather than bone, and Brighton and Krebs (1972)

found that cartilage tends to predominate in regions of low oxygen



tension. Eventually however the cartilage differentiates into bone

from centres of ossification by the process of endochondral ossification.
This process is not yet fully understood and a sequential transition
from one type of cell to another has not yet been fully demonstrated
(Ketenjian, 1978), but ICetenjian localises early callus formation to

the mitochondrial granules which increase in this stage. The production
of callus in both the Primary callus response and in External bridging

callus is temporal. The latter may eventually proceed to fibrous non-

union.

D. The formation of late medullary callus

This form of repair would appear to be best suited to conditions
of stability rather than mobility. The callus appears as replacement
tissue where bone is partially deficient, e.g. pin holes. The term
medullary callus is slightly confusing inthat medullary callus arises
predominantly from the cavity of a long bone but it is the general term
for replacement osseous material. The structure of medullary callus
is similar to external callus although McGibbon suggests that cartilage
formation is less prominent. Unlike external callus however, the differ-
entiating activity of this tissue from cartilage to bone may continue
for months. McGibbon again points out that little is known about the

factors which stimulate the continuing activity of this tissue.

Ee primary bone healing

In contrast to the previously described types of repair tissue
necrotic bone at the fracture site may not always be resorbed (Schenk
and Willeneger, 1967). Recanalization of new Haversian systems may

occur by osteoclasts reaming out a tunnel in the dead bone with eventual



vascularisation and the subsequent transport of osteoblasts to create
new osteonso As the osteoblasts break across the junction between

the necrotic bone ends Primary bone union is established0 This process
is clearly dependent upon firm apposition of the bone surfaces prior

to uniono McGibb in summarises the characteristics of these four

processes in Table 3%-

Ability to  Tolerance of Tolerance of Importance of
Type of healing Speed bridge gaps movement total rigidity external soft tissues

Primary callus response 4-4-4-4- + 4-4-4-4- _

External bridging callus ++ + 4-4-4- 4-4-4- — 4-4-4- 4

Late medullary callus 4+ 4- 4 4- 4 4-4- 4-4-4- _
(slow)

Primary cortical 4 _ _ A 4-4-4- _

Radiological” detection of primary bone (cortical) healing is
often difficult since there is no visible sign of callus formation

(Weisser 1964) and this type of healing is often associated with rigid

external fixationO

Fo The phase of remodelling

Remodelling and repair is a continual process which becomes dis-
rupted during healing and recommences when firm union of the bone is
establishedo (For further reading* refer to the bibliography at the

end of this text)»

-Co3 FACTORS WHICH INFLUENCE HEALING

From the brief review of fracture healing presented in the pre-
ceding pages it is clear that healing is dependent upon a number of
intrinsic and extrinsic factorsD These will be discussed*in the light

of current knowledge,,



INTRINSIC FACTORS

lo Vascularity of the fracture bed

The concept that reliable bone healing is dependent upon an intact
vascular bed is well established. The work of Trueta in 1968 and Bloom
and Fawcett (1975) Suggests one possible explanation. Trueta showed that
osteoprogenator cells are also derived from the vascular endothelium and
Bloom and Fawcett suggest that developing bone matrix tends to orientate

equidistantly from the neighbouring vessels in the Primary callus.

There is also evidence that motion at the fracture site enhances
bone deposition (e.g., in the production of external bridging callus).
It is not clear however whether these beneficial effects are due to the
actual motion or to the local increase in circulation due to muscle

activity.

2. The role of the periosteum

The periosteum is absent from the articular surface of long bones and
in young bones this tissue tends to be thick and vascular. It modifies
during life to become much thinner and less vascular. Although the
precursor cells to osteoblasts, the osteoprogenator cells have been
observed in the innermost layer of the periosteum, the CA_MBIAL LAYER,
(Young 1962) and their osteogenic potential defined, recent work by
Houghton and Rooker (1979) which supports earlier work by Crilly (1972),
msuggests that division of the periosteum, either total or complete,
stimulates longitudinal growth of the bone. Houghton and Rooker

accept Crilly«s idea that this may have been due to the



mechanical release of the periosteal restraint upon the growth plate.
Conversely Mulholland and Pritchard (1959) found that if a segment of

bone is removed and the periosteal tube remains, successful regeneration

of new bone takes place.

3. A_minimal fracture gap

It was shown by Phillips and McKenna in 1976 that rapid involution
of the advancing callus collar occurs if firm contact is not established
within two weeks from the time of fracture. Hoaglund and States (1967)
found from clinical retrospective studies that union was prolonged if
less than Fifty per cent apposition between the bone ends is maintained and
that the shortest healing times occurred in spiral fractures. Although
contact and compression between opposing bone surfaces enhance healing
it would appear that in the presence of a fracture gap, healing is
dependent upon:

(@ The level at which callus is forming, i.e. the distance

between two advancing "collars”™ of callus

(b) the rate of growth of the callus.

4. Mechanical influences and the bioelectric potential of bone

Bioelectric potentials are resting potentials in the millivolt
range, not related to movement, muscle activity or stress, and thought
to be present in all living tissues (Lake et al, 1978). Hastings (1980)
presented the hypothesis that bone belongs to a group of materials which
exhibit ferro-electric properties with orientation of dipoles into

specific order. (Domains).



These dipoles re-arrange in response to mechanical load with the
formation of ah electric field. The generation of an electrical charge
in response to mechanical loads (the Piezo-electric effect) has been
demonstrated by a number of other workers (Fukada and Yasuda, 1957,
and Bassett et al, 1971) but there is increasing evidence to suggest

that the domain orientation of the dipoles is related to the architecture

of the bone.

Bassett, Pawluk and Becker (1964) showed that electro-negativity
favours bone formation and Rybicki (1977) demonstrated that the optimal
level of mechanical stress produces the highest degree of healing.
McGibbon (op.cit) suggests that WdLf*s Law which states that "normal
bone mass is dependant upon the levels of functional loading'" may be
explained as a self-regulating feedback mechanism where the stresses
and strains in long bones modify the electrical environment of bone
cells. Lanyon and Bourn (1979) have shown that opposing surfaces of
the tibia are continually under bending during walking and running.
These workers recorded compressive and tensile strains on opposing
tibial surfaces by the bonding of strain gauges to the surface of human
bone. No reference in the literature could be found demonstrating the
in-vivo recording of electrical activity in healing bone and there are

obvious practical limitations in a human study of this kind.

5. The role of the soft tissues

Lindholm et al in 1979 found that, in response to injury of the
bone, an iInflammatory response is set up in the surrounding soft tissues.
This is also accompanied by an increase in cell division. Ham and

Harris (1971) pointed out that injured muscles produce more prostoglandins
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than fractured bones and recent work by Dekel et al (1981) have found
some evidence to suggest that prostaglandins which are powerful vaso-
dilatators, have a profound effect on bone metabolism. The soft tissue
surrounding the fracture may therefore be more important in the pro-
duction of localised hyperaemia than traditionally thought, which has

been suggested by McGibbon.

6. The age of the individual

Developmental ossification of the Tibia is usually complete by
the end of the teens, and* Hoaglund and States (1967) confirmed the
general principle that fractures of the Tibial shaftunite earlier iIn

children than in adults.

Nutritional deficiencies or pathological states tend to have a
higher incidence in the elderly and clinical trials are currently being
conducted in some hospitals to determine the effect of high vitamin,

protein and mineral salt diets upon the elderly orthopaedic patient

(Grimes, 1979).

EXTRINSIC FACTORS®™ AFFECTING HEALING

Extrinsic factors are those factors which may be influenced by
external means and may be described as follows?

1. Stability at the fracture site

2. The application of compression across the fracture site

3. Functional loading and activity

4. Infection

5. Nutrition

E]
\

60 Severity of the initial injury



10 Stability at the” fracture site

«Stability at the fracture site is determined by the efficiency "
of the supporting system and/or the strength characteristics of healing
bore<. From the review of the processes involved in healing it is clear *
that the formation arid type of callus produced is dependent upon the
relative stability of the part (see Table 3),, Uthoff and D"uboe (1971)
demonstrated that continuation of rigid fixation induces osteoperosis
and the canellization of new bone associated with Primary cortical
healingo The mechanical advantages of producing a large callus have
been defined by Charnley (1970) and the current view is held that
Ffailure to produce a good external callus, minimises the strength

characteristics of healing boneO

Optimal healing of bone appears therefore to-be dependant upon
a degree of motion at the fracture and that conditions of absolute
rigidity may impede firm union,, Few in-vivo studies have been carried
out which quantify the relative motion of the bone ends with the various

methods of fracture management (see PartD)*.
20 The application of compression across the fracture site

There is considerable evidence to suggest that the application of
compressive forces through the fracture site stimulates the ossification
of cartilage in callus (Yamagishi and Yoshimura, 1955, Hert,. et al
1972, Chamay." a%d Gchantz, %1972) Q Hert et al also found tha£ compact
bone did not react to continual loading but found that intermittent

loading stimulated osteoblastic activity on both the periosteal and

endosteal aspects of bone. Chamay "and Schantz. confirmed this finding

48,



and found that bone atrophied with traction and hypertrophied with
compression, particularly when the loading was intermittent. Jankovitch
and Bidmuch (1972) found from their studies of vibration on rat bone
that high vibration frequencies resulted in destruction of bone and
cystic formationwhereas an increase in bone weight, volume, density

and breaking stress resulted from the application of low vibrating

frequencies.

3. Functional loading and activity

Optimal levels and duration of compressive loading for the pro-
motion of bone healing have not been determined from animal experiments
or clinical study. The problem of relating any experiments with animals
to the human situation is whether a linear relationship can be established
between them. Furthermore, the in-vivo situation is complicated by the
unknown contribution of muscular contraction upon the total compressive
force across the fracture site. The need arises therefore to quantify,

by .clinical observation, the critical level of functional loading for

optimal healing.

4. Infection

If infection occurs the surrounding structures are destroyed by
phagocytic and enzyme activity. Infection in the stage of haematoma
formation will cause destruction of the clot with consequent delay of
union of failure to occur at, all. Infection may arise at any stage of
the patient®s recovery but is more likely to occur if an open wound is
present or surgical iIntervention and open reduction of the fracture

has been undertaken. The causes of infection are well documented but



additional causes associated with the use of external fixation are
noted below:
(@ Destruction of local blood vessels or nerves resulting in
impaired or absent local circulation. (External fixation is
a suitable method for the management of compound fractures
in which damage to these tissues at the time of injury 1is
likely).
() Inadequate debridement of dead bone and soft tissue
(©) Failure to bone graft early where extensive bone loss has
occurred. The transfixing pins traverse the medullary cavity
and spread of infection from any pin tract infections may
seriously impair the deposition of new bone around a healthy
bone graft.
(d) Bone 1is a poor conductor of heat and poor drilling techniques
may result in excessive heat production locally, leading to

bone necrosis and infection.

50 Nutrition

A deficiency of vitamin C limits the production of collagen and. y
bone matrix with a consequent delay in healing (Bloom and Fawcett, 1975).
Vitamin D maintains the normal mineral composition of the adult skeleton
but deficiencies of these two vitamins (C + D) can usually be controlled
by dietetic means. More serious nutritional disorders which may occur
in pathological states such as al.coholism, blood dyscrasias and emboli

tend to result in avascular necrosis (Grimes, 1979).

6. The severity of the initial injury

States (1965) concluded that victims of high energy trauma (i.e.



pedestrian and road traffic accidents) tended to heal more slowly than
victims of low energy trauma, e.g. falls and torsional injurieso

Grimes (1979) reported that open fractures heal more slowly. This was
originally thought to be due to the loss of haematoma, but the view is
now held that the degree of comminution, periosteal stripping, infection
and other related trauma are greater contributing factors to retarded
healing. Nicol (1963) reported that joint stiffness is a measure of
tissue iInjury rather than the period of immobilization. It is well
established that loss of an effective muscle pump which may be due to

joint stiffness contributes to delayed healing and persistant oedema

20Co5 THE DETECTION OF FRACTURE HEALING

The radiological and clinical criteria for the assessment of .
fracture healing are reviewed along with other methods that have been
investigated by previous workers. These methods are categorised as " .
follows; ‘ \ 7 -

A. Radiological

Be Clinical

Co Mechanical

Do Others

A. Radiological

Nicholls et al in 1979 defined the radiological criteria for
healing as ;

(@) Loss of a fracture line

(b) The appearance of trabeculae across the fracture site

(©) Visible callus

(d) Bony bridging.



Experiments wore conducted by Nicholls ot al with the participation

of 27 physicians who were asked to correlate radiological criteria

with the strength characteristics of healing rabbit tibia. Although
all physicians correctly identified the weakest bone, the strongest

two bones were not isolated and the statistical probability of detecting
firm union was slightly better than chance. This confirmed the earlier
findings by Hicks in 1971 that the moment of union cannot be timed.
Gazelsi and Saha (1981) suggest that bone demineralization of less

than thirty per cent is not detectable radiologically. In addition

the formation of external callus, which is principally cartilaginous
prior to ossification, may be masked by a radiologically visible soft
tissue shadow. Matthews et al (1974) found that in some cases where
radiological evidence had suggested apparent solid union, clinical

instability was detected by pain and a *spongy feel'.

To determine healing bi-planar X-rays are usually taken with the"
patient in the relaxed recumbent position but they do not provide the
six degrees of freedom which define the relative motion between the two
bone ends at the fracture site. Lippert and Hurtsch (1974) urge that
the effectiveness of immobilization and stability at the fracture site
can only be assessed under functional loading rather than the recumbent

position.
B. The clinical criteria for healing

A reduction in fracture site motion, loss of pain, local tenderness
/to palpation and movement (active and passive), together with the passage
of time have all been described by previous workers as the clinical

criteria for the determination of union. The judgement of relative



stability is based upon two variable factors?

i) The magnitude of the applied bending moment which is usually
applied first in one plane (antero-posterior) then in another plane
(medio-lateral).

ii) The visual and manual sensitivity of the examiner to detect
motion and angular deformation. Excessive bending may cause a refrac-
ture while an iInadequate test may lead to a premature decision to abandon
the cast or other means of support. Jernberger (1970) and later Matthews
(1974) attempted to determine the magnitude of the applied bending
moment that would be used to test for full union of a mid-shaft forearm
fracture. Their results showed that examiners with more experience,

i.e. senior surgeons,tended to use less force. The technique would
therefore appear to be a subjective judgement based upon individual

examiners skills and experience.

The perception and depth of pain experienced by a patient may

be dependant upon a number of other factors such as ethnic origin and
mental state. There is however some clinical evidence that, during the
formation of primary callus when the fracture site is filled with fibro-
blasts and new blood vessels, some degree of motion is possible without
pain. Jorgensen (1972) suggests that fibroblasts have great tensile
strength but no compression strength so that bending of the fracture
site can occur without much pain but shortening and displacement are

not tolerated.

C. Mechanical tests of stability

Burny (197.8) defined healing of a fracture as the 'recovery of

the normal mechanical properties ofjbone', and various workers have



investigated this approach. The work of Lanyon and Bourn® (1979) demon—-,
strated the possibility of detecting maximal strain by bonding strain
gauges to the cortical bone surface. Levels of stress and the strength
characteristics of bone may then be determined but the application of
this technique to healing bone has obvious practical limitations;
a) The technique is invasive with all the associated dangers
of infection and possible interference with the development of callus.
b) The anisotropy of bone requires the presence of numerous

gauges (Fonseca and De Silva, 1975).

The historic revival of external fixation as a means of treating
severe lower limb fractures presented the possibility of detecing
mechanical stability of the fracture site. The application of a sensing
device in place of or attached to the fixation beam (which is external
to the skin) has been investigated by two fundamental approaches;

a) The connection of a micgometer and dial gauge to the fixation
beam (Jorgenson, 1972).

b) The instrumentation of the fixation beam with strain gauges
(Burny, 1978).

These techniques are therefore non-invasive and afford no additional

risk to the patient.
a) Micrometer_and dial gauge

The principle of this method is based upon the application of
5 Kg-F (measured by a spring balance) applied to the bone distal to the
fracture site. The fixation beam (the Hoffman fixator) is replaced by
the measuring equipment which consists of a dial gauge and micrometer

(Figure 24) where



Figure A crural fracture loaded bj a spring balance in the
posterolateral direction

fig 24 (Jorgenson 1972 )

Fixation Beam with incorporated transducer

fig 25 ( Burny 1972 )



micromotor Fflootion
the angular deflectxon , cromotor doflootio

at the fracture site Distance between the bone and
the measuring axis

measured in radians

The results from Jorgenson8s work indicate that an optimum level

of total deflection ( °) where

total deflection = bone deflection + fracture site deflection

can be determined and deflection beyond this level may cause a refracture
Jorgensen (1972) concluded from radiological correlation with this
finding that the thickness of callus was no indication of strength.

Load criteria for fractures with deflections less than 1° could not

be established, and Jorgenson found that the ultimate strength of bones

from different individuals differed greatly when total deflection was

less than : °.

b) Instrumentation of the fixation beam with strain gauges

Bourgois & Burny (1972) first described this technique for the
detection of healing using an instrumented single-sided external fixation
device (the Hoffman Bar)o This technique is based upon the assumption
that any deformation of the bar due to deflection at the fracture site
will be detected by the strain gauges and recorded as a change in
resistance. Burny investigated two methods:

i. Direct bonding of a single strain gauge, to the bar

ii. Replacement of the original bar by a special beam with an

incorporated transducer (Figure 25).



Repeated measurements were taken during tests in which patient?
were asked to perform a simple "straight leg raising" activity. Burny
expressed deformation of the bar as a percentsge of healing and maximum
deflections were obtained within the Ffirst thirty post-operative days.
The results from Burny’s experimeqtalﬁyork substantiated earlier theoretical
findings (Fig. 39, p. ss® that the rapidly decreasing exponential
curve obtained during healing becomes asymptotic when the mechanical
properties of callus are approximately 25-50% of normal bone. Burny
points out that there is a risk of refracture at this level of healing.
The levels of experimental strain were not reproduced in Burny’s report
although data from earlier- work with in-vivo instrumentation of canine . .= =

tibia and internal fixation plates was found (1978). -

A direct comparison of my own work with Burny8s work could not
therefore be made. Burny suggests, from the results of the experimental
work that stages of healing (non-union, slow healing or refracture) can
be determined from sequential strain gauge recordings. He admits, how-
ever that this technique does not provide information about the visco-

elastic characteristics of the callus which Jorgenson was able to

demonstrate.

Evans and Harris (1980) concluded from experimental work with
a single sided fixator, the oxford device, that direct instrumentation
of the fixator beam was feasible but iImpracticable in the clinical
application. A more effective means of determining fracture stability
could be investigated by the development of a clamp-on load transducer
(Figure 27). The original transducer consisted of two stainless steel
half-ring sensing elements mounted at right angles to each other with

strain gauges incorporated (Figure 28). This was found to give a linear



fig 27 The Oxford External Fixator &

Load Transducer.

fig 28 The Load Transducer
Figures 27 and 28 reproduced from Evans et al 1978



response but very low levels of strain (below 90 micro-strain) and 5%
cross-talk. Modifications to enhance the sensitivity were made to the
original transducer by the substitution of a lower modulus material,
titanium, as the sensing elements and repositioning of the strain

gauges into a full Wheatstone bridge configuration. The modified trans-
ducer was calibrated up to 20Nm in bending and IONm in torsion, and a
linear response up to 300 microstrain and 200 microstrain respectively
was observed. Actual levels of microstrain that were recorded from

the preliminary clinical trials however are not presented in the graph-
ical data. It is hoped that presentation of data calibrating the device
in-vivo will be produced from the clinical trials that are in progress *

at the time of writing this report.

Further work is also being carried out by this team to measure
optically the relative motion at the fracture site. Three mutually
perpendicular lateral effect photodetectors are mounted one on each
pin and located directly opposite beams transmitted from three light-
emitting diodes. This work is in the analytical and experimental stage

and data has not yet been published ~Tanner 1981) , personal communication

My work in this field was originally based upon work begun at
the University of Surrey by Sayegh (1978-1979) in which a bilateral
external fixation device, the Sayegh frame, was instrumented with strain
gauges. This device was found however to be in little use clinically.
Since it was envisaged at the outset of my own work that clinical trials
would be undertaken, either by myself or subsequent workers, it was felt
necessary to continue the investigation utilizing a more popular device.
The work of Kempson (1978) who investigated experimentally the relative

stability of different types .of external fixators, suggested -that the



DENHAM BAR was less rigid than the Oxford, Day and Hoffman devices.
The Denham Bar, which was selected for my own work, is simple to use,
of low cost and an effective means of support for severe low limb

fractures.

D . Other methods that have been investigated for the detection of

fracture healing

These methods are briefly discussed but not considered to be a
routine method of clinical investigation.

a) Ultra-Bound

Brown and Mayor (1976) using a 0.5 MHz pulse transmission ultra-
sonic device to insonate an animal model, recorded wave changes during
the formation of early callus which it is claimed, correlated with ossi-

fication not seen radiologically for a further one to two weeks

b) Thermography

Thermographic trials have been undertaken (St. Mary’s Hospital,

Paddington) but detection of healing was inconclusive.

Cc) Photogrammetric method “ -

Lippert and Hirsch (1974) described a method in which skeletal
pins were used as markers against a stereometric field. Stereo pictures *
were then taken using a stroboscope for exposure and the results analysed
by a stereocomparator. The results demonstrated that a range of motion

is present with different fixation methods, and that changes in limb position



influence the range of fracture site motion. The advantage of this
method is that the effects of sustained loading can be observed. It
was found by these workers that a ,time-dependant characteristic of
fracture site motion could be observed in healing bone in which a

gradual increase in the initial displacementoccurs.

«d) Radio-nuolide uptake studies y

Muheim (1973) using serial 87m strontium demonstrated increased
uptake in non-unions but found routine monitoring of fractures incon-
clusive. Thermography, ultra-sound and radio-activeuptake studies
do not give information about the mechanicalstrength ofthe callus

although information may possibly be obtained about the level of active

physiology.



PART D? TIBIAL FRACTURES AND THE ROLE OF THE EXTERNAL FIXATION

2d0 Severe compound comminuted fractures of the lower limb commonly
result from high energy trauma such as road traffic accidents involving.,
motorcyclists and pedestrians (Edge and Denham 1977). Torsional injuries
however result from relatively low energy trauma, such as skiing injuries
in which the foot remains fixed and a torsional load is applied about
the long axis of the bone during the fall. From the anatomical review
presented in Part B of this chapter, it is seen that the weakest section
of the tibia occurs at approximately 70% of its length from the proximal
end and torsional injuries” are most likely to occur at this level. The
clinical management of a lower limb fracture is however dependant upon
the relative stability between the bone ends. This is influenced by a
number of factors?

AThe_Direction”of Functional Loading -

Sayegh (1979) analysed the loading patterns that are imposed yav~.,
the lower leg during ordinary daily activities and divided them into

six components?

i. Compression / tension.

Antero / postero bending.

iii. Side to side bending.
iv. Antero - poseterior shear
Vo Side to side shear

vio Axial torque.

IT a transverse fracture of both the tibia and fibula is assumed
then the deformations that are likely to result are represented in

Figure (29). Direct axial loading of the limb, whether in tension or



Axial Ioadin% A.P. bendinc6r v side to side bending
- ’<< —

A P- shear . Medial -Lateral . " toi'Que’
shear . - .

fjogx 29 (modified from Sayegh 1979)"
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in compression is the most stable loading configuration. The compressive
component of load is however rarely assumed for any extended period

due to the anatomical convexity of the tibia and synergic muscle activity,
(see Chapter 2, Part B). The effects of shear, bending and torsion are
therefore likely to be present in both weight-bearing and non weight-
bearing activities.

B. The Type of Fracture Surface

All fractures are unstable in antero-posterior or lateral bending
but the relative stability of the fracture surface may be compared by
considering an axial compressive load applied to the leg. The most
stable fracture typ© is a transverse fracture (Figure 30 i.) in which
shear effects are minimal in axial loading. Oblique (Figure 30 ii.)
or comminuted fractures (Figure 30 iii.) and fractures in which there
is extensive bone loss, lack stability. In the latter three fracture
types shortening of the limb is likely which may result from premature weight
bearing or muscle activity. Spiral fractures (Figure 30 iv.) which
result from torsional injuries tend to be more stable if partial integrity
of the bone is retained.

C. The™Preserice of an™Intact Fibula

In response to trauma disruption of the fibula may occur at either
end of the shaft or at the level of the tibial shaft fracture. The
suggestion has been made that the role of the fibula may be to resist
torsional loading. This suggests that disruption of the Ffibula will
precede disruption of the tibia under excessive torsional loads. IF
the fibula is also disrupted any load sharing component of the bone

will be forfeited with a consequent loss of stability.



2.D.2

Soft Tissue Damage

Sarmiento’s work (1974) suggests that the presence of an intact
interosseous membrane may prevent excessive permanent displacement of
bone fragments (see Chapter 2 Part B.). This experimental work was
carried out on a cadaveric fractured fibia in the absence of other soft
tissues such as muscles, fascia and skin. The elastic interosseous
membrane was found to permit initial displacement of the fracture, when
an axial load was applied. This displacement at the fracture site
returned, however, to the pre-load position when the load was removed.
If the interosseous membrane is removed then the initial displacement

remains when the load is removed.
THE PRINCIPLES OF MANAGEMENT FOR FRACTURES OF THE LOWER LIMB e

For severe fractures in which there is extensive bone and tissue
damage Vidal et al (1979) advocate three fundamental principles of primary
treatment.

1) Miniscule surgical débridement to remove all bruised and
devascularised bone and soft tissue. Where necessary
irrigation should be used to complete the debridement and
cleaning.

2) The fracture should be adequately immobilized although
distraction may at first be necessary to recover the intial
length of the leg.

3) Wounds should be accessible and covered with large dressings
to conserve moisture and enhance development of granulation

tissue.

Vidal advocates the following three principles for the secondary



managment which he suggests may extend over several months:
a) To obtain eventual union it may be necessary to bridge the
osseous gap with cortical grafts or cancellous bone chipsQ
b) Promote the formation of granulation tissue over the wound.
c) Restore impaired vascularity by micro-surgery techniques
using cutaneous-osseous grafts. (These are usually removed
from the.iliac crest and anastomosed to the edges of the

fracture site at viable circulatory channels).

Although less severe fractures may not require preliminary surgery,
the following principles of fracture management, advocated by Burny (1978),
should be instituted as early as possible:
i) Stable fixation to reduce pain and the risk of continual
bleeding at the fracture site.
ii) Restoration of accurate alignment of fragments to ensure
interfragmentary contact.
iil) A traumatic reduction to preserve the local vascularity and
promote healing.

iv) Functional loading.

Clinical evidence (Dunn 1976) confirms the experimental evidence
(see Chapter 2 Part C.) that functional loading coupled with stable
external fixation promotes fracture union.

V) Prevent "fracture disease".

This is characterised by loss of normal joint range, stiffness
and oedema. Hicks (1971) suggests "fracture disease' may be due to

inadequate fracture site fixation rather than muscle inactivity and the

immobilization of neighbouring joints.
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vi) Restore full functional recovery of the limb and a retum,).":*" ~

to normal gait patternso
2.D.3 EXTERNAL FIXATION

The concept of an external inter-osseous support system for severe
lower limb fractures was first introduced by Lambotte in 1907 (Figure 31)
although earlier work on leg lengthening devices had been carried out by
Codivilla in 1904. Lambotte’s method formed the basis for the development
of subsequent fixators by Anderson (1934) and Hoffmann (1938). Anderson,
aware of a changing socio-economic climate, understood the need for
developing a means of fracture management which promoted restoration of
function and at the same time achieved normal alignment of fracture
segments. Stader et al (194-2) (Figure 32) developed a fixation device,
which was based upon the design of a fixator used in the treatment of
canine fractures. Johnson and Stowall (1950) conducted a questionnaire
survey on the use of external fixation and found that the method had, by
that time, fallen into disrepute. The problems encountered were pin
tract infections, local necrosis and difficulties In maintaining reduction,
immobilization and stability of small metaphyseal fragments (Hierholzer et
al 1978). In recent years the Hoffmann device (op cit), a six pin
configuration, has been modified to include a compression device (Figure 33)

This device has subsequently been used widely in Europe.

In recent years improvements in the design, materials used and
instrumentation in conjunction with ideas from various devices for leg
M
lengthening (Rezain 1975) and arthrodesis (Anderson 1945 and Muller 1955)

have led to the widespread use of external fixation as a successful method

*
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of managing severe lower limb fractures. Dunn (1976) published the
findings from a retrospective case review of displaced tibial shaft
fractures between 1960 - 1972, and found that the use of external fixation
with compression produced rapid healing times and excellent results.

(Figure 34).

2.D.4 CRITERIA FOR THE DESIGN OF AN EXTERNAL FIXATION DEVICE

Sayegh (1979) summarises the commonly held criteria for the design
of a fixator as?

1. Simplb and easy-to maintain.

2. Easy to apply at the time of operation.

3. Able to provide adequate stabilization of the fragment.

4. Freedom to position the fragments inall directions so that
an optimum alignment of the fracture can be obtained.

50 Reasonable weight.

s . Allow easy access to soft tissues for re-dressing, grafting
and repair.

7. Permit re-positioning of the bone in any one plane.

s - Allow for compression at the fracture site which should
also be measurable.

9. Allow early mobilization of the lower limb joints.

10. Allow the patient to walk with partial weight-bearing.

110 May be easily removed when the boneshave healed.

12. May be sterilized and re-used.

2.D.5 THE ADVANTAGES™ AND DISADVANTAGES OF EXTERNAL FIXATION AND THE INDICATIONS
FOR ITS USE

The advantages of external fixation have been documented by several

workers ?



i) The technique does not destroy the medullary circulation. (This

may occur with the insertion of intra-medullary nails).

ii) The endosteal elements are not damaged. (Rezaian 1971).

iili) Easy access to the wound allows immediate treatment of any local
infection which enclosed methods, e.g. piaster of Paris, do not readily
permit (Wyn-Jones 1978).

iv) For severe fractures in which there is extensive bone loss it is
the most suitable means of fixation since the device will prevent
shortening yet allow the patient to ambulate non-weight bearing.

Vv) Rigid support can be maintained indefinitely provided pin tract
infections do not occur. The problems of diminishing stability by a
poorly fitting plaster cast, due to a reduction of oedema do not arise
with external fixation (Burny 1978)(b).

vi) Thereis less risk of fracture site infection.

vii) Some Ffixators are designed tohave a widevariety of application
and the apparent initial high cost may be effectively reduced (e.g. The
Ace Fixator).

viii) The risk of amputation is reduced. (Hierholzer et al 1978).

iX) Early active exercise to neighbouring joints is possible.

The disadvanatages attributed to external fixation are as follows; 4
a) if thedevice offers a rigidity superior tothat of normal bone,
functional loading does not take place and non-union may occur.
b) The final success of the fixation method is dependant upon a minimally
destructive pin-drilling technique. Excessive heat production during
drilling may cause local bone necrosis, subsequent pin tract.- infections.
and loosening of the pins. Other factors may, however, cause these

infections and loosening of the pins;

i. Cyclic swelling causing mo}ion at the pin hole.. .-



2.D.s

iio Premature weight-bearing before adequate stability and firm
contact of the bone ends has been obtained, may cause large bending
moments in the pins leading to their eventual failure,
¢) Shortening and angulation at the fracture site may occur if com-
pression of an unstable fracture is permitted or the compressive force

is unequal (in a double sided fixator) or excessive.

The indications for the use of external fixation have been
described by various authors and those listed below represent the most

consistent approach in the treatment of tibial shaft fractures.

Where there is

1. Extensive bone loss, or

2. Severe compound, comminuted fractures in which there is
extensive soft tissue damage and mobile free fragments of bone.

3. Infected pseudarthrosis (non-union) and fractures in which
there is potential infection (Wyn-Jones 1979).

4. Where early ambulation is essential, e.g. patients with high
embolitic risk such as polytraumia (Hiefholzer 1978) or obese inactive
individuals.

5. For fractures which are close to the knee or ankle joints

(ReMaian 1978).

CLASSIFICATION OF EXTERNAL FIXATORS USED IN THE TREATMENT OF LOWER LIMB
FRACTURES®™ AND THEIR RELATIVE ADVANTAGES AND DISADVANTAGES

A number of external fixators are available, both here and abroad,
but only those types of fixator which have been used for tibial shaft
fractures are reviewed. The particular requirements of an external

fixator for these fractures are ;



i) the device should be able to withstand cyclical load carrying capacity
equal to 75 kg, the standard male weight.
ii) minimal interference with muscle tissue to prevent loss of function.

ifi) minimal interference with normal patterns of walking.

Five fundamental types of fixator have been identified (Figures35)
and their biomechanical characteristics which have been investigated by

previous workers are briefly reviewed.

TYPE 1, a single sided fixator, is reviewed more extensively at the end
of this section, but this device consists of four or more transfixing
pins attached to a single rod (Figures 33 and 35). The rod may be either
solid or a tube, and is usually made of surgical grade stainless steel.
These devices tend to be less rigid than other forms of fixator but the

simplicity, low cost and effectiveness have contributed to their popularity

TYPE 2. Two fixator bars are positioned on the medial and lateral aspects
of the tibia, parallel to the long axis of the bone. The bars are held

in position by no less than four transfixing pins traversing both cortices
of the bone. Minimising the number of pins that are used reduces the
possibility of pin tract infections, although stability is enhanced by

the use of additional pins (Fischer 1979). Compression may be applied
easily iIn types two and three by the inclusion of telescopic threaded

rods (e.g.- the Hoffmann device) or a twinbuckle incorporated in each

rod (Rezaian 1.976) . Compression applied evenly prevents angulation of

the fracture site. Without compression the stress on the .centre, pin is

increased seventy times . (Fischer 1979). .. -

TYPE 3. This type of device forms a quadrilateral frame with four



.type 1

From Brooker & Edwards 1979

type 2

fig. 3b... _TYPES of EXTERNAL MXATOR



Fig 4. Schematic drawing of the Hoffmann apparatus mounted as
a douple-framc system with compression lateral rods. Mounted inj
this way, the apparatus provides an extremely rigid fixation. i

(from Brooker and Edwards 1979.'")

fip3s c.ont k (From Hierholzer et al 1978.)



fixator bars, in pairs on the medial and lateral aspects of the tibia.
The device is extremely rigid but Fischer (op. cit.) found that it is
weakest in antero-posterior bending. The overall stiffness is enhanced
by increasing the number of pins and the diameter of each pin. Vidal
(1979) advocates however that types two and three offer a rigidity

superior to that of normal bone and the indications for their use are

limited.

TYPE 4. This triangular configuration employs one or two sets of
transfixing pins in conjunction with two or more half-pins stabilizing
the third fixator bar (Figure 35). A triangular configuration is
generally weaker than a quadrilateral configuration (Fischer 1979),
although angulation at the fracture site is minimal. Any weakness due
to antero-postero bending may be minimised by the addition of inter-
connecting rods (Figures 35 F and G). The advantage of this method is
that the use of an excessive number of pins is avoided, but uniform

compression is difficult to apply due to fixator assymetry (Fischer

op. cit.).

TYPE 5. This device consists of circular rods held in position by two
pairs of transfixing pins, one pair proximal to the fracture site and
the other distal. The two pins of each pair are perpendicular but in

the same horizontal plane (Figure 35 Type 5)»

This technique has been used by Dwyer (1973) and in the Volkov-
Organesian device (Figure 35). Dwyer suggests that the "Birminghamu
device is extremely rigid but the results of clinical trials are
not yet available. Although this technique provides extremely rigid

fixation of the fracture, direct loading of the bone is minimal. Muscle



from Dwyer (1973)
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tissue is pierced by the transfixing pins with the inevitable loss of

muscle activity and restriction of active joint motion.

TYPE 1 ; Single-sided External Fixation Devices

The characteristics of three single-sided fixators, the Hoffmann
External Fixator, the Oxford device and the Denham Bar are compared in

Table.4. : -

Kempson (1979 personal communication) conducted a series of ex-
perimental studies using both bone and metal tube to determine the
relative stiffness of different fixators, The Hughes, A03, A02, Oxford,
Hoffmann, Day and Denham Bar. From this study the Denham Bar was shown
to be the least rigid, particularly in torsion. Further study of the
Denham Bar was not, however, carried out to determine the effect of

variable configurations upon fixator stiffness.

THE DENHAM BAR /

The Denham bar is a stainless steel threaded rod which is usually
connected to the tibia by six or more transfixing (Portsmouth) pins.
(Figure 36). A keyway is cut along the entire length of the bar along
which two aluminium, plastic-coated carriages are free to slide, but
may be firmly locked into position by two locknuts at each end of one
carriage. The transfixing pins are bonded to the carriages (the latter
are notched along their length) by bone cement (polymethyl methacrylate).
This technique permits random angulation of the pins but does not'allow any
further positioning of the pins when the cement has hardened. Edge and

Denham (1977), who advocate a 4 cm. gap between the bar and the bone,
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fig 36 THE DENHAM B
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2.D.8

also suggest that random angulation of the pins in the bone reduces

the possibility of splitting.

Rotation of the carriage is restricted by the presence of a ¥
centrally placed curved filament protruding from its inner surface into
the keyway of the bar. Edge and Denham (personal communication) suggest
that compression across the fracturesite may be obtained by the inter-
position of 2 spring washers on either side of one carriage (Figure 37).

When the springs are fully compressed a displacement of 2.64 mm occurs.

An additional mechanism has been introduced into the Denham Bar
which permits subsequent adjustment of fracture site angulation ( The.
Salford Device).

THE SALFORD DEVICE (Figures 38 a and b).
This mechanism consists of two rods replacing the single bar. These
are manipulated by the rotation of .four socket head cap screws which

clamp the-ball end of a universal joint (Figure 38 c).

FACTORS AFFECTING THE STABILITY OF A SINGLE-SIDED FIXATOR

Considerable work has been carried out to determine the optimum
pin diameter that can be used without risk of fracture or splitting of
the bar in the vicinity of the pin. Ansell and Scales (1968) found that
the largest core diameter that can be used without creating a risk of
fracture is 2.95 mm although larger diameters are often used (see Table 4). =
Swanson and Freeman (1970) found that a 3.175 mm hole in bone caused a
reduction of bone strength of sixty per cent in bending and thirteen
per cent in torsion. Bechtel (1959) concluded that optimum pin diameter

should be between 20% - 40% of the bone shaft diameter. Evans et al (1979) (b)
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Details of Allen screw locking mechanism on the later
Salford device

fig 3s From Banks & Dervin (1980)



using the Oxford Fixator, found that stress levels at the screw/bone
interface are reduced by one and a half times by using a s mm rather
than 4 mm Schanz Pin. The Schanz pins differ from the Portsmouth pins
in that they are not threaded throughout the entire length. Evans et al
also found that fixator sitffness was considerably enhanced by ensuring
that the threaded portion of the pin is buried below the cortices so
that the main bending load is on the greater diameter of the pin. The
safe load carrying.capacity of the fixator was found to be inversely
proportional to the length of the pin, i.e. the distance between the

fixator and the bone.

Tanner (1979) found experimentally that the stiffest pin configu-
ration of a four pin assembly with an Oxford fixator, occurred when the

outer two pins were angled to 30° at the fixator with a constant interval

between the pins at the bone interface. Burny (1972), however, suggested

that the levels of static stress which are likely to cause pin breakage
may be reduced by parallel alignment of the pins. Fischer (1979)
emphasises however that any factor which governs stiffness should be

evaluated in the context of optimal conditions for promoting healing.

THE EFFECT OF PHYSIOLOGICAL VARIABLES UPON OVERALL FIXATOR STIFFNESS

In vitro studies of the mechanical behaviour of screws in bone.
(Ansell and Shales 1968, Klip and Bosma 1978) have been investigated.
Evans et al (1978) using a wood model, suggested that the contribution
of ’bone” deflection to overall deflection at the fracture site was
minimal (.02 mm bone deflection for 3-4 mm of fracture site deflection).
No evidence from the literature could be found to determine the effects,

of varying bone geometry; fracture site location or muscle activity upon



fixator stiffness.

mBurny (1972) evaluated theoretically, using the second theorem
of Castigliano, the likely deformations of a fixator bar which would
eoccur as the fracture heals.- It was concluded from this analysis that
changes in the level of healing can not be detected when the callus

is approximately 20 - 50% the noi-mal strength of bone. (See Figure B9).

fig 3-9 From Bourgeois & Burny 1972°



CHAPTER THREE; THEORETICAL ANALYSIS

3.1.1 A theoretical analysis of the bone and fixator was undertaken
to determine ;
A. The relative motion of the bone ends in a fractured limb

supported by an External Fixation device and six transfixing pins.

B. The changes in the residual force applied to the fixator
when the limb is functionally loaded during the later stages of

heal ingo -

s .2.1 PART Ae

The first stage of the analysis considers a fracture of the
lower third of the tibia and fibula in which complete disruption of
the bones has occurred. To simplify the analytical procedure, the
bones are replaced by a single member of uniform cross section and
the group of pins proximal to the fracture site are assumed to be

attached to the bone by an encastre fixation condition.

The six transfixing pins are assumed to be parallel, coplanar
and each pin group is equidistant from the mid-point of the fracture
site. (Figured40 ). The derived data for each bone section, fixator and pins
are presented in Appendix 3.1.1. The weight of the pins and the part
of the bone proximal to the fracture site is ignored. The forces
present are assumed to be due to the mass of the limb distal to the

fracture site, the bar, carriages and acrylic bonding (Appendix 3.1.1).

A right-handed cartesian co-ordinate system is used and the
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analysis determines the deflections and rotations occurring in the
two groups of pins and fixator bar. The movement ocQurring at the
fracture site, due to the relative motion of the fractured bone ends,

is then obtained by vector summation of the individual deflections

and rotations.

Using Macaulay’s method for calculating beam deflection, the
first stage of the analysis considers the deflection (Y») and the
slope (@) due to bending of the Ffirst.pin. Further expressions
are then derived for the deflection occurring in the remaining two

pins of the proximal group.

For the first pin

. -bone
Moments about (A): MA + -Wwjl .~ O
- N e Ma = Wi - -

Using Macaulay’s method



d 2
EXdz — w f “WjI-M~rz+A L., (O]
when z = 0, =0,, therefore A = 0

1 dz

Ely s wa £

~ (WjI -M1) Z'/2 + B

when z = 0, y = 0, therefore B = 0
_ dv
when z =1 , dz ° -
from (i) EXJ = W - - 1 - MII
ei = (Wi~ + MID IT
_ i LV
| ™ 2"1) »*oo#Hoooo0o0000000«H *0. 000 ()
When z =1 ,y = (tip deflection)
3 2
from (i) EIY, = Wj— - Wl - M) -~
— = M _jI) 000000000000000000000000 ¢ )
w1
Similarly, ~2 ﬁSE‘" nA2 ” l2 ) 00000000000000000.000.00 (3)
L e
Qg z (M3 - 1 '1) 000000000000O00O0D0O0DO0D0OD0OD0O0D0O00O0O0O0O0O (4)
£ .
n baj OMg e 00000000000000000000000 (5)
1 2
Ys — TQIF ~~3  *2Wsl) 0000o0000000000000 0+0000 ()
From equation 1,
Elo: W
= M1 .
E10J wjl
N * %

2 1 00000000000000000000000000(ILiX])

2 .



From equation 2,

6EIYH = *;m. - .w.:. Z/assuming a rigid carriage)
- 2
1 s ElY,
2 Wi = 3Mt ~ 2
ot 3ElY,,
> Wt = -ST

w a- £ t: ":ElYa>

r ElO, w1 o
e-j— . + 2 “o2E1vH
using (iii) wi A3
W,
J3 W4 - 2FIV.
»  LEIOT* + -

21

v 12 = _9E16® _,-!E %,72 ~ sElY,






4W113 = 6EI011 + 3wW113 - 12ElYa

w1 s O6EIO11l - 12EIY:
— oFl ©.1 - 2 00000000000000 * @)
wi o~ 3 I T 00 -00
o _ eEl
Similarly W. = : Vv — v,
1
but Yg = Y~ + OL
i
B -~ i - -
therefore S|S§3 e2i 2v 20L £/ 90000000 (8)
SEI
V - oars
= I3 -
but Y = -Yt + 20L
L3 " o2yl < 4L 00 0000000  (9)
Considering- equilibrium of carriage; \ (Fig* 41)
Vertical Forces; Fc = + W, o+ W 0000000000000 (10)
Moments about Carriage Axis? Tc = + M2+ Ms <)
Moments about 1st pin; M* = + T, + Ts ®W2L + 2W3L
but for rigid carriage =T, =Ts =T
therefore M* 3T + W2L + 2W3L 0000000 12)
Equation (12) M* = — 2 + ~ 2Y+ - 20L 12E v
2Yt - 4010 L

M*1s

3GJ01. + 6El [.©31 - 2Yt - 20L + 2031 - 4Y1 - 801] L

3GJ01 + SElI 3031 - sY: - 100L lJL



3 2 2
M*1 = 3GJo1 + 18EIO31L - 36 ElIY..L - 600L ...ooc0.. (13)

Equation (11)? using equation (1), M, = 1 ! N W:X
EI@'Z w21
and similarly s
1 + 2
EIO w,1l
and M 3 3
? 1 + 2
El
te = — (et + e2 + e3) + wt+ w2 +w)
using (7, G) and (9
El r
! + o2 +©3) + 2 * 3 ©,,|"‘,\1 + Yoy~
+ ©31 - 2Ya - 40L
f" (61 +e2 +V  +72 (¢1 * o2 + @)1 -sYa - 60L
! i-
:872)1|'(@"+©2 + ©3)1 + 3(01 + 02 + o3): - 18Y1 - 180L

A),l 40! - @ +©3) - 18 Yt - 180L-)

2EI
To [:6Gt+e2 +83)1 - evl - 9017

1S

2EI 2(0 4 000a00000000€e0 (14)

El
Fe = ©-1 — 2Yi + ©01 - 2Y. - 20L + ©Q1 - 2YT.L 401

using (7, (¢) and 9

Fcl = 6El (©! + 02 + O3y - BYj - 60L (15)

a3)~ M#ls = 3GJO01. + 18 EIO 1L - 36E1YX - 600IA



(15): Fcli = ¢El £cei He: + 03)1 - sYa - 60~

= 18El u - ij -20LJ

(Since carriage is torsionally stiff, assume 91 :2© = ©3 =9)

Multiply (14) by 2 and subtract from (15) giving,

(Fcl - 2Tc)l: = 6Elo:
therefore o = ~ (Fcl - 2Tc) o O ae)
an -  1®% - 201 _3va- 30U
2
- > 3YI s 201_530L_6E|
Tel,
”7 301 * 0oL UIEr *60dqo00o0o000o000000000o000ao0o (V)
- - _ 3 _ 2 - Xel
(iv) into (13); M*L~ = 36J01~ + 18EI9IL - 36EIL s01 - OL -

18El

- 600L2

-> M*1l; = 3GJ01. + 18EIO1L - 24E101L + 36EIOL2 + 2Tcl2L - 600L:

M*I: = 0 J"36JL + 36EIL2 - 60123 * ®SI1L9 + 2Tcl2L

M*ls = 307GJ1. + 12EIL. - 20L2] - 6EILL (~) (Fcl - 2Tc) + 2Tcl:

. . _ M*Js + Fcl3L - 4Tgl2L
—- W 1 0
3{&]1 + 12EIL - 20L J

A - 1. (7§ —FclL - 4Tcl)
3 [gJl: + 12EXL: - 20L24

Using (iv) Y%=~£ (FC1-2TC) - —_ I
9EI 3 [oil +12EI1L2-20L"j 18El

Therefore Y =~ r (2Fcl-5Tc) - . ooqoo a(i8)
1 18EI 3*|"GJ1 +12EIL -20L"J
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1
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i
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Ely = - M 1 BIX F x
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D|x3 .
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Ely = —MC2 + 24 _Fc Vél"** + AX + B

Boundary conditions;
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VA “ Yj + (2L +Le)O"
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Assumption - "log is relatively very stiff, i.e. bending deformation

neglected -, - |



dz2
Macauley El —5* = W.47_
dz
Bl 4 =Wz A
Ely = w, ° - w, 2 x4+ g
y T Ya, 4
W
therefore vy = EI (z - 31 z + 213)
Boundary conditions
whsn zZ = 1,E- = o
therefore A Wy B
when Z = i , Yy = o
Wa 15
therefore B = —-r- I
) W4
At tip, z 0o, 00a000*«.0000000*00«0»00 (23)

and similarly for Y5 and YB as functions of W5 and W? respectively,

Equilibrium of Distal Bone

Resolving forces vertically;
Wa + Ws + Wg = F +W.i ).
Moments about 4th pin;
w - W 2 - -
F(L-L )+ (L -La) = 2*a + WgL + 2WgL + 3T ...o(iN)

But using (1), (22) and (23)

3ElY
wgq " A 0000«™* . .0.000«0. .*00*0.00*0e0.e (ill)

101.



Equilibrium of Distal Carriage

o -
Moments about 4th pin
—_ - *
MC1 = WgL +2W5'L FC E
therefore from equations (iii), (iv) and. (V)
M 1 SEIL 3Ys + 5Ly 4F_L i)

c E

Torques T = M. 4 M + M

X + Ws + w6)

from equations” (iii), (iv) and (V)



TO3*

Resolving forces vertically;

W4 + W5 +  we

| E ..§ @4 t|_y> *9000000: o < - . ()

Now (vi) becomes

Eli  wme -
M (sve TBL.A + — 3*CY¥4, + Ly) ...(26)

FIXATOR BAR

f

Equilibrium*R

c c
1 QPT
-y Fc =mL - = (Vs +LY) @n
Moments about A
OEIL
9EIL
MC = — CY4.+Ly)+§EItL @@Y4; + 5L y) & E(Y4 + Ly - m
"
3EI 1= . . . mL"
M =AZ*pyYdr* 4 3Ly L* 4 3Y4L 4 5L~ |j + 3vjLA.+ 3L J LE 5
28)

and T =T, A YA+ L) 9)



therefore (i) becomes — ~ (Y4 + L V = F +wL

1
Y4 + L 5 = oFl [f +wld

OEI [/ + « | f 00000***«o00*#0*0#( (30)

Considering the torsion in the pins,

therefore (ii) becomes

F(L -La) +8 (L: - 2Lla) = WgL + 2W6L + ~ ~ £ » oo(vii)

let the LoHoS, be F i»e.
_ -2 _
F = F(L -La)+£ (L - 2LLA) »(31)

(vii) then becomes

F = W5L + 2WOL + —

e o= BNy Lpaov a4 380

ISEIL , 363 J , .9EILYj

using equation (30)

r

F 15EIL Iy, L Faew %X
EIL

w>p = ISEIL 4,363 U + LE~ . 1 9_3 y



F & Ea 2EIL2+GJ12. +L "F+w

[f ~L (F4WwW)J 1*

3(2EIL:. + GJ12)

Solving for V, 0"and G (Appendix 3“/«A.,

the total deflection at Yy Bone

Total

and total slope o,

02 — O 4 = *046 Rads = 2.7

then defelction at the Fracture Site (Y'E)‘

<
1

YAB - V o2>

1.73 mm

and rotation about the x axis (©)

*0 "= - _*0068" Rads

= .39°

(€2)

105

For intermediary Values derived from the calculations sec Appendix 3.1.2



When healing bone is loaded axially or in bending deflection at
the fracture site occurso Strain Energy techniques are used to deter-
mine the residual force transmitted to the fixator when healing bone
is subjected to these loading conditions. There is no available data
from which the changes in elastic properties of callus can be deter-
mined and stages of healing are therefore expressed as a percentage

of the values for normal bone.

The analysis considers the effect of:
B.1 Three values of static axial compressive load applied to the bone
during the later stages of healing. These are equivalent to partial
body weight (37 kg), full body weight (75 kg) and a maximal load of

four times body weight.

B.2 The application of bending moments to the bone which result from

physiologically applied loads equivalent to the weight of the limb,

distal to the fracture site.

Bel. Axial_compressive loading of healing bone

The bone / fixator configuration of healing bone(Figure42 )

is represented for analytical purposes by Figure (43),

where

MA = bending moments at A

F - applied compressive load

a = length of the pins

b = the distance from the centre of the fracture site to the

middle pin



Axial compressive loading of healing bone

*0 Eo

tig.42 Configuration of bone, pins & fixator

fig 43 Moments& Forces



second moment of area*of bone

Eg - Young"s modulus of bone*”
1, = -second moment of-area of the bar .= ‘
E = Young"s modulus of stainless steel »

-(For the actual values used in the calculation see-Appendix 3,2)

The second moment area of each pin group is determined from the

middle pin (Figure 44.) where

d
P
fi9. 44
4 2
the 1 of each pin d + - C—i-.p2
- - 64 4
2
@ e g
1 16
therefore 1 of 3 pins ¢ 3d* *..zp2
16

.The analysis considers a fracture located in the lower third of
- ||

the leg. The dimensional data used-in the calculations is listed in

Appendix 3,2, * ..



From Figure (3)

SECTION il
AB My = Hy
BC MA - H

~CIM . 3 M

S%A $H
-y
-a

where © = Rotation at A and U = Displacement at A, applying
strain Energy Techniques, then
H 7)M .. M 3M
© e dx
A Ela "dMA y =* eL2 QM&
Ei \ (ME - Hy)dy + B \ (ME —Ha.)dx
L - b
Toa - H 2
EII. MAYy -2 vy 1 MRX - Hax
1 + El2
- 0
El, El, Mp -HgP
= M q‘l 4 >J) h a 2 b
El, El: 2 1El: + EL 0000 (D
and a
f M_ djl M e>M
A i Ei~n El. 2H
0
a
g | e - HDEDdY < - wa - I[)(-a)dx



For Bone (where Strain Energy = PL

then u. b(F - H) 009000900 909*9090990999909
> * x
and Vo®a = -mb
therefore o -V . ®

A Vo

therefore from equations (1) + (@

a b b - H- r N zbl
A Jo, + ez + gopo_ Y LEn EI2 j
L+ co
therefore H = MA VO. 600.00 | I t«aget«(S)

a 2 b a 3b

F M2 oaL El, ELj + EI
V

09000 (6)

Therefore substitution from equation (5) gives solution for Mi/

from which the Residual Force H may be found.



Solving” for Mﬁ and H the results are tabulated in Table 3,1

where F denotes body weight (B=W=),, The strain (£L) detectable in
the bar is derived from these results (table 3=1) where f- ~ e
and y = &

TABLE 3.1

F J/MaN/M > HQN) 6
04 1,23 3,7
F =089 2=6 -
4XF =35 10=6 36

It is found that the magnitude of the moments (MA) and residual
force (H) are small and the level of strain correspondingly low. A
proportional increase in moments, residual force and calculated strain,
is found in response to peak loads of four times body weight, but the

calculated strain from these conditions does not exceed 40 micro-

strain (40yUsf) ,

The analysis was then extended to consider the effects of axial
loading of the bone during the intermediary stages of healing= Lower
values of Young’8s modulus for bone (EQ) were substituted in equations 5 and
s (plI0)"to represent partially healed bone. An applied load of

approximately half the standard male weight (37 kg) was assumed for

each stag*e of healing.

These results are tabulated in Table 3=2=
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TABLEJU2

% VALUE OF E(N/M2) na H(NM) ~x10 *
NORMAL BONE
NORMAL100% 25x109 e 1=23 3=7
50% 12.5x10o =06 2=19 709
25% 6=75x10o =07 3=47 11
15% 375 x107 =03 5=38 18=3
1% 25 x107? =1 . 758=5 255

The graphical presentation of these results, recording calculated
values of strain against the change in the material elastic properties
of bone during healing is presented in Figure 45\ = This analysis
shows that corresponding changes in the level of strain are small
during the later stages of healing (between 15% and 100% of normal
values for the Young"s Modulus of bone)= It can be seen from Figure
4+ = . that rapid decline of the exponential curve occurs between : and
25% of the normal values for bone« Between 1 and 15% the magnitude of
the residual force increase dramatically indicating loss of stability
at the fracture site and a corresponding increase in the level of
strain. These findings are later compared, in chapter s , with those
of healing bone using the prime stress program and the application of

these results to patient care are then discussed= Baiiall

Bo2 Healing Bone subjected to Bending

From the previous analysis presented in Bol consider the appli-

cation of bending moments (M) where M are the moments due to the weight



of the limb distal to the fracture site. This analysis considers the

loading on the distal part of the leg during a non-weight bearing,

straight-leg raising activity.

proximal distal
B
/A H

A

M —MA
r
1
n |
\

Equation (3) from the previous analysis becomes
Q)

tUA
\%

and equation (4) becomes

W a = "M"V b
M -M Db
therefore ©A (8)
“ oy T

therefore from equations (¢ ) and ()



solving for M-

therefore M&‘ = H £l 3b * b" H
- E212 €0 A
*a 2 b
El, El.
and equations () and () gives
M - Ma) b o= a . a b
= My .
Vo Vi E2X2 V1 E212
solving for H
y a M= My
A EL. El,
u 0 0
mpu. + — ssl+
Lei E12

This analysis again demonstrated little change in the residual
force transmitted to the fixator system, during the later stages of

healingo

TABLE, 33

% VALUE OF. M (Nm) HCN)
NORMAL BONE

100% 1,9 324
50% 1<97 3208
25% 1099 33

The magnitude of this force @) is however greater than the calculated

residual force from the previous analysis in which healing bone is loaded



axially with partial body weight (see Table 3.2).

The conclusion was drawn at this stage of the analysis that the
fixator bar becomes redundant during the later stages of healing.
This justifies the clinical practice of removing the bar before complete

consolidation or ossification has occurred.

This analysis is however limited since the dimensional properties
of callus, which also change with time, were not considered. Further
investigation of the effects of changes in the dimensional and elastic
properties of callus was Subsequently undertaken in the analysis

using the prime Stress program.
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CHAPTER FOURS THE EXPERIMENTAL WORK

In the proposed experimental work on a bone/fixator configuration
it was felt that a standardized approach to testing could be achieved
by the design of a simple wood model replicating boneo From a review
of the literature it was found that the hardwood Greenheart had some
material properties similar to those of tibial cortical bone (see
Chapter 2)a This observation was confirmed by completing a series of
tests on specimens of Greenheart using standard techniques for testing
material propertieso It was therefore decided to use this wood in the
design of a bone model, the diameters of which were determined by the
weakest section of the tibia, (see Chapter 2 Part B)= From the data
presented by Piezali et al (Figure 10).the gross cortical area at this
level (approximately 70% of length from the proximal end) was determined
by replotting this® data as- a pei“centage of length= The total length of
the tibia was assumed to be 420 mnu The actual dimensions of the bone

model, of uniform cross-section, are detailed in Figure 46

The tube was reamed to a length of 120 mm from the distal end and
270 mm from the proximal end (Figure 46) a™d "a fracture site: selected

at the junction of the middle and lower third of the model=

The design of the Denham Bar Transducer

From the analysis in Chapter Three and a consideration of bar
deformations resulting from functional loading of a fractured limb (see

Chapter 2 Part D) three components of deformation were determinedo
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These are g
1. Bending
20 Torsion

3. Shear

10 Bending

Bending of the bar in the antero-posterior or medio-lateral direction
will arise when bending moments are applied to the bone, e.g. during
walking or a straight leg raising activity. As a result tensile strains
(positive) will arise on the convex surface of the bar and negative

compressive strains on the concave surface. (Fig-47 a)

2. Torsion

Torsion of the bar will result when one section of the fractured
limb is fixed while the remaining section rotates about the longitudinal
axis of the bone, e.g. in the "non-weight" bearing position when a
blanket is pulled across the foot, or iIn the weight bearing position
during the "push-off" phase of walking. Alternatively, as the patient
turns to remove items from a locker, the planes of principal stress iIn
torsion are at 45° to the neutral axis of the bar (Figure47b) so that an
element A will be subject to tensile strain in one direction and com-

pressive strain iIn the others.

3,, Shear

Shear deformations arise when a horizontal displacement of the

fracture ends produces relative displacement of each fragment and the



a) bendin<

b) torsion

c) shear

fig 4.7

2



bar assumes an S-shaped deformation (Figure 4-7/c)providing firm fixation
at the pin/bone junction is maintainedo Consequently tensile strains
will occur in the central section of bar and bending* at either end®
Tensile strains will also arise therefore on the convex surface at V

(Figured47c.) and compressive strains on the concave surface at (C)®

We have seen, however, from the analysis presented in Chapter 3
Part B that simple activities, such as straight leg raising, results
in bending and torsion of the bar occurring simultaneously® The
magnitude® of the strains will therefore be the summation of strain

resulting from torsion, bending and shear deformations®

4®1®2@® The location_of the strain gauge

The design of the modified Denham Bar was based upon a model which
was obtained from a clinical source (Wyn-Jones 1979)® It became
apparent that the length of the bar and carriages that are in clinical
use may vary® From a discussion with J® Edge (1979) it was also found
that the original plastic coating of the carriages (to prevent electro-
lytic action between two dissimilar metals) was found to be impracticable®
(The bar and carriages are re-usable and damage to the plastic coating

is often sustained on removal of the pins from the carriages)®

In this work the initial criteria to be met by the instrumented
device were defined as follows;
1® The instrument should be sufficiently sensitive to record all
levels of strain in bending, torsion and shear®

2® Electrically safe for the patient and independant from other

electrical sources®



30 Minimal cost*

40 Wires, gauges and leads should not be damaged either on removal of
the device, or when the bar is iIn situ*

5% The bar should be removable to allow normal clinical testing to

be conducted*

From observations made on the clinical use of the device it was
felt that the most available section of the bar for instrumentation was
the middle one* It was concluded from a consideration of the likely
bar deformations (4*1*2) that detection of strain would be feasible

at this level*

Timoshenko (1965) has shown that high shearing stresses are present
in the corners of a key-way* The Denham Bar has a keyway which* extends
along its entire length thus allowing free passage of the two aluminium
carriages* Detection of strain by embedding strain gauges in the floor
of the keyway was not therefore considered feasible since some distortion
of the signal would occur due to local stresses* A modified bar was
then designed with a central section waisted to the depth of the thread
and the keyway terminated at this level* Large radii (18*4 mm) were
designed for the junctions between the threaded and waisted section
(Figure 48)* The total length of the modified bar was 294 mm using

threaded stainless steiel bar* The two carriages were 15 mm square
and 70 mm long* Each carriage consisted of a central core equal to
the diameter of the threaded section of bar (Figure 48)* Excessive
rotation was prevented by two Alan keys inserted towards the ends of

the carriages in line with the keyway of the fixator bar*

The Strain Gauges
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Four 1 mm length strain gauges (Gauges 1, 2, 3 and 4) were bonded
to the middle of the waisted section of bar, around the circumference,
for the detection of bending® They were positioned In two pairs,
so that the two gauges of each pairwere diametrically opposite (Figure49 )
Gauge: 3 was in line with the lceyway and gauge 2 diametrically opposite
forming the first pair® Gauges 1 and 4, the second pair, were located
at 90° from the first pair, and again diametrically opposite® Two
rosette gauges, with two gauges forming each rosette, for the detection
of torsion were oriented at 45O to the long axis of the bar and located
diametrically opposite and remote from one end of the waisted section®
These four gauges are represented in Figure49 as gauges 7, s, 9 and 100
The leads from the torsion gauges were then led to the floor of the
keyway at A where they were bonded along its/ength® The fins leads
emerging from the ends were ultimately connected to the recording
instruments® Similarly the leads from gauges 1, 2, 3 and 4 were bonded

to the floor of the keyway at B (Figure49)®

When the bonding of the gauges and the attachment of the inter-
connecting wires had been completed, it was found to be too fragile®
It was felt that additional protection of the gauges was required® The
whole of the central section was therefore encased in an acrylic jacket
(Plate A)® This meant, however, that the bar could not be easily

removed when in-situ with bone and the transfixing pins®

4®1®3 Recording Instruments

The initial requirements of recording instruments for clinical use
are defined as follows;
1® A wide frequency response to cope with dynamic in-vivo loading, e®g®

during walking® \Y



Jeg uweyusg o1 Japou
91 P UoIoSsS Jenuao Ww sPrmeb p  uollisod ey aunbi4

§ + s RO TR ANTEP o + B 246h8g
g REbEE0 Ar Ty Ry g @Bdlo



PLATE A



2® Portable and light for ease of transportation from bed to bed, or
from one hospital to another®

3® Simple to use®

4® Durability®

5® Safe®

s ® Insulation from other sources of electrical interference®

W0 sources of equipment were considered for the preliminary
experimentations
a) The Dual Channel Gemini bridge amplifier®

b) The Vishay Ten Channel Recorder®

Both systems are transportable and the Gemini has particularly

good frequency response at 500 Hz® The main limitation, however, was

the maximum use of only two channels® The Vishay has a frequency response
of up to 60 Hz, but thereafter the manufacturers recommend connection to
a high impedance oscillograph for dynamic strain recording® Gain is
constant with the Gemini and sinusoidal movement up to 500 Hz, but the
reliability deteriorates with uneven sinusoidal movement, e®g® gait®
Beyond 500 Hz a phase lag between the transducer movement and output

increases with increasing frequency®

The Vishay output is 4 172 mRa® unfiltered DRC® with sensitivity
variable from 80-8000 microstrain and has an accuracy of ®% or

whichever iIs the greater®

The advantages of using the Vishay in the preliminary investigation
(to determine the feasibility of the Denham Bar Transducer) lay in the

ability to detect the level of strain from each gauge® An internal
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dummy gauge precludes the use of an additional gauge bond;d to an
unstrained piece of material (for temperature compensation)* It was
originally planned to use a full bridge configuration. Following
further discussion, however, it was suggested that a 3-wire Quarter
Bridge technique should be used since this reduces the temperature—
induced lead wire resistance*

Quarter Bridge Three-wire technique

This technique places half of the temperature-induced lead wire
V
resistance change in series with the internal gauges, while the other

half is in series with the active gauge R™ through the two lead wires

A and B so that it may be reasoned from Figure 50

a m

single gauge-

QUARTER BRIDGE WIRING DIAGRAM .~

J 3. 50

that

A



In the experimental work, the leads from each gauge emerging from the
ends of the bar, were connected to the P-350 Digital Strain Indicator
according to the wiring diagram (FigureS0O) where D is the internal
dummy gauge. Since the P-350 Strain Indicator (Plate B ) will accept
only one input to either a Quarter, Half of Full Bridge, an additional
multi-channel Strain Gauge data acquisition system (the SB-1 Switch

Box) 1is required which may be seen in Plate B .

4.2.1 Calibration of the Bar

The Bar was calibrated in torsion using the bench mounted
TECQUIPMENT TORSION Testing Machine (SMI/2) and, in tension using the

HounsfTield .Tensometer (Plate b )»

4.2.2 Calibration of the bar in torsion

Two identical alignment jigs were designed to provide rigid fixation
of each end of the bar in the torsion apparatus. These jigs (Figure5 1)
also minimised the damage to the threaded ends of the bar and the leads

emerging from the floor of the keyway.

The Design of the Alignment Jigs

The  jigs consisted of a length of mild steel, 4-|" long and f°'
diameter with a central section threaded to within : " of the tapered
end (Figurei>fwhich inserted into the two-jaw chucks located at either
eend of the machine mainshaft (Plate C ). The two locknuts (Plate C )
and the two jigs (Plate C ) were carefully screwed on to the bar after
first driving the fine lead wires back throughthe keyway to emerge

from the jigs at A and B on the inner side ofthe locknuts. Clockwise



130.

PLATE C



3



rotation of the jigs, and therefore loosening of the test rig, was
prevented by tightening the lock nuts with a spanner against the

alignment jigs™*

The Testing Procedure

All gauges were connected to the multi-channel recorder and, each
wired for the quarter bridge three wire technique* The tapered ends
of the alignment jigs were inserted horizontally into the two jaw chucks
of the machine and firmly locked into position* The Torque Arm and
Spring Balance were zeroed in accordance with the Tecquipment No* SM1/2
testing manual* The dial gauge (Plate C ) was then zeroed by adjusting
the knurled nut at the top right hand side of the gauge, and the initial
displacement of the protracter scale noted* The revolution counter and
the strain gauges were zeroed with a nil load condition* Incremental
loads of 40 mm DA °N* were applied (NB 1 Ib inch = 11*2 mmD~J,) and
it was noted that up to 160 mm DA*N» or 1*5° of displacement, that
slipping took place* This was counteracted by Fixing the hand wheel -
at each incremental point by firmly supporting the knog on the hand
wheel and then taking the readings* Incremental loads of 40 mm DR,JW

were then applied to 900 mm QNNS then unloaded at 80 mm QEN decrements*
These experiments were repeated four times (Tests 1, 2, 3 and 4) on the

same day at ambient room temperature (Go °C)*
4*203 Results of the Torsion_Tests
Since the bar was in pure torsion a minimal, non-linear response

was noted from gauges 1-4* The level of strain did not exceed + 30/Lt£

and marked drift was found in gauge 4* The drift in this gauge was
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assumed, to be due to disbonding and the low level of strain recorded
from all four gauges was thought to be due to random 'noise" effects®
(Gauges 1-4 were positioned for the detection of any bending strain)®
Difficulty was encountered in balancing all four torsion gauges
simultaneously and it was found that only two gauges, one from each
rosette (gauges 7 and 9) could be balanced at the same time® A linear

response and® slight hysteresis is observed.

The actual data from the bending and torsion gauges (gauges 1, 2,

3, 4, 7 and 9) is listed in Appendix 4,,101. and presented graphically
on pages £33 V136 , -

4R2®4 Analysis of Data

A calculation of the torque required to produce I0ONmicro-strain

was made using the standard formula for torque in a solid rod where

T GO

J L
where T = lfi Itj% and G S;f?r shear stress
y shear strain

A core diameter of 9®8 mm and the value of G for steel (87. x 1096N/M2)
was assumed® The torque required to produce 100 microstrain ( ) was
found to be 1557 mm D N (13®@9 Ib inches) ® The data obtained from"the
torsion gauges (7 and 9) were plotted graphically recording torque in
mm/D N, against strain® A linear response is:obse?mﬁ in Test 2 (page 133)
with marked hysteresis in Tests 1, 3 and 4 (pages 133,134) ® For these
.tests non-linearity is observed and the slope of the graph was determined

by the best fitting line® The modulus of rigidty for the bar was then

determined from the slope of each line for both gauges (- and o) in all

3



four tests. The torque per 100yL/P was found to be approximately twice
the theoretical value 155.7 mm DAN' The slope of the line was found by

the ratio of

A £’
A P

to find the strain per unit torque. Where Az = change in strain and
A P s change in torque. The modulus of rigidity could therefore be

found where

16T - ,
G = 7\(d )3 X unit strain
These results are tabulated below in Table 4./. . It can be seen that the
value for G was approximately twice the theoretical value- of 87 x 109 GN/m2
(column A) . .
TABLE 4.1.
Test Gauge GN /m2 GN /m: Ratio of —
B
A B
1 -7 148.3 62.1 A7
2 7 165.6 75.9 A7
3 7 158.7 69 .45
4 7 186.3 82.7 .46
1 9 151.8 75.9 .45
2 9 151.8 69 .45
3 9 172.5 82.8 .48
4 9 172.5 82.8 .48

It was surmised that the acrylic bonding had essentially changed
the core diameter of the bar and this increased the torque required to

produce a given level of strain. When a bar diameter of 12.5 mm instead

8



of a core diameter of 9*8 mm was included in equation 1 of the previous
paragraph the value for G (column A) Tabled. Lwas effectively halved
(Column B) to give a G value within theoretical limits* When this was
tested by further theoretical analysis for a bar of composite material
the torque produced in the acrylic was very small relative to the torque

produced in the steel*

G(

where o = shear stress

and Go - 322

' A
f\(@O -D)
where DA = © acrylic section, and D = © of BAR

| Poissons Ratio V”q ~ =28 and 7/° >38\

At the iInterface
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where T

then T
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T = T 1 + G
D

s Total Torque obtained from the slope of the line

= 3114 mm D N

269 mm DKN

= 42 mm DKN

No further explanation could be found at this time and it was felt

that Calibration of the Bar in Torsion was unreliable for transducer

purposes,

since neither linearity nor repeatability 3s demonstrated*

4*2*5 Calibration of the Bar in Tension”. -

The. alignment jigs used in the Torsion Calibration Test were used
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with slight modification in the tension test using the HounSéield
Tensometero This was carried out by the addition of 2 sho;; pieces

of stainless steel rod (Figure5Z ) connecting the alignment jig to

the testing machine. Holes were bored through the waisted section of
each alignment jig and secured in position in the smaller of the two
bored holes in the connecting rod (FigureSZ). The opposite end was
then connected to the multi-axial attachment section of the Hounsfield»

The horizontal alignment of the bar, attachment jigs and connecting

rod can be viewed in Plate B.
Testing Procedure

Four tests were conducted on the same day at ambient room temperature
of 21°C. The gauges were connected to the STRAIN INDICATOR in the manner
previously described for the Torsion Tests. A 500 kg force beam was
used with a magnification factor of 16 to : for the graphical recording.
Manual loading was used since an incremental load of 20 kg per increment
was considered adequate for the testing procedure and automatic loading
does not allow accurate equal incremental tensile loads to be applied.
Gauges 1, 2, 3, 4, 7 and 9 were all zeroed under a no-load condition.
(Gauges s and 10 were not used since they have been found to be defective).
Incremental loads of 20 kg T were applied to a limit of 300 kg f. and
then unloaded by 40 kg ¥ decrements with readings being taken at each
point by zeroing the meter needle and obtaining a digital readout value
for strain. Prior to the test a Gauge Factor of 2 had been selected
and the test carried out in accordance with the Instruction Manual for
the P-350A Strain Indicator. These results are tabulated in Appendix

4.2.1.
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4206 Analysis of Data for the Tension Tests

Difficulty was encountered in obtaining an initial balance of
Gauge 4 simultaneously with the .remaining gauges 1, 2 and 3, and marked
drift was noted iIn tests 2, 3 and 4 for this gauge. The data is plotted

graphically for gauges 1, 2, 3; 4, :.ahd 9, pp. 143-147, recording tensile

force (kg ) agaj”™gy™t strain. The tabulated data is in Appendix

The Torsion Gauges

A linear tensile response is noted in gauges 7 and 9 throughout
all tests, but greater levels of strain were recorded in gauge 9. A
test performed in Tension should have producedminimal but equal strain
of the torsion gauges. Assuming the bar to becorrectly aligned in
the testing machine, two theories are proposed to account for the
differences in magnitude of the strain.

a) Gauge 9 was incorrectly aligned and was therefore recording
direct tensile loads rather than any torsionaltensile strain.

b) A permanent deformation of the bar existed at the level of

attachment of the gauge.

The '"Bending"™ gauges

A linear response was obtained from gauges 1 and 2 in all four
tests, but the levels of strain at each incremental load point was not
found to be repeatable, and a return to zero load condition produced in gauge :
L 34yLLE£ 1in test 3. At low levels of strainup to + 4 0 the response

in all gauges was non-linearin tests . and s .



The Young’s Modulus of the material was determined where

E=<y* but6= ¥
J A

therefore E s

a unxt strain was determined by the ratio 2 ZTP obtained
from the slope of the Graph, and the following values for E were

obtained for each test (Table4.2)

TABLE4_.2? Values for Young’s modulus derived from TORSION TESTS

where (E = 200 x 109 GN/mz) is the anticipated value for
stainless steel
Test Gauge Number ( E ~ 200 GN/m2) Bending eliminated
1 2 3 Gauges 3
1 248 151*8 331*%2 241*5
2 269 172*5 310 241
3 276 179*4 276 227
262 152 310*5 227

To eliminate stray bending effects the strain may be analysed as

follows?



Bending Moment Diagrams

a
Direct strain . D
Bend in
%
<"D+: b
"Xn Combined effects
* 0 £ b
Therefor. £b + £b + £D - £ b"=0

therefore 2C

- =7 2

and the bending effects are eliminated by summation of the strain in
the gauges and dividing by two®

Simultaneously for Young8s Modulus

2E

and the approximate values derived for the Young8 Modulus of the bar
are presented in the final column of Table 4.2where the mean value of

9

234 x 10 GN/m2 is obtained..and error of 13% from the anticipated value

of 200 x 10° GN/i (30 x 10° psi)®

The conclusions drawn from the calibration tests are discussed in

the final chapter (Chapter )®



4*301 The Bone Model / Fixator Experiments

These experiments were conducted in two stages?
mStage Is An unfractured specimen representing a fully, healed bone*
Stage 2; A fractured specimentrepresenting an unstable fracture of the
lower leg* This was simulated by complete disruption of the bone at

the junction of the middle and lower third of the leg*

The experiments in Stage Il wove initially oohduoted in the early stages
of this project, and it was realised from the results obtained that
considerably more information about the behaviour of the bone and
fixator configuration would be required« In these early experiments
all gauges were found to be functioning and levels of strain were recorded

from all eight gauges*

4*3.1*1 The Bone Modely®JTixator Configuration

The location of the "fracture site: centre was first identified
and marked at 247 mm from the proximal end (p) of the model* The two
groups of pins were spaced equidistantly from the centre of the fracture
site and a minimal distance of 18 mm between the central axis of each
pin was established (Plate D )* The bone was firmly clamped to the
bench and six pin holes were carefully hand-drilled with a 9/64ths drill
bit* Care was taken to ensure that both "cortices™ were penetrated, but
the pins did not protrude excessively from the far cortex* Without
alignment jigs parallelism of the pins was difficult to obtain and very

slight angulation of the pins occurred*

Two people were required to carry out the bonding of the transfixing
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pins to the carriages using bone cement® The cement was mixed +h;._the
following proportions by pouring 100 mis of. solution, containing 97 mis
of Methyl methacrylate monomer and 3 mis of Dimethyl-P«~Toluidine, with

90 grams of powder containing 89 grams of Polymethyl Methacrylate and

1 gram Benzoyl Peroxide® The mixture was combined at 20°C and when
sufficient heat was produced by the exothermic reaction, the cement

was rapidly applied to the pins and carriages; The bar was held

parallel to the tibial long axis and intimate bonding between the pins
and the carriages obtained® (Plate D )® The locknuts were then tightened
and the intact "bone'" specimen and Fixator was then ready for experi-

mental work®

Stage 1 of bone model / fixator experiments

Two series of tests were conducted on the intact bone and fixator
applying direct compression to the bone using the Houn™/sfield Tensometer

and then iIn bending using simple point loading to simulate the weight

of the leg distal to the fracture®

Compression Tests

These experiments were designed to determine the levels of strain
that can be detected when the fracture is fully healed and the bone is
subjected to axially applied physiological loads® These were defined
as partial body weight, simulating quiet walking with crutches to full
dynamic activity such.as ascending stairs or rising from a chair (see

Part B Chapter 3)®

Prior to these tests and the attachment of the pins and Fixator

Bar, the model was subjected to axial compressive loading in the
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Houndsfield tensometer to determine any hystenesis characteristics of
the model® A compression cradle for use in the Hounsfield .was designed
to accommodate the length of bone, the dimensions of which are given in
Figure 5 2e This cradle consists of four mild steel rods diametrically
positioned in four steel discs® As the outer two discs (discs A + D)
were drawn apart by the tensometer , the inner two discs moved towards
each other, thus applying compression to the "bone™ centred between

the two inner discs® To ensure pure axial compression of the model,

two spigots were designed (Plate E ) which inserted into the ends of
the bone, and articulated with the centrally placed indentation of the

inner two discs (Plate E‘ )®

Pretesting of the intact bone specimen.

Prior to its attachment to the Ffixator the intact bone model was
placed centrally between the two inner discs of the compression cradle
and sufficient compression applied by manual operation of the tensometer
to fix the model between the two plates® A 500 kg beam was used and the
deflection of the mercury level of the force scale adjusted to zero® The
motor was then switched on at an automatic loading speed of ®055 in/per
minute to a maximum load of 300 kg F (approximately 4 times body weight)
and then the switch reversed and unloaded to a zero load condition® This
test was repeated three times and no hysteresis was observed® The bone

model was therefore assumed to behave in a linearly elastic fashion®

The compression tests on the intact bone model and Ffixator

The iIntact bone model with end spigots and attached fixator was

positioned centrally between the two inner discs and maintained in
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position according to the technique described in the previous paragraph
(Plate E )* Care was taken to ensure that the bar, acrylic coated
carriages and pins were not resting on the interconnecting rods of the
compression cradle so that the only contact between the test rig (bone
model, fixator and pins) and the cradle was through the "'bone"™ ends*
The tests were conducted on the same day at a temperature of 17*5°C

and relative humidity of 44%o¢

A series of seven tests were carried out with each test defined by

the peak load for that test* These were as follows?

Test 1 0- *5 BW where BW (bodyweight) =75 kg*
0-f.0 BW
0-1*5 BW
0 -2*0 BW
0 -3*0 BW
0-4,0 BW
7 0-5*0 BW

a b W N

o

Each test was repeated three timeso At the commencement of each
test null deflection of the meter (on the Vishay strain indicator) was
obtained* The Houn?%ield .motor was then switched on and the bone axially
loaded in compression at a moving crosshead speed of *055 in/min* Just
prior to the peak load for each series the motor was switched off and
the strain obtained at the peak load recorded* The compressive force
was then unloaded automatically to a minimal loading condition determined
by the return of the mercury level towards zero* A final readingmin the

no load condition was then taken*

The results from these tests are tabulated in Appendix 4*3*1 where
the strain from the "bending” gauges (1, 2 and 3) and one torsion gauge
were recorded (gauge 9)* Further difficulty was encountered in obtaining

the mutual balance of gauges 7 and 9 The levels of strain that were



recorded from each gauge (1, 2, 3 and 9) were minimal and no significant
change in peak strain was noted despite the application of peak loads

of 375 kg. From previous tests marked drift was noted in Gauge 4 which
was not therefore used in this test.

Bending tests on an intact bone model and attached fixator

Three tests were conducted on an intact bone model to simulate
knee extension with an unsupported lower leg and manual resistance applied
to the distal limb section. The model was firmly clamped to the edge of
the bench to a level of 5 cm from proximal end (which represented the
attachment of the ligamentum patellae (Plate F ). Gauges 1, 2, 3 and 9
were zeroed under a no-load condition, then incremental loads of 0.9 kg
were added to an initial load of 3 kg applied to the distal end of the
bone. A maximum load of s kg was applied where the final increment was
0.45 kg. Unloading was then carried out by 0.9 kg decrements and the
final weights removed. Levels of strain were recorded with each incremental

or decremehtal load, and each test repeated three times.

The results of these tests are tabulated in Appendix 4.3.2 but
the levels of strain and random behaviour of the gauges indicated nil
detection of load-dependant strain. There was a strong possibility that
the remaining gauges had also become disbondea or damaged. They were
therefore tested by connection of each gauge to an ohmeter to verify
the 120 ohm resistance of each gauge. All gauges 1, 2, 3, and 9 were
found to be intact. Although this did not preclude the possibility of
disbonding, it was decided that the effects were due to random noise

effects associated with non-strain related behaviour.



403*1=3 Stage_II

Bending tests performed upon a fractured 'bone’™ model supported by the

fixator

These experiments simulated an unstable fracture of the lower third
of the leg subjected to bending by the application of loads equivalent
to the weight of the legdistal to the fracture® A peak load of 207 kg
was applied at the distal end of the model® This represented the maximum
force that may be acting upon a leg under normal post-traumatic conditions,
i®eo the weight of the section of limb distal to the fracture and any

oedema that may be present®

These tests were carried out before the tests on an intact bone
model, but the spatial configuration of bone model, pins and Ffixator
was replicated by the experiments with the intact model® To simulate
the fracture a section of wood was removed from the predetermined

fracture level of 276 mm®

Four experiments were designed to simulate possible in vivo positions
of supine, alternate side lying and prone® 1In all positions full extension
of the "knee" was assumed and an unsupported lower leg® The "bone" was
firmly clamped to the edge of the bench by two rectangular blocks®
These blocks had an internal diameter equal to the external "bone"
diameter and held in position by two G clamps, and clamped to a level

of 5 cm from the proximal end of the "bone"®

All gauges were then zeroed under a no-load condition® Some
difficulty was encountered in obtaining simultaneous balancing of the

four torsion gauges. The "bone'™ was then loaded by incremental point



loads of 0.9 kg to a maximum 2*72kg” applied to its distal end* These
experiments were conducted on the same day at a temperature of 20°C

and a relative humidity of 57% and the moisture content of the wood

recorded *

The first experiment was conducted to simulate knee extension in
supine lying® with the "model: firmly clamped to the bench and the
experiment conducted in the same manner as the Bending’ tests performed
on an intact bone model (pag® I57) To simulate knee extension and the
supine position the medially positioned transfixing pins were orientated
parallel to the floor* Successive changes in position to ’prone lying’
and ’alternate side lying” were obtained by rotating the "bone'" and
fixator ninety degrees* An initial load of 0*9 kg was applied with
subsequent 0*9 kgy* increments to the peak load of2«72kg* Unloading was
then carried out by 0*9 kg decrements and changes in strain recorded

at each successive loading or unloadings respectively*

Analysis of results on the fractured bone model *

It had been anticipated that gauges 7 and s , forming the torsion
rosette gauge were likely to produce levels of strain of equal magnitude
in each but opposite sign* (see part A Chapter 2)* This was not found to
be true and it was hypothesised that the additional effects of bending
in the bar (see chapter 3) accounted for the different levels of strain
recorded by these two gauges* Similar behaviour was observed in gauges
9 and 10 which formed the second rosette gauge. The strains recorded by
egauges 7 and s were ;summed but the resultant strain was below the
theoretical value for microstrain for a given torque, which was calculated

using standard formula for torque, i*e» 100yW-~f = 155 mm DN (13*9 lb in*)



Lack of repeatability was noted in all gauges (1,2, 3, 4, 7-10)
with slight hysteresis in the unloading phase (pages.163™-167)-. Residual
strain was also observed in all gauges on a return to the unloaded state.
(For tabulated data see Appendix 4.4.1).

For the "bending™ gauges (1,2,3 and 4) the values of strain for a

given bending moment were calculated where

These values of microstrain were then compared with the levels of
strain obtained experimentally. For the "supine" position gauges 2 and.
3 (which were orientated directly opposite) were found to record com-. ;" m
pressive and tensile strains. The magnitude of strain recorded by
gauge 3, however, was greater than the strain recorded by gauge > .
Strain in gauges 4 and 1 was minimal. This was anticipated since these
gauges were not subjected to bending in this experimentally simulated

position of supine. The level of strain however recorded by gauges 2

and 3 was approximately twice the theoretical value.

Similar results for the torsion and bending gauges were recorded
from the "prone" position in which the "bone" was rotated 180°.
Consequently reversal of the tensile and compressive strains were recorded
by gauges : and 3. In all of the four simulated positions of supifie,
prone and alternate side lying non-linearity was observed below 40 micro-
strain in all gauges. The torque effects, however, were minimal in the

alternate side lying position.

In the simulated left side lying position with the fractured (right

leg) abducted and the pins therefore orientated at right angles to the
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to the plane of the floor, greater levels of strain were produced from

the bending gauges (1 and 4) than in the supine position* In the latter
the torque effects on the bar are considerable* From a theoretical
consideration of the direction and point of application of.load; in.

the side lying position, the bar is assumed to be subjected to pure
bending* This assumption can be made providing the long axis of the

bar and bone are parallel and in the same vertical plane but it is
unlikely however, in the clinical situation that this would occur*

IT this assumption is valid then the response from gauges 3 and 2, which
were located in an unstrained position, should have been minimal* Their
response however indicated significant bending of the bar for a given
load of : *7kg and it was concluded that the level of strain recorded

is dependant upon the orientation of the limb in space and the relative

alignment of the bar and bone*

The sensitivity of the instrumentation as defined by the Vishay
instrument guide suggests that adequate sensitivity of the recording
instruments is obtained between 80 - 8000 microstrain* The maximum®
strain recorded from these experiments is below 200 microstrain and the
predicted values for strain in the supine position is below 80 micro-
strain* Absolute levels of detectable strain by direct instrumentation

of the device were therefore considered unreliable*



CHAPTER FIVE

The experimental work described in Chapter Four indicated that
levels of strain are not detectable when Firm union of the bone has
occurred. The analysis presented in Chapter Three revealed that changes
in the level of strain would not be detectable during the final stages
of healing. In a separate analysis, the motion that takes place at the
fracture site was determined. This work was however carried out on a
single configuration of bone, pins and bar. Variable configurations of
the fixator and additional physiological factors had not been taken into

account.

The theoretical investigation using the Prime Stress Program ,
e_considers the effect of these fixator variables and physiological- VV"

factors upon fracture site motion.

This investigation also includes a study of the effect on fracture
site motion when changes in the mechanical properties of callus take

place during healing.

1.1 The following FIXATOR VARIABLES were identified;

1. Dimensions of the Transfixing Pins

a) Diameter

b) Length .
Optimum dimensions of the pins and their Effect on strength of bone has
been investigated by previous workers (see Chapter Two) but it is evident

that a standardized pin size, used in conjunction with different types

of single-; ided Fixators is not employed in clinical practice.



20 Pin Disposition

a) Spacing between the Pins
b) Angulation of the Pins

30 The Offset of each pin group from the fracturegap
4® Dimensions of the Fixator Bar

a) Diameter

b) Shape of the Bar cross-section

c) The length of the Bar between the two groups of pins®
It iswell establishedthat the dimensional factorsdetermining the
strength ofa structure are the cross-sectional area and second moments
of area (see Chapter 2 Part A) . lf the density of thematerial remains

constant then a dimensional change meansa change inweight since

V s AL where V s volume
and M = Vf> A s area
then L — length of member
M & p= density
M = mass -
\ e

IT L and jO remain constant then a percentage change in Area gives, a ;

percentage change in weight®

Previous workers have suggested that minimal weight of a Fixation
Device is important but the relative significance of Bar mass and .
dimensions upon the fracture site motion has not been fully investigated,

5® The application of Compi*ession across_the FracturejSite

Compression may be applied axially through the length of the bone,
or by various compressive devices incorporated within the Fixator® (see

Chapter 2 part D)®



7



PHYSIOLOGICAL FACTORS

6* Bone and Callus

The transfixing pins, if correctly inserted, normally engage
both cortices of the bone, and the area of cortical bone in contact with
the pins will be dependant upon the geometry of the cross-section, the
angle of insertion and the position of the pins in the antero/posterior
plane (Figure53), . The contact area will therefore vary from pin to
pin and between each pin group* The dimensional changes with length

of cortical bone were therefore considered for analysis*

As callus forms, changes in both the dimensional and elastic
properties occur* The representation of callus in a theoretical analysis
is however limited by the lack of quantifiable dimensional data* The
material properties of callus are dependant upon the type of callus
response (see Chapter 2 part C)9 and the rate of production of osseous
material* As a consequence an estimate of the dimensional and material
properties can only be made by considering the processes involved (i*e*
the type of callus response) with a particular fixation method, together
with a comparison of the data that exists for fibrocartilage, cartilage
and bone* This data may, alternatively, be expressed as a percentage
of the values for normal bone* The transitional behaviour of callus
from plastic to viscelastic behaviour, i*e* time-dependant behaviour”™
is not however evaluated by this method*

7* Muscle and Soft Tissue

The extent to which soft tissues provide additional support at
the fracture site has not been extensively investigated (see Chapter 2
Part B)* 1In addition no work has been carried out which determines the
effect of static or dynamic muscle contraction upon fracture site motion

in a limb supported by an external fixation device*



s . Functional Loading*

The benfits of functional loading of the bone, during healing,
are well documented (see Chapter 2 Part C). It is clear that in normal
and restricted activity (e.g. crutch walking or periods of bed rest)
multi-axial loading of the bone occurs. The direction of the applied
load is therefore dependant upon the orientation of the limb in space.
For analytical purposes however daily activity may be analysed into
four simple activities;

a) straight leg raising with antero-posterdv>bending of the bone.

b) side lying with the leg abducted and lateral bending of the bone.

©) high sitting with tension at the fracture site.

d) standing with axial compressive loading of the leg.

9. Characteristics of the Fracture

The characteristics of the fracture may be defined by the site,
type and severity of the break. It was felt intuitively that more
distally located fractures would result in smaller bending* moments and
less motion at the fracture site , i.e. greater stability. The site of
the fracture may also determine the number of pins that are used, e.g.
if afracture is located at the ends of the bone, there may be insuf-
ficient space to locate more than two pins in the smaller section of
bone. The number of pins that are used will also be dependant upon the
degree of comminution, since additional pins may be required to sepure
isolated pieces of bone. During healing, particularly in the early
stages, there may be considerable oedema localising in the distal section
of the limb. As a result the magnitude of the bending moments acting
upon the fracture site and fixator will be correspondingly increased,

due to the increase in leg mass distal to the fracture site.
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58201 THE PRIME STRESS PROGRAM

When a preliminary investigation into the Prime Stress Program
was carried out considerable difficulty was encountered iIn determining
the formula to be used to describe the *"'Shear Area™ of a member® This
is referred to in the Prime Stress Manual iIn the section "Member Pro-
perties’ which define the cross-sectional shape of a prismatic member
and standard formulae are therefore used to define area, polar and

second moments of area® In the Prime Stress Program these correspond

to:

Area AX =

Polar second moments of Area (J) = IX

Second Moments of Area (X) s 1Y and IZ

and SHEAR AREA = AY / AZ

The expressions AX, AY /7 AZ, IX; 1Y and 1Z describe the six vector
components which are used in the analysis of a SPACE FRAME® This is a
structure in which six degrees of freedom are represented at each joint®
It was felt that the bone, fixator, carriages and transfixing pins

could be represented as a space frame for which *"Shear Area" of each

member had to be defined®

Simple beam deflection tests were designed to determine the accuracy
of the program and the correct method of inputting data for "Shear Area'" ®
In these tests the computed deflections due to bending of the beam were

compared with theoretical values which were derived using Strain Energy

techniques ®

50202 BEAM DEFLECTION TESTS

The formula for total deflection at A (Figure54*) was determined



for a double beam with Cantilever Fixation at C«” Four tests were

conducted with constant elastic moduli and member lengths for Beams

«AB and BC.

Test a)
Test b)
Test ©)

Test d)

A

Solid Circular Rod where Diameter = 8mm
Circular Tube where 3 = 6 ma D = 8 mmes.
Square Beam where L — 8 mm

Rectangular Beam where 1= 4 mm h = 8mm

All other input data is listed in Appendix,501, and 5*2 together

with the Input listing and tabulated results for a Solid Circular Rod (&)

in Appendix 5030

fig 54 Beam cief |ection
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Results of Beam”™Deflection”Tests

The results from each test are tabulated below (Table<b5.ij, and

the theoretical values for deflection of Beam AB at A are compared with

the computed value.

Table5.1; Results from Double Beam Deflection Tests

Beam AB Test Deflection ma Deflection mm
(theoretical) (computed)
(v)
a) .4127 4127
b) .6080 .6046
0) .2406 .2432
> .3036 .6128

Excellent comparibility was obtained for a Solid Circular Rod,
but small errors were noted for a Tube. An error of 0.5% was noted
for a Circular Tube and 1.1% error for a Square Tube. A large incon-

sistency was found for a Solid Rectangular Block.



So. lid"Eec-tangulat” Block® This was thought to be due to the limitations
of the formula for Polar Moment of Area for a Rectangular Block, which
was found from Standard Engineering Textbooks (See ‘Bibliography8)®
Prom additional examples of input data for a Space Frame obtained from
PRIME COMPUTERS (MASSACHUSETTS) together with the comparative results
obtained from the Beam Deflection Tests, it was concluded that Shear
Area (AY / AZ) was a function of cross-sectional Area rather than the
length of the Member and that computation of Shear Area was based upon

Standard Formula for cross-sectional area®

The Stress Program was however considered to be sufficiently
accurate for the Analysis of Variables of the Bone / Fixator Con-
figuration where the detection of trends of behaviour were required

rather than absolute values of Displacement®

THE ANALYSIS OF PHYSIOLOGICAL AND FIXATOR VARIABLES BY THE PRIME STRESS
PROGRAM

The Base Models

Four configurations of Bone and Fixator formed the basis of this
analysis® These are represented by Models 1,2,3 and 4, in which the
weight of the pins is ignored and all computations are in Newtons and <«
millimetres® Edge and Denham (see Chapter 2 part D) suggest an interval>
of 40 mm between the Bar and Bone® This was calculated to give an
approximate pin length, for analytical purposes, of 56858 mm between
-the central axis of the bone and the central axis of the Bar® The"
distance between each group of pins and the spacing between the pins
represented the configuration used in the experimental work® The pins

were assumed to be parallel and in one plane with the centr&l axis of



the bar and bone* To simplify the analysis, it was also assumed that
the length of the bar, which protrudes from the remote ends of each
carriage, is non load bearing and was therefore excluded from repre-
sentation in all four models* The mass of the protruding section of
bar was however included in the total weight of each carriage* The
dimensional data and Elastic Moduli of each component is listed in
Appendix 5*4, The data for Models 1, 2 and 3 is in Appendix 5*3 and for
Model 4 in Appendix 5*6*

Loading data for Models 1, 2, 3 and 4

Uniformly distributed loading was assumed for the distal section
of leg (except Model 1), the two carriage sections and the Bar (Figure55)
The source data from which the total weight of the distal limb section
was determined is presented in Chapter 2 Part® B* The sum of the forces
exerted by each "Member' is equal to the total force exerted by that
section of leg* (For definition of "Member'™ see page 181")* The weight
of the proximal limb section (p) was ignored, since the investigation
was confined to determining the relative displacement of the two bone
ends, at the fracture site* The proximal section of bone (p Figure55)
was assumed to be rigidly fixed simulating full extension of the knee,
which is maintained by the quadriceps muscle and ligamentous support*
Since the unit weight of the fixator bar and the ’bone9 used in the
experimental model could be easily found, the weight of the carriage
sections could be determined by weighing the experimental configuration*
(see Chapter 4)*

In the subsequent analysis, any change in member lengths due to
co-ordinate changes required a change in local member forces* Since
the unit length of bone, carriage and bar could be easily calculated,
changes in local member forces were made by multiplying the unit length

by the new length of each member*
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As the carriage sections included the weight of the protruding
end sections of the bar, any increase in central bar length (between
the two carriages) nhecessitated a corresponding reduction in the total
weight of the two carriages* For the actual method of calculation and

the loading data used in the work the reader is referred to Appendix 5*4*

The length of the foot defined in models 2, 3 and 4 is represented
by the fully dorsiflexed position of the foot, where the distance
between the ankle joint and the base of the heel pad was found to be

60 mm* C

The length of the foot was assumed to be a Beam with a uniformly

distributed load*

Description of the Base Models 1,2, 3 and 4*

Model™M

This model simulates the experimental configuration of a distally
located unstable fracture of the lower leg (Chapter 4) in which external
uniform loads were assumed due to the mass of the foot, the carriage
sections and fixator bar* The ’bone4 is uniform iIn cross-section and
joint 1 (Figure56) is identified at 50 mm from the proximal end* This
is a support joint (5) in which rigid fixation, representing the mid-
point of the insertion of the quadriceps muscle, is assumed* The uni-
formly distributed loads were represented by point loading at the mid-
point of each ’member” where a member is the section between two joints,
e*g* member 16 occurs between joints 3 and 5 (Figure56)* The mass of

the leg distal to the fracture site was ignored*
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M2d2i-11

Two support joints and S are included in this configuration
and represent fixation of the proximal limb section at the knee joint
(S:D (Figure57)* The bone is of uniform cross-section similar to Model
I but the Force due to the mass of the leg distal to the Fracture Site

is included*

Model 111

This model is similar to Model IT but the uniform cross-section
of bone is replaced by an idealised model of bone derived from tibial

dimensional data (see Chapter 2 Part B)*

The Prime Stress Program has the facility to analyse straight
Prismatic Members of constant cross-section (see Manual: Primes Version
of Stress 3*2) and it was felt adequate for this analysis to calculate
the mean values for Cortical Area (AX), Polar (IX) and Second Moments of
Area 1Y/12T* These mean values were derived from the data for the cortical
profiles presented by Piezali et al (1980) and Miller and Purkey (1980)*
Their data was replotted and expressed as a percentage of bone length
taking care to ensure that the Co-ordinate System presented by these
workers matched the Co-ordinate System of the Stress Program where it

was found that

This corresponded to the dimensions in the medial/lateral direction of
the bone and the Z axis of the Cartesian Co-ordinate System of Prime

Stress so that



Ixx = iZ

and lyy = 1y

Various points were then taken along the length of the ’bone”’
which correspond with landmarks such as the Tibial Tuberosity, the
Insertion of the Pins and the level of the Fracture Site. The Area,
effective J, and Shear Area were then calculated and expressed in milli-
metreso The bone was then divided into three zones which were determined
by two principle factors.

a) The insertion of the Quadriceps tendon into the Tibial
Tubercle, determining the®™ _limit of Zone 1.

b) The level of the lowest values for I and J, where fractures
are most likely to occur, determining the . limit of Zone II.

Zone 1

The midpoint of the insertion of the Quadriceps tendon was identi-
fied and expressed as a percentage of total bone length. This approxi-
mated to 50 mm for a Tibia measuring 420 mm.

Zone 11

The limit of Zone Il was found to be approximately 272 mm from
the proximal end of the bone where total discontinuity and a gap of,

4 mm represented the fracture site.
The mean dimensional values were then determined from the data
presented in Appendix 5.5 Table a) and the final data used for each zone

is presented in Table b) of Appendix 5.5.

The distal section of bone in Model 11l was therefore iIn Zone 111.
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Model XV

This model was represented by a fracture in the middle third of
the leg” with the fracture site located between joints 9 and 15 at 207
and 211 mm respectively® The middle pin of the distal Pin group was

therefore loacted at the junction of Zone Il and 11I® (see Figure 57)

INTERPRETATION OF DATA FROM THE PRIME STRESS PROGRAM

The Stress Program calculates individual displacements and rotations
which occur at each free joint for each of the six vector components®
For example, in the tabulation of FREE JOINT DISPLACEMENTS for Model 111,
it can be seen for joints 9 and 15, representing the fracture site, the

following data is printed (see Appendix 506 for complete listing)®

JOINT XDISPL YDISPL ZDISPL X-ROTAT Y-ROTAT Z-ROTAT
9 000000 -0®5962 0®OO0O0 O®OOII 000000  -®0OQ39

15 0O®0000 ~2®4904 0®OO0O0 -0®OO99  OROOOO ~®0439

The actual movementoccurring at the fracture site is then determined
by subtracting the displacements and rotations occuring at joint 9 from
those at joint 159 Displacements are listed in millimetres and rotations

listed in radians® Radians may then be converted to degrees where m

N
X Rads x__180 _ X" Degrees
T\

Member forces are tabulated for the joints at each end of a

member (Appendix 586) for which values of shear forces (¥ and Z2) and

moments are given (torsiQn and bending-) ® Shear force is expressed in

Newtons and moments I~ Newton X millimetres®



Comparison of Motion occurring in the Four Base Models

Maximal deflection occurred at the fracture site in Model 1V,
which represented a fracture located in the middle of the -leg and
minimal deflection occurred in Model 1. The latter represented the
.configuration used in the experimental work in which the mass of the
foot was included but the mass of the leg distal to the fracture site

was ignored. The results from the four base models are tabulated

below. -
TABLE 5. 2,
DISPLACEMENT mm ROTATION (Degrees)
MODEL X Y z X Y z
I 0 -1.053 0 -.17 0 -1.38
] 0 -1.9 0 -.63 0 -2.29
11 0 -1.89 0] -.63 0 -2.29
v 0 -2.33 0 -.8 0 -3.5

The deflection occurring in the Y axis represents the vertical

deflection at the fracture site (Figure58),

f1*9. 58-



The deflection obtained from Model 1 was compared with the
measurement of vertical displacement obtained experimentally under

similar loading conditions (Table5.5)*

TABLE -53
Model 1 Vertical Deflection
PRIME STRESS - 1*053 mm
*EXPERIMENTAL - *621 mm

* This measurement was obtained using an optical microscope* The
computed displacement calculated for Model 11 was compared with the
calculated displacements derived from the analysis of fracture site

motion (see Chapter 3 Part A) which are tabulated below*

TABLE 5.4
CALCULATED DISPLACEMENTS PRIME STRESS
Corresponding
Joint
\ 3*3 mm 12 3*79 mm
YAB 3*75 mm 14 4*28 mm
= 1*7 mm 15 1*89 mm
2*7° Rotation Z 2*29°
© Rotation X *63°

where Y (Joint 15) is the deflection occurring at the fracture site*
It can be seen from TABLE 5,2 that the dimensional variation of bone
(Model 111) did not contribute to the overall stability of the bone/
fixator- configuration when the bone is completely disrupted* This was

also observed throughout the subsequent tests on this Model*



5,3,3 METHODOLOGY

Two alternative methods of analysing* the variables were considered.
1. MODIFICATION of the existing STRESS Program by the creation of sub-
routines for the analysis of each variable, e.g. any change in the
spacing of the pins requires an accompanying change in the local member
length of the Bone and Carriage Sections. As a result the local member
Forces also change. The sequential changes necessary could therefore be

written into the existing program.

2. This was the method chosen by the author and considered Models 11,

I1l1 and 1V described earlier (see para. 5.3.1). For this second method
concurrent tests were carried out on each model, a single variable being
modified for each test. The modification of each variable required changes
in the data for each base file. Changes in the data were calculated prior
to the test and a subfile created from the original base file, then stored

in the User File Directory, and subsequently run using the Stress Program.

5.4 DATA MODIFICATION FOR THE FIXATOR VARIABLES AND THE ANALYSIS OF EACH VARIABLE

la. PIN DIAMETER

The effect of an increase in pin diameter was studied iIncrementing
randomly, in six steps, the core diameter of stainless steel pins.from

3.67 mm to 4.8 mm.

The pin length remained constant at 56.58 mm, and for the actual
input data for the change in pin member properties, the reader is referred

to Appendix 5.6.a.



Since the weight of the pins had been ignored in all Models, a
change in force due to the increased dimensions of the pin was not

included in the analysis®

Table 5,5, illustrates the percentage change in value of the pin

member properties as the diameter is iIncreased®

TABLE &/* percentage change in value of pin member properties - core diamter

= 3067 = OU®
\VA — -
CORE . TORSION MOMENT OF
0 AREA. SHEAR AREA  CONSTANT (J) INERTIA (D)
o " (A0 (AY/AZ) ax G/
~ T %ITNCREASE TP N
5 82 5@4 11 @25 11 @25 2307 £307
3@97 gel7 17,0 17 @0 37@l 37 @0
401 1107 2489 24®9 55 @8 55 @8
483 17@16 3762 37@ 88 &5 88 &-
4.5 «2265 50043 50 @43 126 @1 . “1260f
48 30 6804 68 «4 185 04 . m:1s5@4

RESULTS
These results are presented graphically (ae.:. 190) and the tabulated

results (Appendix 587€a).® From the tabulated results it can be seen

that similar deflections and rotations occurred in Models 11 and I11I®
Plotting motion (deflection and rotation) against an increase in pin
diameter,” the graphical presentation of the data for Model 111 demonstrates
a gradually diminishing exponential curve and non-linearity® A similar
trend is observed for Model 1V, but the magnitude of motion is greater®
From the slope of the graph in Models 111 and IV maximal changes iIn motion

occur when the core diameter of the *pin is less than 4 mm® From the graph
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for Model _l1Il it is estimated that vertical deflection at the fracture
site may be reduced to *5 mm with a core diameter of 5 mm for each pin
and a constant "length” of 56*58* For a fracture in the middle of the
leg it is estimated that deflection may be reduced to less than 1 mm

with similar pin dimensions*

The offset of the fixator bar from the bone is determined by the
"length" of the pins spanning the interval between bone and bar* For
analytical purposes this was assumed to be 56*58 mm (see Para* 5*3*1) in
the base models* The analysis of fixator stiffness as a function of
pin length was determined by random changes in pin length from 40 mm *
to 73*55 mm* The following values listed below were substituted in
Models 11, 111 and IV iIn the positive Z axis of the Cartesian Co-ordinate
System for joints 4-6, 10-13 and 17 - 19, (Figure57) in four
successive tests:

40 mm, 50 mm, 60 and 73*55 mm
RESULTS of change in pin length m— e :m,

Similar results were again obtained between Models Il and ill
(Appendix 5*70b) and the greatest range of motion occurred in Model IV*
The results from Models 11l and 1V are presented graphically on Page. 1-&2
Motion is plotted as a function of pin length and a non-linear response
can be observed in both models* From the slope of the graphs, it was
concluded that rigid fixation of the fracture site could be obtained
by reducing the pin "length” to less than 3 cm* This may, however, be{

<
impractical in-vivo*

20PINtORIENTATION

Six configurations of pin orientation were considered which were
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divided into two groups (see Figures® 594

A® Change in Pin Spacing

The two pin groups were assumed to be parallel and co-planar®
Three tests were carried out to determine the effect of a change in
width between the first and third pin of each group®
TEST 1 : This was represented by the configuration in the base models
with narrow spacing and an interval of 18 mm between adjacent pins®
(Figure a)®
TEST 2 i Broad spacing between each pin was represented by an interval
of 31 mm (Figure59 b)®
TEST 3 s Random spacing of the pins was obtained by an interval of

18 mm and 31 mm in each pin group (Figure519 c)®

B® Angulation of the Pins

The first two tests of this group (Tests 4 and 5) were designed
to determine the relative significance of pin spacing at the bone and
carriage sections respectively® From, the configuration represented by
test 6, and comparison with the previous tests (1, 2 and 3), the effect
of non-parallelity could be evaluated® In tests 4 and 5, the outer two
pins were bilaterally diverged from the middle pin at the bone and
carriage sections respectively® In test 6 the inner two sets of pins
were convergent at the carriage sections with broad spacing between

the pins where they traverse the central axis of the bone®

In all configurations the following constants were maintained:
(Figure ®£9.a) ®

- the distance between the inner two pins s 90 mm®
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K2 - the length of the bar section between, joints 11 and 12 = 80 mm.

- length of the carriage sections = 70

KN - length of the pins = 56858 mm®

The modifications to the input data resulted from a change in the
local ‘member8 lengths due to axial displacement of the pins® The
modifications to the data in the base models for each test may be found
in Appendix 5®6®b
RESULTS from a change in Pin Orientation \« ..

The six tests show comparable behaviour in all three models (pages
and the greatest fracture site motion occurs in Model 1VO The magnitude
of the vertical deflection (displacement Y axis) at the fracture site
and the slope of the distal portion of bone (Z rotation) is found to be
dependant upon the alignment of the pins® The greatest change in Y
displacement for the six configurations tested, did notexceed @41 mm
in each ofthe three models® A change in axial rotation (Xrotation)
of the bone about its own axis did not exceed ®05°s and in all models
total axial rotation was less than d8°0 The conclusion was drawn that
axial rotational stability of the fracture site is not dependant upon

pin alignment® (For tabulated results see Appendix 5®70c)o

The most stable configuration was found to occur in test 2, i®e3
broad spacing with parallel alignment of the pins® Comparison between
tests 4 and 5 demonstrated that vertical stability of the fracture is

improved by maintaining wide spacing at the carriage interface®

The deflection occurring in test 6 is however larger than'antici-
, £
pated® This is the only test in which angulation of the middle pinb

occurs and it is concluded that minimal angulation of this.pin. in a
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three pin configuration is crucial for maximal stability® This was

most marked with non-uniform bone® (Model 11)®

30 OFFSET OF THE PINS FROM THE FRACTURE. SITE

Pin offset is defined as the distance between the inner pin of
each pin group and the centre of the fracture site® In the base models
the inner two pins (A and D) (Figure 60a) are equidistantly spaced so
that the interval between them CL™) is 90 mm® The distance was then
increased from 90 mm to 124 mm in three successive tests (Tests 2, 3 and 4)®
This was repeated on each of the three base models® In each of those
tests the fracture gap, pin length, and minimal spacing between adjacent

pins (18 mm) was maintained®

In test 2 the pins are parallel, and the interval between increased to
124 mm® Corresponding changes in the length of the bar between the carriage
sections were made from 80 mm to 114 mm® Local changes in the member
forces were made for bone (members 6 and 9) bar (member 25) and the
carriage sections (members 17-24)® For the method of calculation see

Appendix 504® <

In tests 3 and 4 the offset of only one set of pins was increased
to give an.overall interval (L"™2)(FiguresCOc and d) of 107 mm® In
test 3 the offset of the proximal set of pins was increased and in Test 4

o

only the offset of the distal set of pins was increased® The data for:-
the local member forces was again modified for members 6 and 9, 17 to ZR..." :;
These modifications are listed in Appendix 586@c, along with the changes //°
in local joint co-ordinates for the pins, carriages and bar®
RESULTS of.change in Pin Offset <1

From these tests it is again found that the location of _the fracture

site contributes to the magnitude of relative motion between the fractured
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bone ends, (Pages.200/01). Variable magnitudes of vertical deflection
(displacement Y) are observed in response to changes in the pin offset

in all three models®

An increase in the offset of either pin group magnifies the
displacement and fracture site stability is reduced® This effect is most
marked when the offset of the proximal pin group is increased (test 3)
but the greatest change in displacement occurs when the offset is in-
creased bilaterally (test 2)® It is also observed in tests 2 and 3
that a consistent percentage change in displacement occurred in all
three models® This suggested that this displacement is directly pro-
portional to a change iIn pin offset and independant of fracture site
location when a change in the interval between the two groups of pins

is made®

40 DIMENSIONAL CHANGES OF THE FEX&TOR BAR -% r

The effect of alternative Bar design upon Fracture Site motion
was considered by conducting three series of tests?
Series A ® The core diameter of a solid stainless steel bar was changed
in six tests from 9 mm to 15 mm® Corresponding changes in the data were
made for the local member properties of the Carriage and Bar sections®
(see Appendix 5@6@D)® The change in bar diameter was expressed as a
percentage of change in area from which a similar percentage in area
was made for each carriage section® Since the carriage sections were
assumed to be square then L (where L is the length of one side) was

derived by



where A A

% change in Area

AN = original Area

Corresponding percentage changes in the local Member Forces were
made since
M = AlLlp

For all modifications to the input data see Appendix 5*6*D*

SeriesiB* In this series the solid rod with a core diameter of 15 mm
was substituted by

a) A circular tube with an outer diameter D s 15 mm and inner diameter
of 13 mm*

b) A square tube where the outer length L = 15 mm and the inner length

L k 13 mm*

The data were modified for the local member properties of the bar
and the local member forces for both the bar and the carriage sections

according to the method described for Series A*

Series C* This series of tests were carried out to evaluate the relative
importance of the length of bar spanning the two carriages* Four tests
were completed in two parts (Figure 6/ >.

remained constant and the bar length thenincreased in test 2* Conversely
in Part 2 the bar length remained constant and the pin offset increased
(tests 3 and 4)* These tests were carried out as follows?

Part Is A minimal distance of 18 mm was maintained between each pin

and a comparison was made between two central bar lengths of 114 mm

(Test 1) and 124 mm (Test I1)* The distance between the inner two pins

(Kj) at the bone remained constant and the change in the length of the



PART £

C Test. 3
—<r
K
KIT— -H
Test 4

Figure 61 Variable length of Bar spanning the twin carriages



bar spanning the two carriages in Test 2 was produced by displacement

of the inner two pins and carriages in the X direction® The interval
between the inner pin and the end of the carriage (Kg) remained
constant® The input data for Test 1 is listed in Appendix 506@C (Test 2)
and the data for Test 2 in Appendix 560 The core diameter of the
bar.was maintained at 9867 mm and the redistribution of force due to

the change in the length of the bar was calculated, according to the

method described in Appendix 5®

Part 2s These tests had been previously carried out in tests 3 and 4
of "Pin Offset" (Figure 60) O in these two tests the length of the

bar spanning the two carriages was 97 mm but the pins were unilaterally

displaced in each test®

Results_ofjDimensional Changes in the Fixator Bar

Series A

A slight increase in the vertical displacement at the fracture site
occurs as the core diambter of the threaded fixator bar is increased
from 9 mm to 15 mm. This is observed in all three models® Axial
rotation (X rotation) diminishes and a linear relationship is
observed between axial rotation and an increase in bar diameter (pages 206/7)
The additional weight of the bar due to the dimensional changes, iIncreases
the magnitude of the bending moments at the proximal end of the bar at
the bar/carriage junction (Appendix 588), and the torsion moments, which

are constant along the bar, are virtually unchanged®

From the values of bending moments derived by the Stress Program,

at the proximal end of the bar, the level of stress was calculated where
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Stress is found to diminish with an increase in the bar diameter

indicating an increase iIn stiffness* It is concluded that the slight
increase in vertical displacement at the fracture site with an. increase

in bar diameter is due to the increase in the magnitude of the torsional
moments(due to the increased weight of the bar)which act upon the

proximal set of pins* Angular deformation is increased in the pins (torque)

which results in magnification of the vertical’deflection at the fracture

site*

Since the torque in the bar does not chang-e an increase in the
polar second moments of area reduces angular deformation of the bar and
rotational stability at the fraxture is improved*

Series B

A comparison of the results from the three bar types, a solid rod
and two tubes (circular and square) demonstrated that maximum stability
is achieved by the use of a circular tube (pages 209/,10)* If however a smaller
solid rod with a core diameter of 9*67 mm is used a similar displacement
occurs* Rotational stability is improved with a large diameter (15mm) solid
rod and axial rotation at the fracture site is reduced to aminimum of
*280 and *430 in models 111 and 1V respectively* The Denham Bar appears
therefore to provide optimal stability for the configuration in which
it is used, although axial roatation may be reduced by replacing the
solid rod with a circular tube*

Series C

The tabulated results are presented in Appendix 507*f* and
graphically on pages .211-212* jn tests 1 and 2 the intervalbetween each

pin group (K™ remains constant, but the.inner two pins areangled in the latter
to/
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increase the length of the central section of bar* Diminished vertical
stability is demonstrated by the configuration in test 2, although
rotational stability is improved (Models Il and 111)* 1In tests 3 and 4
the bar length remains constant and the pins are parallel* In the four
configurations tested it is found that vertical displacement at the
fracture site is minimal if the interval between the inner pin of the

proximal group and the centre of the bar is reduced*

5* COMPRESSION

Alternative methods“of applying compression to the fracture site
have been reviewed iIn Chapter 2 Part D* Six methods are considered in
this work for their effect upon fracture site stability* A comparison
is then made with the displacements at the fracture site in the non- \*
compressed state* (Test 1 Figure £2.)* The co-ordinate system and -]

loading conditions without compression is represented by Model 3 which

is the basis for the five other tests*

Edge and Denham (1979/80 personal communication) utilize two
spring washers which are inserted between the locknuts and carriage
on either side of one carriage* The force required to fully compress
each spring is 1962 Newtons (200 kgs)* This was represented in Test 2
Figure : - by equal and opposite forces of 1962N axially applied along

the X axis of the distal carriage at joints 12 and 19*

The effect of a compressive mechanism within the bar was then
represented by two forces of equal magnitude but opposite direction
at joints 11 and 12 (Test 3" ~“Figure 62.)* Test 4 represents the appli-
cation of eccentric forces to the fixator column, by po.int loading of

each pin at 55 mm from the pin bone junctions (Test 4 Figure fc2)
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Each pin is loaded with a vertical force of 654 Newtons so that the
total force acting* upon each pin group is 1962N® In test 5 an axial
load of 1962N is applied to one end of each carriage at joints 5 and
19 and test 6 represents functional loading of the bone during partial
weight bearing® In this test an axial load of 367®38N is assumed to
represent partial body weight which is applied at joint 19 in the
negative X direction® The modified data for each test is listed in
-Appendix 5®6RE®

RESULTS of Compression Tests t—

The results of these tests are tabulated on page -216 (Table 3-77)
Triaxial motion occurred in test 4 with excessive axial displacement
and angulation of the distal fragment of bone® The results from tests
2, 3 and 5 indicate that slight approximation of the bone ends takes
place and the greatest axial displacement (X displacement) occurs in
test 5@ Slight lateral displacement (Z displacement) of the bone, distal
to the fracture site, occurs in tests 2 and 5 but this small amount of
movement would be undetectable clinically using conventional tests®
Axial rotation was minimal in all. but tests 4 and 6, but significant

bending* occurs in test 6 ( functional loading at partial body weight)®

It can be seen in tests 2,3 and 5 that axial displacement of the
distal section of bone occurs without any significant change in the
initial displacement (Y displacement), which results from the position
of the limb iIn space (i®® in these tests, straight leg raising)® A
fracture gap of 4 mm is assumed in these tests and the movement that
takes place, would not therefore be accompanied by“cont{%ct of ﬂTL”__V§
fragments® It is concluded therefore from these tests that compression

across the fracture site occurs if an initial gap of less than ®05 mm

is present®



TABLE S. 7

MODEL 30 COMPRESSION TESTS; RESULTS

TEST DISPLACEMENT ROTATION

X Y z X Y Z
1 0 88 0 .63° 0 2.29°
2 -.0121 -1.8942 - .0001 ;63° 0 2.29°
3 -.0107 -1.8942 0 .63° 0 2.29°
4 -9.0387 -1.8942 -3.67 .63° 9.5° 2.29°
5 -0350 -1.8942 - .0002 -63° 0 2.29°
6 3.54 1.0 * .0526 0 1.54° 0

, THE DIMENSIONAL CHANGES OF BONE

The derivation of data to represent the dimensions of the tibia
have been discussed in the design of models 3 and 40 Model 2 represents
a uniform section of bone and the effect of the dimensional changes

between models 2 and 3 will be discussed in Chapter Six.

70 CHANGES IN THE DIMENSIONAL ANDMELASTIC PROPERTIES OF ; BONE

External fixation tends to produce external bridging callus if
motion between the bone ends is permitted (see Chapter 2). A gap of,
4 mm was chosen and represents an unstable fracture which, in these

tests on the 3 base mdoels, was replaced by a section of callus.

Three series of tests were carried out on Models 2, 3 and 4 with

the following "types" of callus substituted in each seriesa



TYPE 1

External bridging callus with a cross-sectional area less than
normal bone, i*e« a thin callus shell*
TYPE 2

This type simulated the dimensions of normal intact bone which
is represented by Zone 11 of the base Models (See Appendix

TYPE 3

External bridging callus with a cross-sectional area greater than

normal bone, i*e* a thick callus shell*

Type 1 represents a thin callus shell which has an external
diameter (D) of 27*5 mm and an internal diameter (d) of 24*5 mm* The \
external diameter of type 3 represents a thick callus shell* This is
assumed to be 36 mm with an internal diameter of 27*5 mm (Figure 63

The input data for each callus type is listed in Appendix 5*6*F*

Each base file (Models 2, 3 and 4) was then modified by the
addition of an intact member, representing the section of callus,
between joints 9 and 15* Additional changes to the input data werb
made to the Member Incidences (each member is "identifiedl by the
adjacent joints) and the local Member Force for Member 26, the section
of callus (Appendix 5*6*F) The local member force for the 4 mm section
of bone was calculated from the unit weight of the leg section (see
Appendix 5. 4~ ) and found to be 0*26n % The assumption was made that
the proportion of the force exerted by the small section of callus was
considerably less than 0*26n * Any change in the total weight of the
section of leg due to a dimensional change of the callus was therefore
considered to be negligible, and-the local member force for member 26,

remained constant throughout all tests*
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The modified base files (described in the previous paragraph)
for each callus type, e*g* a thin callus shell, was then subjected to
analysis by a sequential percentage change in the values of the Elastic

Moduli from N s Normal bone to «01%N (Appendix 5*6*F)»

Three series of tests on healing bone were therefore carried out
each of which was represented by callus types 1, 2 and 3 (i*e* the three

callus dimensions)*

The dimensions of callus representing normal bone (type 2 callus)
(in Bone Model 2) were however substituted by the data describing in

"member properties'” for a uniform section of bone (see Apppendix 5*6*f)

The fundamental position of the limb simulated in these tests is
a straight leg raising activity with loading conditions similar to those
represented in the base models*
RESULTS from the analysis of a change in mechanical properties of callus
It can be seen from the tabulated results on pages 220-222 for the
three types of callus that slight deformation of the bar occurs when the
value of the elastic moduli are equivalent to that of normal bone*
This remains virtually unchanged until the value of healing bone is
approximately 1*0% of normal bone* -Between 1% and *1% the callus is
unable to adequately support the applied loads, with a consequent

reduction in stability at the fracture site*

The magnitude of the bending moment at the proximal end of the
bar (Joint 11) also changes in response to diminishing levels of healing
and corresponding fluctuations in the levels of strain (£'), detectable
in the bar, between 1% and fully healed bone are very small (Page 223)

Table S . 2.



RESULTS s SMALL CALLUS (TYPE 1) s VARIABLE ELASTIC MODULI
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RESULTS g DIMENSIONS OF CALLUS a NORMAL (TYPE 2) BONE g VARIABL

MODULI

(% N a Percentage of values for Normal E and G) o
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RESULTS s LARGE CALLUS (TYPE 3) ; VARIABLE ELASTIC MODULI

(N = Percentage of values for Normal E and G)
% N DISPLACEMENT ROTATION
MODEL  TEST X Y z X Y z
2 N 0 .0151 0 0 0
75 0 .0151 0 0 0]
50 0 .015 0 0 0
25 0] .015 0 0 0 .017
1 0 .0161 0 0 0 .03
cl 0] -0789 0 -057 0 42
001 0 -4005 0 .58 0 2.9
3 N 0 .0176 0 0 0
75 0 .0176 0 "0 0
50 0 .0176 0 0 0
25 0] .0177 0 -006 0 -.017
1 0 .0214 0 -006 0 -.04
cl 0 .0871 0 -063 0 -.43
col 0 .2848 0 -086 0 1.5
4 N 0 -.0143 0 0 0 0]
75 0 -.0142 0 0 0 0
50 0 -.0143 0 0 0 -.006
25 0 -.0145 0 0 0 -.006
lo 0 -.0194 0 .006 0 -.069
cl 0 -.0622 0 .034 0 -.56
.01 0 -.3473 0 .075 0 2.24



223

TABLE
LEVELS OF STRAIN IN THE FIXATOR BAR
LEVEL OF
MODEL  HEALING M (TYPE 1) £ M (TYPE2) t M (TYPE 3) £
2 Fracture 3888 209 3888 209 3888 209
*01 2963 159 2779 149 1361 73
*1 1545 83 1371 74 258 13*9
1*0 359 19 308" 16 168 9*1
25 107 6 104 5*6 97 4*7
75 99 573 98 4*7 96 4*7
Healed 98 5*3 98 4*7 97 4*7
3 Fracture 3874 208 3874 208 3874 208
*01 2971 . 160 2783 150 2081 112
1, 1577 85 804 43 279 15*0
1*0" 372 20 352 19 e« i8i <« =9'8
25 122 6*5 121 6*5 113 6*1
75 114 6*1 114 6*1 110 6*0
Healed 113 6*0 113 6*0 110 6*0
Fracture 5595 300 5595 300 5595 300
*01 4397 237 4106 221 3058 164
*1 2320 125 2212 119 858 46
O 545 29 516 28 236 13
25 170 9*16 169 9*1 156 8*4
75 159 8L 158 8*5 154 8*3
Healed 158 157 8*4 154 8*3
= Bending Moment N/mm
s microstrain (Bar joint 11)
type 1 = thin callus shell
type 2 = "normal" bone

type 3 = thick callus shell
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PREDICTED LEVELS OF MICROSTRAIN WITH CALLUS OF VARYING DIMENSIONS



TiHlis trend is observed iIn the three base models but the magnitude
of the bending moments and the level of strain are slightly higher in
model 4* 1t is also seen from the graphical presentation of this data
(pages -224/5} that levels of strain are smaller for type 3 callus, which
represents prolific external bridging callus* For a given level of healing
i*e* *01% of normal an average fluctuation of 67/ugin the level of strain
between callus types 1 and 3 is observed* This is determined from the

individual fluctuations occurring in models 2, 3 and 4*

It is concluded from this study of callus that vertical displacement
of the fracture in the early stages of healing may be related to the
levels of strain in the fixator bar* The level of strain however decays
exponentially and changes in the level of strain are minimal between 1%
and 100% of fully healed bone* From the data (presented in Chapter 2
Part A) for the Young’s modulus of fibrocartilage and wet hyaline
cartilage these values may be expressed as *3% and 2% of the value for
fully healed bone respectively* It is suggested therefore that absolute
levels of mechanical stability in healing bone may not be determined by
strain related potentials in the bar during the intermediary and later

stages of healing*

8% FUNCTIONAL LOADING OF THEJLXMB

Two series of tests were conducted on (1) A fractured limb and

(@ Intact bone*

(D A fractured limb

Four tests were conducted on each base model to represent the
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following;
A o Straight leg raising g This position is represented by the fundamental
position of each base model*
B* Standing on the fractured limb with partial body weight. (BW/z.s 367*8N)*
,C* Side lying with the fractured leg abducted and. the bar in the ~ . , ®
dependent position* “
D* High sitting with non~-weight healing of. the fractured limb* ‘%
The modification of: data for position B and D was carried out by
a change in the loading conditions and the direction of loading* In
position B, the force exerted by the Bar and Carriage sections is due
to their own weight acting in the positive X direction* A ground re-
action force equal to half body weight (367*8N) is applied at joint 22
in the negative X direction (Figure £4)* Co-ordinate changes were made for
position C (Appendix 5*6*g»)
In position D the force due to weight of the distal limb section
and Bar (F2) are presumed to be acting in the positive X direction*
The change in limb orientation represented by position C is carried
out by a change in the alignment of the pins so that the pin/carriage
joints are located vertically along the negative Y axis (see Appendix
5*6*g)™
RESULTS from a change in Limb Position {-
The results of these tests are presented graphically on pages 229-230
and tabulated in Appendix 5*7*H* Minimal motion between the bone ends
takes place when the limb is, in the dependent position or alternatively
when the fractured leg is abducted and the patient turns towards the
unaffected side* Similar patterns are observed in all 3 models* It
is seen that maximum displacement and rotation occurs during standing (position
B)

(see page 229 )* It can however bevseen from the tabulated data in

Appendix 5*7*h that slight separation of the fracture site occurs in
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side lying and high sitting (X displacement in the positive direction)
so that the fracture gap in side lying for example is increased from

4 mm to 4.2 nn Iin Model 3 and 4.3 mm in Model 4.

8. (2) .FUNCTIONAL LOADING OF JINTACT BONE \

Intact bone with the fixator attached is subjected to loading
firstly in tension then in compression. These two tests are conducted
on three base models (2, 3 and 4) in v/hich the fracture gap is replaced
by a section of callus. The dimensions of the callus are represented
by zone two (Appendix 5.5). -

a) Tension

The leg is assumed to be in the dependent position and the loading
conditions are similar to the tests on a fractured limb (Figure
in a similar position.

b) Compression

This test issimilar to the compressiveloading of thefractured
limb (see Appendix 5.6.E Test 6) in whichanaxialcompressive load is

applied through the bone (representing* partial weight bearing).

A series of tests is then conducted for each loading mode
(compression + tension) and the values of,the elastic modulii (E and G)
are reduced from 100 per cent to 25 per cent of the values for normal
bone. The data modification of the base files (Models 2, 3 and 4) may
be found in the Appendices as follows;

Member Forces Appendix 506.9.
Elastic Moduli Appendix 5.6.F

The Callus Appendix 5.6.h



From the results tabulated on pages®233-234it is seen that axial dis-
placement in normal bone in tension or compression (due to loading
equivalent to partial body weight) is very small (Table .-9/10 pages 233/4)
The magnitude of the movement is unaffected by a change in the level
healing (in the later stages) or the fracture site location* From a
comparison of these results with the data obtained from the bending of
healing bone (page 221)the vertical displacement from anterio-posterior
bending is greater than the displacement that occurs when the bone is
loaded axially* The magnitude of these displacements during the later
stages of healing is however independent of the fracture site location
and it is seen that a change does not occur during these later stages

(25% to 100% of normal bone)*

9* SITE OF THE FRACTURE

The base models (3 and 4) were designed to represent two alternative
locations for an unstable fracture* In model 3 a 4 mm fracture gap is
located at 272-276 mm from the proximal end of the bone and a similar

gap is located, again from the proximal end, at 207-211 mm, for Model 4*

It is found from all the tests carried out that the magnitude of
vertical displacement in an unstable fracture is consistently larger in
a fracture located in the middle of the leg (22*5%) than a similar
fracture located more distally* The patterns of motion (i*e* displacements,
axial rotation and angulation of the bone distal to the fracture site)
are however similar* It is therefore concluded that the magnitude of
motion is proportional to the location of the fracture site from the

distal end of the bone*



TABLE 57 Q .

RESULTS OF CHANGE IN FRACTURE SITE MOTION DUE TO AXIAL LOADING OF THE
CALLUS

TEST DISPLACEMENT ROTATION (Degrees)
MODEL %N X Y X Y Z
N ,0002 00005
75 0 *0009
50 ,0005 *0008
25 ,0010 *0009
N ,0002 ,0005 0 0
75 ,0002 ,0005 0 0
50 ,0003 ,0005 0 0
25 ,0007 ,0005 0 "0
N ,0002 ,0004
75 ,0002 ,0004
50 >0004 ,0004
25 ,0007 ,0004

Applied Force Partial Body Weight + Weight of Bar

N. = Normal Bone %N = % Reduction in Values for E + &,



TABLE 5 ,/0.

RESULTS FROM APPLICATION OF TENSION TO THE CALLUS

TEST DISPLACEMENT ROTATION (Degrees)

MODEL %N X Y Z X Y Z
2 N 0 0 0000"s 0 0 0
75 0 0 *0009 0 0 0

50 0 0 *0008 0 0] 0

25 0 0 *0008 0 0 0

3 N 0 0 *0006 0 0 0
75 0 0 *0006 0 0 0

50 0] 0 *0005 0 0 0

25 0] 0 *0006 0 0 0

4 N 0 0 *0003 0 0 0
75 0 0] *0003 0 0 0

50 0] 0 *0003 0 0 0

5 0 0 *0003 0 0 0

Applied Force = Weight of leg below Fracture Site + Weight of the External

Fixator*



CHAPTER SIXg DISCUSSION AND FURTHER WORK

The experimental and analytical work suggest that strain related
potentials cannot be detected by the bar when the tibia is fully healed
or in the later stages of healing (i.e. between 15% - 100% of normal
bone strength). The lower limit of healing at which the exponential
declining levels of strain are indetectable is found to be lower than
the predicted value suggested by Burny (see Chapter 2 Part D). As
healing progresses the relative motion between the bone ends at the
fracture diminishes and the single-3ided fixator becomes a redundant
structure. The tibia therefore becomes the principal load-bearing
member. Since there is no data for the elastic properties of callus
an estimation of these values can only be made. Assuming a mean value
of 25 GN/m2 for human tibial cortical bone then cartilage represents

1% of this value and fibro-cartilage 1% (see Chapter 2).

Cartilage and fibrocartilage are not clearly visible radiologically
and it is the clinical practice to remove the bar when radiological
evidence of callus formation is evident, i.e. the deposition of osseous
material. It is assumed therefore that the bar which becomes redundant
at this stage (between 1% - 15% of healing) may be removed and graduated

activity begun.

The mechanical tests of stability (SeetChapter 2) used in clinical
practice do not however define the absolute limits of bone strength at
this stage. The need therefore arises for clinical measurements of
loads transmitted by the lower leg during the resumption of normal activity
i.e. partial weight bearing with a walking aid (crutches or stick) to

full weight bearing.



From the analysis using the Prime Stress Program the changes in
the level of strain associated with healing bone between o-: and :% of
normal values, are small and the magnitude of fracture site motion and
consequent changes in the level of detectable strain in the bar are low*
This is found to be true for any spatial orientation of the limb* This
suggests that a-clear distinction between cartilage and fibrocartilage
cannot be determined from the instrumented fixator* Furthermore this
trend is observed from the three dimensions of callus that were examined*
It is observed however that maximum stability is provided by the largest
callus* The mechanical advantages of a large callus was observed by
Charnley (1970) but it is- found from this study that this advantage is
most apparent in the very early stage of healing* The conclusion is
drawn therefore that the dimensions of callus are less significant for
fractures immobilized by external fixations, in the later stages of
healing, than a chang® in the elastic properties of callus* It is also
found that the dimensional variations of bone do not contribute to the

overall rigidity of the bone fixator system*

The deflection at the fracture site and the levels of strain obtained
experimentally from the bending tests were lower than predicted values
(Model 1)* This discrepancy is thought to be due to the assumptions
that were made about the Modulus of Elasticity for the carriage sections
(i.e. for aluminium). The peak strain for a maximum "Physiological"
load of 2*72 Kg did not exceed 200 microstrain* Non-linearity and
hysteresis is demonstrated (below 40 micro strain) in these tests and
in the calibration of the bar* Furthermore the specification of the
Vishay recording instruments suggests that reliability is not obtained
below 80 micro strain* The practical problems associated with direct

bonding of strain gauges to the bar, limits the clinical application-of



this technique and any device placed in situ at the timeof operation
requires sterilization during which mechanical, chemical or thermal

damage may be sustained*

The calculated fracture site deflection obtained using Strain
Energy techniques were comparable (within s%) with the deflection
obtained using the STRESS program* Itis found that an unstable fracture
located in the distalthird of the legwill displace vertically with a
mean value of 1*8 mm during a straight leg raising activity* For a more
proximally located fracture the magnitude of the bending and torsion
moments is increased with a corresponding increase in motion at the
fracture site* For any given configuration of fixator and transfixing
pins at the two fracture levels, the displacement at the fracture site

is proportional to its [location from the distal end*

Other factors which it is found contribute to the lossof vertical
stability (tested analytically during a straight leg raising activity)
are a reduction in pin diameter, an increase in pin length, an iIncrease
in;

a) the weight ofthe bar

b) the offset ofthe proximal setof pins from the fracture site

c) the mass of leg distal-to the fracture site (e*g* oedema)*

Stability is also reduced if the spacing between the pins is reduced,
particularly at the junction with the carriages* An axial displacement
of 3*5 mm and 1*5° of bending occurs when the bone is axially loaded
by partial body weight* This does not assume however any eccentricity
of applied load which will occur (see Chapter 2 Part B) in vivo* It

is likely therefore that bending at the fracture site would be in excess

of 1*5°*
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The most significant of the factors defined in the previous paragraphare
found to be pin diameter and length, which substantiates the findings
of Evans et al (1979). A non-linear relationship is observed between
motion and either of these two variables, and it is concluded that
absolute rigid fixation cannot be achieved by an increase in pin diameter
or conversely a reduction in pin length. The minimal length of pin is
determined by the presence of any soft tissue intervening between the
bar and bone together with the need to carry out any local nursing care

of compound fractures.

Ansell and Scales (196.8) demonstrated the minimal loss of bone
strength by the use of small diameter screws (less than 3 mm) but stability
at the fracture site (with external Ffixation) is enhanced considerably
by the use of large diameter pins. It is suggested that for any given
fracture site, vertical displacement of less than 1 mm can be obtained
by the use of pins with a core diameter no less than 4,5 mm, This
should however be weighted against the loss of bone strength and the*®
local increase In stress at the pin holes. Rotational stability is
considerably improved (reduced to 25 ) by an increase in bar diameter \Y;
but this iIs counteracted by an increase in the vertical displacement,V ;<‘V
which, it is suggested is due to the additional bending moments created "

by an increase in the mass of the bar.

A marked increase in motion occurs with axial loading of an unstable
fracture and it has been observed clinically that premature weight
bearing causes bending of the pins, pin loosening and pin tract infections
(see Chapter 2 Part D). It has been demonstrated however that intermittent
compressive loading in the early stages of healing promotes the formation

of external bridging callus (see Chapter 2 Part C). From the author’s



work 1it, is suggested that the magnitude of the compressive force across
the fracture site is dependant upon apposition of bone ends by callus

or early repair tissue, ioeo the resistance of healing bone to deformation
(E) compressive techniques used and the effects of muscle contraction*
Current methods of applying compression are static, i*e* the compressive
force is sustained or increased with the passage of time rather than

controlled intermittent loading*

In a six pin configuration the most stable alignment is found with
parallel coplanar pins with vertical alignment of the middle pin (of
each pin group) between the bar and bone* The maximal spacing between
each pin is determined by the length of the carriage section* It is
also found that the wide spacing at the carriage section is more signi-
ficant than at the bone* Rotational stability (about the long axis of
the bone) is unchanged for any of the six configurations examined* In

this work, however, the effect of biplanar pin orientation was not

exaihined*

The motion at the fracture site is found to be dependant upon the
relative position of the limb and fixator in space* of the three
functional positions examined minimal stability occurs during a straight
leg raise activity (prone or supine)* In this position the fracture
deflects 1*89 mm (for a distally located.fracture) which is reduced to
less than *25 mm when the limb is in the abducted position with the
patient lying on the unaffected site* This observation is based upon
the assumption that the long axis of the bar and bone are in the same
vertical plane and parallel to the floor* Slight distr?iation (less
than *25 mm) at the fracture site occurs when the "high-sitting” position

is assumed.



The contribution of bone deflection to overall deflection is found
to be very small (*015 mm) and total deflection in a fractured model

did not exceed 4 mm in response to the mamipulation of a single variable*

The rigidity or stability of a fracture immobilized by external
fixator is therefore dependant upon the fixator configuration, compressive

technique and the functional use of the limb*~”

Further work -

1* Determine analytically the forces exerted by contracting muscle
and their effect upon fracture site motion in a limb supported by

external fixation*

2. The development of a compression device with an integral force

transducer *

3* Analysis of the forces transmitted across the fracture site by the

various compressive devices*

4* The transfixing pins used in external fixation provide radiographic
markers® It is suggested that the photogrammetrie method, described

in Chapter 2 might be applied to the assessment of fracture healing®

59 A series of clinical trials based upon the development of a graduated
exercise program to determine the limits of activity and control of
motion in healing bone® These programs could incorporate the use of

- FORCE plates, a pedobarograph or pressure sensitive insoles to determine

the limits of weight bearing*
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s * A retrospective radiological study to determine the dimensions of

external bridging callus*
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APPENDIX 3.1.1

DIMENSIONAL AND LOADING DATA USED IN THE ANALYSIS OF FRACTURE SITE

MOTION

L = length of Fixator Bar between Carriages = .08 m

m/Zunit s Fixator Bar = .0012N

1 = distance betweencentre of fracture site and the pin = .045 m
L s distance betweeneach pin axis sz .018 m
L* = length of distal part of leg and foot 33.176 m
L s length of distal part of leg =z ,146 m
C = length of pins from central axis of bone to centralaxis
r

of fixator bar = .057 m
w/unit 3 distal part of leg 3 .062N
F = Tforce due to mass of the foot =2 9.81IN

s distance between end of carriage and inner pin s.005 m

I pin = 9 n?
J pin - .78 h?
I Bar = 2.8 '"n

E of Stainless Steel = 200 GN/M

Force exerted by 1 carriage section = 2_.8N



APPENDIX 3.1.2

RESULTS FROM THE ANALYSIS OF FRACTURE SITE MOTION

EQUATION SOLVING FOR; b RESULTS
31 F 1*27
32 U .01189 RADS
30 Y -.000127
\ . 4
27 F’\C -7.49
29 T .429
c
M= 3.8 Nm
18 Y -9.2%"4
17 0 *035
20 \Y -0033
28 Me 597 *
Yo 8.7~5
16 = 0 -.0068 RADS
Y4b .00375
02 .046
NOTE; M = acting about pin 1.

Results in Nm and metres



APPENDIX 3.2

DATA FOR THE ANALYSIS OF HEALING BONE

1j pins
E pins
E BAR

I BAR
Al BAR
a

b

F

M

Eq

= 6.9 x 10~9 M4
= 200 x 10% oN/M?
= 200 x 109 GN/M2
= 4.3 x 10 Oy?
s .0003 M2

= 57 nn

ss 63 Dim

PARTIAL BODY WEIGHT = 363N

3.1 NM

= 1.2 x 10"8 M4

s 25 x 109 GN/M2



APPENDIX 4.1*1 : Torsion Test 1 s Calibration of the Bar

(Temperature 20°C)

an D N ) Displace- Revs* GAUGES Microstrain
Load ~ Ment 3 4 2 1 7 9
0] b 0 0 0 0 0 0 0
40 *73 0 0 0 0 0 + 14 + 15
80 1 0 0 + 8 1 0 + 27 + 28
120 1*23 0 + 3 + 8 + 2 + 4 + 41 + 43
160 1*5 0 + 3 + 12 + 1 -+ 5 + 56 + 57
200 lo7 0 -5 + 10 -7 -4 + 63 + 70
240 1*98 0 -4 + 16 -7 -4 + 76 + 80
280 2*2 0 =* - 14 + 6 - 19 - 12 + 75 + 90
320 2*41 0 52 - 52 - 58 - 48 + 32 + 52
360 2*69 0 - 47 - 45 - 62 -5 + 64 + 67
400 2*9 0 - 46 - 38 - 60 - 43 + 77 + 88
440 3*11 0 - 42 - 42 - 47 - 46 + 93 + 97
480 3*4 0 - 40 - 38 - 52 - 38 + 115 + 131
520 3*65 0 - 30 - 28 - 43 - 32 + 129 + 146
560 3*9 - 28 - 28 - 40 - 25 + 150 + 168
600 4*11 - 28 - 28 - 38 - 24 + 163 + 168
640 4*39 0 - 26 - 26 - 28 - 28 + 175 + 182
680 4*59 - 26 - 32 - 28 - 28 + 188 + 196
720 4*81 - 25 - 25 - 27 - 27 + 204 + 214
740 5*00 - 23 - 34 - 25 - 24 + 208 + 218
780 5*29 0 - 22 - 32 - 23 - 23 + 245 + 235
820 5*5 0 - 29 - 36 - 20 - 19 + 238 + 249
860 5*%8 - 18 - 38 - 17 - 15 + 255" + 266
900 6*2 1 - 16 - 28 -116 - 14 266 278
800 5*61 - 16 - 30 - 16 - 15 + 335 243
720 4*99 - 28 - 33 - 17 - 17 + 218 228
620 4*4 - 19 - 33 - 16 - 18 + 181 + 190
520 3*78 - 18 34 15 19 + 149 + 156
420 3*25 - 21 - 32 - 14 f'?% + 128 + 124
;320 2*6 - 18 - 25 -1 320 + 90 + 94
220 - 20 - 18 - 10 - 23 + 58 + 60
120 1*43 - 20 - 15 - 10 - 23 + 27 + 26



APPENDIX 4.1.1 s Torsion Test 2 # Calibration of the Bar

(Temperature 20°C)

(mm DAN” Displace- Revs. GAUGES Microstrain
3v 4 2 1 7 9
0 5 0 0 0 0 0 0 0

40 9 0 - 6 - 8 - 6 - 6 4 17 4 17
80 1.14 0 - 6 - 7 - 6 - 5 4 26 4 26
120 1.4 0 - 4 - 8 - 5 - 4 4 40 4 4
160 1.6 0 - 4 - 8 - 5 - 2 4 52 4 54
200 1.87 0 - 3 - 10 - 5 - 4 4 66 4 s
240 2.11 0 - - - 5 4 5 4 80 4 83
280 2.35 0 + 5 - - 5 4 s 4 90 4 96
320 2.58 0 4 5 4 5 + 2 4 4 104 4 112
360 2.82 0 4 6 - 5 - 4 4 7 4 116 4 125
400 3.8 0 + s 4 4 4. 2 4 s 4 128 4 138
440 3.31 0 4 3 8 + 4 s 4 141 4 152
480 3.55 0 4 s - oF - 4 "4 4 155 4 165
520 3.78 0 4 s - 5 + 2 4 12 4 168 4 177
560 4.1 0 4 s 4 4 4 2 4 12 4 180 4 192
600 4.38 .0 4 s 4 3 4 4 12 4 193 4 205
640 4.5 0 4 s 4 5 + 2 4 14 4 206 4 218
680 4.74 0 4 9 4 3 4 4 14 4 217 4 231
720 4.99 0 4 1o 4 s 4 4 15 4231 4241
760 5.22 0 4 10 4 4 4 2 4 16 4 244 4 258
800 5.47 0 Vi N & 3 4 4 16 4 252 4 276
840 5.69 0 4 10 - 6 4 2 4 17 4 268 4 283
860 5.59 0 + 12 - 10 4 3 4 20 4 278 4 294
900 6.2 1 4 12 - 9 4 3 4 20 4 293 4 310
800 5.49 0 4 11 - 12 4 4 4 18 4 254 4 277
720 5,1 0 4 9 - 21 4 4 4 16 4 231 4 252
620 4044 0 4 11 - 23 4 4 4 16 4 201 4 221
520 3.81 0 4 7 - 28 4 4 4 16 4 169 4 186
420 3.38 0 4 s - 26 4 4 4 12 4 140 4 158
320 2.68 0 4 s - 20 4 5 4 10 4 108 4 12
220 2.8 0 4 15 - 13 4 5 4 1o 4 78 4  ss
120 7 4 5 4 3 4 s 4 6 4 23 4 26
0 0 0 4 5 + 7 3 3 16 12



APPENDIX 4Clol 2 Torsion Test 3 s Calibration of the Bar

(Temperature 20°C)

~mm D”n"). Displace- Revso GAUGES Microstrain
[oa:j ment 3 4 2 1
0 *2 0 0 0 0 0 0 0

40 96 0 3 -1 3 + 5 ft 12 ft 12
82 08 0 ft 3 ft 2 + 4 ft 28 + 28
120 lol 0 ft 4 - 3 + 5 ft 42 ft 43
162 1®38 0 - 2 - - 5 + 4 ft 56 + 56
200 185 0 ft 4 - 13 - 5 + 5 ft 65 ft 65
240 1*71 0 + 5 ft 23 0 + 6 Tt 78 ft 80
280 0 ft 5 ft 33 0 + 7 1t 92 ft 106
320 2 e2 0 ~ 5 - 3 - 5 + 7 ft 102 ft 108
360 2®43 0 6 14 - 5 + 8 ft 115 ft 115
400 0 ft 10 - 13 ft 5 + 15 ft 132 ft 131
440 2095 0 ft 12 ft 16 ft 5 + .14 1t 148 1t 148
480 3d9 0 + 12 - 27 + 5 + 15 ft 160 ft 160
520 34 0 9 - 30 ft 3 + 14 ft 168 ft 168
560 3062 o . + 9 ft 10 - 4 + 14 ft 180 ft 178
600 858 0 ft 15 - 15 - 5 + 17 ft 195 ft 181
640 4®15 0 + 15 ft 3 + 17 + 20 ft 213 1t 201
680 4®4 1 ft 18 + 36 + 10 + 22 ft 226 ft 214
720 40 0 ft 18 ft 63 + 8 + 23 ft 239 ft 228
760 4079 0 ft 22 + 40 + 12 + 28 1t 250 ft 240
800 5009 0 ft 23 ft 4 + 12 + 27 ft 235 ft 266
840 503 0 ft 24 ft 13 + 14 + 30 ft 278 ft 248
880 5066 0 ft 24 ft 5 + 13 + 31 + 291" f 221
920 5078 0 ft 23 - 30 + 13 + 29 ft 301 ft 231
820 5018 0 ft 22 - 30 + 12 + 28 ft 270 ft 180
720 4068 0 ft21 - 38 + 14 + 28 1t 248 ft 150
620 4000 0 ft 20 - 46 13 + 25 1t 208 ft 120
520 - 302 0 ft 20 - 58 + 13 + 24 f180 ft 90
420 2c83 0 1t 20 - 58 + 14 ft 22 ft 149 4 52
320 2821 0 ft 17 ~ 78 + 14 ft 20 ft 116 ft "18
220 1®62 0 ft 18 - 51 + 15 ft 18 ft 86 =« - 25
120 ®35 0 ft 16 - 32 + 16 ft 18 ft 56 - 61
0 0 0] ft 16 ft 11 + 18 ft 18 ft 20 94



APPENDIX 4*101 s Torsion Test 4 s Calibration of the Bar

(Temperature 20°C)

40
100
130
160
200
240
280
320
360
440
480
520
560
600
640
680
720
760
800
840
880
920
820
720
620
520

320
220
120

®B5

*55

095
1*2
1*32
1*61
109
20
2*51
2*58
209
3*18
3*4
3*62
3*85
4*15
4 49
4*59
4*8
5*99
5*3
5*55
5*78
5*15
406
4*0
3*45
2085
2@®5
165

O O O O O 0O O O O 0O OO OO0 OO0 OO OO0 OO o 0o oo o o o o o

+

+ o+ o+ o+

R 0 g w W b

=
W o N ~N~NO O ~ o0 o o

o o0 o0 N o o0 N o O

=
N

GAUGES
4

16 -
16 -
16 -
15 -
22 -
28 -
33 -

20 -
16 -

Microstrain
2 i
0 0
2 + 2
16 - 2
5 + 4
6 - 1
5 + 5
8 6
5 + 5
6 + 6
7 7
6 + 7
6 + 8
8 8
7 9
8 + 9
C6 4+ 11
+ 12
+ 15
15 + 15
8 15
9 + 15
6 16
6 16
6 + 14
5 + 12
8 + 10
7 + 9
9 vV 6
30 + 6
6 + 4
-0 — 4
6 - 6

7, 9

0 0
+ 16 + 16,
+ 34 me:638
frt 49" + B2
+ 56 + 59
+ 70 + 73
+ 84 + 90
+ 94 98
+ 108 114
120 + 126
+ 135 + 145
+ 152 160
+ 163 &+ 177
+ 175 + 190
185 + 201
+ 201 + 216
4214  + 225
227 + 226
238 + 249
+ 252 263
+ 263 + 272
+ 275 + 283
286 275
+ 254  +"242
+ 225 + 201
+ 193 + 168
+ 165 + 135
+ 133 + 104
+ 100 86
+ 72+ 2
+ 12 66

- 6 - 7 6



APPENDIX 4.2.1 % Tension Test 1 (Houndsfield) s Calibration

Load 14,

20

40

60

80
100
120
140
160
180
200
220
240
260
280
300
260
220
180
140
100

60

20

A M DD MDD MDD DM DM MBS DdDDPHE DDA DM DD

g
18
25
34
42
48
56

70
77

92
101
109
114

N N - - T S U R SN R - . - T N - S S S

GAUGE

10 4 17

17 4 35
100 4 53
183 4 70
142 4 87
185 4 102
235 4 121
234 4 140
272 4 156
301 4 174
327 4 195
338 4 210
361 4 227
433 4 240
427 4 257
390 4 228
330 4 188
248 4 154
304 4 120
503 4 84
603 4 50
520 4 6
152 - 18

NUMBERS

S N N N Y N N Y N N N N N N N N Y

10
20
33

57
64
73
84
93

103

126
138
148
160
136
106
86
67
46
25

13

A N M MM M M M M D

S N N N N N O

IN

of the Bar

0 o o O N

10
14
16
20
23
28
32
37
38

35
24
e 74
10

o b~ 01 W

N N N . > T S > T SN e S N I N = = T - R T~ N

10
17
22

& 8 X

53
61
69
117
124
135
140
128
112
98
88
73

& R



APPENDIX 4,2*1 & Tension Test 2 (Houndsfield) s calibration of the Bar

Load Kg,

20

40

60

80
100
120
140
160
180
200
220
240
260
280
300
260
220
180
140
100

60

20

18
27
35

53
60
68
77
85
92
ft 101
ft 110
ft 120

ARAARARARRTRARPA P

A

76
58
42
25

A AR R

A

GAUGE

4 2
ft 23 + 44
ft 38 ft 61
ft 48 ft 77
ft 46 ft 92
ft 35 + 108
- 8 ft 125
- 8 + 142
ft 4 1t 158
ft 50 + 174
ft 82 + 90
ft 117 + 207
ft 153 + 222
ft 182 + 240
ft 218 + 256
ft 252 ft 272
1t 207 + 234
ft 172 + 198
ft 135 ft 167
ft 96 + 133
ft 13 + 100
- 67 ft 67
- 112 + 25
- 35 4

NUMBERS

1

15
22
30
38
48
57
68
77
88
96
ft 108
ft 120
ft 134
ft 144
ft 154
+ 127
ft 102

rRRRPRPRPPAPR AR

=

=
&

65
47
28

B AR

N L EEEEEEE Y RN

10
13
16
20
24
28
32

& &% 888

40
32

.24

17
10

ARAARPARARRARPRPRARRP



APPENDIX 4.2.1 s Tension Test 3 (Houndsfield) s Calibration of the Bar

Load Kg\

20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
264
220
180
1.140
100
60
20

S N N N N Y N N N N N N N N N N N O N N N N

10
20
38
38
45
56

73
78
87
95
105
114
124
131
108
88
71
50
36
25

13

A DD DM b

N T N N N T T - Y S S - S

GAUGE

4 2
20 4 20
38 4 37
44 4 54
37 4 70
4 88
4 106
4 120
17 4 139
58 4 153
93 4 170
126 4 187
194 4 204
205 4 220
258 4 235
274 4 250
248 4 214
208 4 180
177 4 149
128 4 107
97 4 83
14 4 58
25 4 15
190 34

NUMBERS

A DD DDA DDA DMDDPdPD

*

R N TR R R

1

15
24
"34

8L

84
95
105
117
127
142
154
123
98
80

a4
29

10

A A MDD DDA DD DAEDNDDNDDdMDDDDDMSPADMPDPPA

16

12
16
20
23
28
32

& R & 8

55
55
58
48
38
31
22
14
10

1 N N N N N N N Y N N N N N N O N N O N

15
22
29
36

51

62
70
76

90
94
100
95
72
60

34
23

0o



APPENDIX 4,2*1* s Tension Test 4 (Houndsfield) s Calibration of the Bar

>ed Kg*

20

40

60

80
100
120
140
160
180
200
220
240
260
280
300
260
220
180
140
100

60

20

GAUGE

4

20
26
22
90
86
- 60

58
- 10
ft 23
ft 73
ft 98
ft 133
ft 183
ft 275
ft 287
ft 248
1t 210
ft 176
ft 140
ft 80
ft 88
- 104
ft 16

AR A AR

2

20
36
54
72
88
+ 104
ft 120
ft 136
ft 152
ft 170
ft 188
+ 203
+ 220
ft 235
+ 257
+ 214
+ 180
ft 150
+ 117
ft 82
+ 50

BBt

R

NUM®G EH S

1

14
22
31
40
52
60
72
80
92
ft 102
ft 114
ft 126
ft 140
ft 150
ft 122
ft 100
ft 80
ft 58
nft 40
ft 23

ARAPARRRPAPAR

=

-~ 10

ARARPAPARRPAPPARAAPAARRARPRPARARARARRR R A

10
16
18
22
28
32
34
38
a2

& £ 8

66
38
32
24
16
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APPENDIX 4*30l s Compression Tests g Intact Bone Model + Denham Bar

GAUGE NUMBERS  (MICROSTRAIN)

Load Kgo Test NoO | 2 4 3 7 9
37 1 0 + 5 - 0 + 3
0 -3 + 5 0 0
37 2 0 + 5 - 4 1
0 -5 + 3 0 0
37 3 -3 + 4 -3 0
0 -5 + 3 -3 -3
75 1 -5 0 -3 -3
0 -5 + 5 -3 -3
75 2 -3 -3 -3 0
0 -4 + 3 -3 0
75 3 -1 0 0 0
-0 -4 + 3 0 0
112 ! -5 0 0 0
0 -5 + 5 -3 0
112 2 -3 0 0 0
0 -5 + 5 + 4 -5
112 3 -3 + 4 0 0
0 -5 + 6 ~ 4 0
150 1 -5 -3 -4 -2
0 -3 -3 -5 + 2
150 2 -5 -4 -4 0
0 -5 -1 -5 -9
150 3 -5 -5 -5 -9
0 - -5 -5 s +57
225 ! -4 -5 -5 +55
0 -4 -1 -5 +56
225 2 -4 -5 0 -5
0 + 2 -4 -4 -4
225 3 + 4 -9 + 3 -6
0 0 -4 -4 -4
225 -~ 4 + 5 - 8 +16 -5
0 0 -2 * -4 .2
300 1 + 4 -8 + 4 6
0 0 -4 -4 -4



Appendix 4030i continued
Load Kg.- Test No. 1
300 2 +4
0 0
300 3 +4
0 0
375 1 0
0 + 3
375 2 a3
0 0
375 3 .0
0 +3

2

w o MO A 0 b 0O 01 ©

4

3

A O W O o0 O

> 0w oo

GAUGE NUMBERS (MICROSTRAIN)

7



APPENDIX 4,,3®2 g Bending g Intact Bone

TEST .
Load

6 G
806
1o 06
12 06
14,6
1606
17 o6
1406
12 06
1006

8 06

TEST 3

606

1o 06
12 06
1406
1606 =
17 s
14<,6
12 06

10 06

+ o+ o+ o+

+

+

GAUGE NUMBER

1

14
12
23
22
15
22
5

0

14

o o0 00N o NN o b~ oe

IN)

+ o+ o+ o+

+

2

+

+ 4+ + + o+

+

+

+ 4+ 4+ + + + o+ o+ o+ o+ o+

+

TEST 2

Fixator
(microstrain)
9 1

7 + 18
23 + 18
18 14
22 - 12
15 - 9
24 - 9
22 - 7
Lo - 9

8 - 16

8 - 14

8 + 7
35 + 6
35 - 46

3
15
13
12
L
12
12
13
13
13
13 )
18

22
23

20

42

3

19

GAUGE NUMBER

9

35
36

24
26
31
35
34

60
60



APPENDIX 4.4.1 sBending -

Position Prone

TORSION GAUGES
Load Kg.- 7 . 8 9
9 -1 4 35 - 42
1.8 - 6 4 67 - 78
2.72 4 8 4 98 - 116
1.8 4 6 4 67 - 80
<9 4 3 4 3B - 43
0 5 - 5 5
Right Side Lying
TORSION GAUGES
Load I1Qg. 7 8 9
9 6 4 8 - 8
1.8 4 10 4 14 - 13
2.72 4 14 4 18 - 18
1.8 - 7 4 12 - 12
o - 11 4 16 - 30
0 - 14 4 5 - 25
Left Side Lying
.9 - 18 - 24 - 7
i.8 -20 -3 "4 8
2.72 - 22 - 40 4 17
1.8 - 20 - 34 4
9 - 19 - 24 -
0 - 6 - 6 -

fractured bone model

N )

14
20
15

and fixator

(microstrain)
10 1 2
1 - 17 53
7. - 28 - 99
10C - 43 - 146
- 29 - 99
- 18 - 55
6 6

(microstrain)

10 1 2
9 4 58 12
4 110 18
4 164 - 26
4 112 20
4 59 13
4 4 6 6
12 - 70 4 20
8 - 131 4 40
3 - 193 4 56
7 - 138 4 37
12 - 71 4 20
7 6 0

BENDING GAUGES

3 4
4 54 4 17
4 102 4 32
4 151 4 49
4 102 4 35
4 55 4 18
a 4 _ 4

BENDING GAUGES

r3 4
4 8 - 58
4 14 - 110
4 18 - 163
4 13 - 113
4 12 - 62
4 7 7
- 22 4 67
- 40 4 128
- 58 4 191

4i 4 130
- 23 4 68



APPENDIX 4*4*1 g Posture Supine g Bending - fractured bone model and

fixator

Test No* 1
Load Kg* 7
*9 - 7
1*8 - 11
2*72 - 19
08 - 12
*9 - 8
0 - 4
fest No* 2
*9 - 6
18 - 8
2*72 - 15
Eax - 11
*9 - 8
0 B~ 5
NOTE;

1 0 0 a 1*5 N/m

~ 1*5 N/m in Bending

TORSION GAUGES

37
70

72
38

34
67
98

68

36

ft 107
ft 80
ft

42

ft 113
ft 81
ft 50

(13*9 Ib inch T)

(microstrain)

A W M b W

BENDING GAUGES

ft 54
ft 103

. Tt 153

ft 104
ft 57

ftioo
ft 152
+ 102

ft 52

3

- 57
- 108
169

= 110

56
- 106
- 160
- 109

4

22

23
17

N NN e

o



APPENDIX 501

INPUT DATA FOR BEAM DEFLECTION TESTS

E Young’s modulus of elasticity 200 103 N/mm
G Torsional modulus of elasticity 87*10 3N/mm
P 25 N

a 100 mm

b 50 mm

Input data for Member properties

Areaj Shear Area J

Test ax mm " ay/az mm* Ix mu?
a) 50 @ 50.2 402.12
b) 21.9 21.99 274.8
c) 64 64 682.66
d) - 32 .32 x 213.3

3° \
NOTE; a) Solid circular rod 0 = 8 mm

b) Circular tube d = 6mm D = 8 mm

c) Square beam L = 8 mm

d) Rectangular beam b = 4mm h=8mm

J

201.06

137.4

241.33

42 .66

4
ly mm

1z mm*

201.06

137.4

341.33

170 .66



APPENDIX 5*2

The following standard formulae were used in the analysis of

a) Solid circular rod
b) Circular tube
C) Square beam

d) Rectangular beam

a) Solid circular rod

0 =8 mm
b) Circular tube =
D0 - 8 mm
D1 = 6 mm
Cc) Square beam
h
h = 8 ran
d) Rectangular beam
1
mm
h =8 mm

nd
' 64
Js /) f
32
4 a
= M @©-d)
64
A (D4- d4)
32
| 5512
4
J = h
X hv
12
T _ fth (h3 : ft2)
J - 12



PRIME VERSION OF STRESS(3 2) 1870371978 "
PRIME VERSION OF STRESS(3-2) 18/03/1978
INPUT.LISTING OF STRESS PROBLEM
STRUCTURE DEN BAR LAB SIMULATION MODEL!
NUMBER OF JOINTS 20
NUMBER:OF MEMBERS 23

NUMBER OF SUPPORTS 1
NUMBER'OF LOADINGS 1 °
TYPE SPACE FRAME

JOINT COORDINATES

1 X50 YO ZO0 S

2 X 193 YO ZzO0.

3 X193 YO0. Z56 58

4 X164. Y O Z56 58

5 X211 YO0. Z56.58

6 X211 Y 0. Z 0.

7 X229 YO ZzoO. ¢

8 X272 YO0. ZO0.

9 X229- YO0. Z56 58

10 X 234. Y0. Z56 58

11 X 314 YO Z56 58

12 X 319 Y0. Z56 58

13 X 319 Y0. ZO0.

14 X 276 Y0. ZO.

15 X 337 YO ZO0.

16 X 337 YO Z56.58

17 X 355- YO Z56 58

18 X 384 Y0. Z56 58

19 X 355. YO ZO

20 X 420 YO ZO.

MEMBER INCIDENCES

112

2 26

3 67

4 78

5 14 13

6 13 15

7 15 19

8 19 20

9 2 3

10 6 5

11 7 9

12 13 12

13 15 16

14 19 17

15 4 3

16 3 5

17 5 9

18 9 10

19 11 12

20 12 16

21 16 17

22 17 18

23 10 11

MEMBER PROPERTIES PRISMATIC
1 THRU 8 AX 230 9 AY 230 9 AZ 230 9 IX 26164.7 1Y 13082 3

App end 1x 5. 3*

1Z 13082 3



9 THRU 14 AX 10 57 AY 10 57 AZ 10 57 IX 17 8 IY 8 9 1Z 8 9
15 THRU 22 AX 362 9 AY”"362.9 AZ 362.9 IX 21979-7 IY 10974.9 1Z 10974.9
.23 AX;73 44 AY 73 44 AZ 73.74 IX 858 4 1Y 429-2 1Z 429.2
CONSTANTS E 200000. ALL BUT 25000. 12 3 45678
CONSTANTS E 10000. 15 16 17 18 19 20 21 22

CONSTANTS G 87000. ALL BUT 5500. 1 2 3 456 78

CONSTANTS G 3745. 15 16 17 18 19 20 21 22

TABULATE ALL

LOADING 1

MEMBER LOADS

8 FORCE Y CONCENTRATED P 9 8 L 60.

15 FORCE Y CONCENTRATED P -1.16 L 14.5

16 FORCE Y CONCENTRATED P 0 72 L 9-
17 FORCE Y CONCENTRATED P 0.72 L 9. -
18 FORCE Y CONCENTRATED P 0 2 L 2 5
19 FORCE Y CONCENTRATED P 0 2 L 2 5
20 FORCE Y CONCENTRATED P 0 72 L 9

21 FORCE Y CONCENTRATED P 0.72 L 9

22 FORCE Y CONCENTRATED P 1.16 L 14.5
23 FORCE Y CONCENTRATED P 0.99 L 40

SOLVE
1



PRIME VERSION OF STRESS(3.2) 1870371978

INPUT LISTING OF STRESS PROBLEM

STRUCTURE DEN BAR MODEL2
NUMBER OF JOINTS 22
NUMBER OF MEMBERS 25
NUMBER OF SUPPORTS 2
NUMBER OF LOADINGS 1
TYPE SPACE FRAME

JOINT COORDINATES

1 X0. YO0 Z 0. S

X 50. Y 0. zZ 0. S

193. Y0. Z0.

193. Y0. Z56.58

164. YO. Z56.58
211.Y0. Z56.58
211..Y0.. ZO.
229.Y0. Z0.

272. Z0.

229. Z 56.58
234. 56.58
314. 56.58
319. 56.58
319.
276.
337.
337.
355.
384.
355.
21 420.
22 480. 0. z 0.
MEMBER INCIDENCES
12

© oo N Os®WN
X X X X X X X

<
o

H
o
K<< K<< <K< << <<

= PP
o [N
X X X X X X X X XXXXX

=
A~ W

=
(8]

56.58
56.58
56.58

=
~

18
19
20

Sooooooo0ooo0
N N NNNNNNNN
o

N
o

~
© 00 ~N w

15 14
14 16
16 20
9 20 21
10 21 22
113 4
12 7 6
13 8 10
14 14 13
15 16 17
16 20 18/
17 5 4
18 4 6
19 6 10
20 10 11
21 12 13
22 13 17
23 17 18

O~N U A®WN
o



PRIME VERSION OF STRESS(3.2)

24 18 19
25 11 12
MEMBER PROPERTIES PRISMATIC

I THRU 10 AX 230.9 AY 230.9 AZ 230.9 IX 26164.7 1Y 13082.3 1Z 13082.3

Il THRU 16 AX 10.57 AY10.57 AZ 10.57 IX17.8 1Y8.9 1Z 8.9
17 THRU 24 AX 362. 9 AY362.9 AZ 362.9 IX2W 9.7 IY 10974.9 1Z
25 AX 73.. 44 AY 73.44 AZ 73. 44 |IX 858.4 1Y 429.2 1Z 429.2
CONSTANTS E 200000. ALL BUT 25000. 12345678910
CONSTANTS E 10000. 17 18 19 20 21 22 23 24

CONSTANTS G 87000. ALL BUT 5500. 12345678910
CONSTANTS G 3745. 17 18 19 20 21 22 23 24

TABULATE ALL

LOADING 1

MEMBER LOADS

6 FORCE Y CONCENTRATED P -2.78 L 21.5

7 FORCE Y CONCENTRATEDP -1.16 L 9.

8 FORCE Y CONCENTRATEDP -1.16 L 9.

9 FORCE Y CONCENTRATED P -4.18 L 32.5

10 FORCE Y CONCENTRATED P -9.81 L 30.

17 FORCE Y CONCENGTRATED P -1.16 L 14.5

18 FORCE YCONCENTRATED P -0.72 L 9.

19 FORCE YCONCENTRATED P -0.72 L 9.
20 FORCE YCONCENTRATED P -0.2 L 2.5
21 FORCE YCONCENTRATED P -0.2 L 2.5
22 FORCE YCONCENTRATED P -0.72 L 9.
23 FORCE YCONCENTRATED P.-0.72 L 9.
24 FORCE YCONCENTRATED P -1.16 L14.5
25 FORCE YCONCENTRATED P -0.99 L 40.
SOLVE

1

10974.9



prime version

INPUT LISTING OF STRESS PROBLEM

STRUCTURE DEN BAR MODEL 4

of

stress(3,.2)

NUMBER OF JOINTS 22

NUMBER OF MEMBERS 25
NUMBER OF SUPPORTS 2

NUMBER -OF LOADINGS 1
TYPE SPACE FRAME
JOINT COORDINATES

1 X 0.

2 X 50.

3
4
5
6
7
8
9
1

0
11
12
13
14
15
16
17
18
19
20
21
22

MEMBER

I © 0N OO R WN

12
13
14
15
16
17
18
.19
20
21
22
23

X128.Y 0.
X128.Y 0.

X 99.

X 146.
X 146.
X 164.
X207.
164.
169.

1

0 N w N

XX XXX X X X X X XXX

2

© o N w

249

Y

Y 0.

<< <<

254.
254.
211.
272.
272.
290.

319.
290.
420.
480.

15 14
14 16
16 20
20 21

21
3
7
8
14
16
20
5
4
6
10
12
13
17

22
4
6
10
13
17
18
4
6
10
11
13
17
18

Y 0.

0.

<< <XK<X<X<XK<XK<KXK<K<X<XK<KX<Xoooo

z

cooopopeopo

o

ee

0.-
0.

INCIDENC

Z 0.

0.
Z0.

Z56.58
Z 56.58

S
S

Z56.58

Z0.

Z0.

Z0.
z

z
z
z
z
z
z
z
z
z
z
z
z
E

S

.58
.58
.58
.58

.58
.58
.58

18/0 3/1978

. Appendix 5*3.



PRIME VERSION OF STRESS(3.2) 1870371978

24 18 19

25 11 12

MEMBER PROPERTIES PRISMATIC

1 AX 450. AY 450. AZ 450. IX 108683. IY 47978.5 1Z 19387.8

2 THRU 7 AX 365. AY 365. AZ 365. IX 22931.3 IY 21073-5 1Z 11153-9
8 THRU 10 AX 252. AY 252. AZ 252. IX 19076. 1Y 12140.2 1Z 10251.5
11 THRU 16 AX 10.57 AY 10.57 AZ 10.57 IX 17.8 1Y8.9 1Z 8.9

17 THRU 24 AX 362.9 AY 362.9 AZ 362.9 IX 21949.7 1Y 10974.9 1Z 10974.9
25 AX 73.44 AY 73.44 AZ 73.44 1X 858.41Y 429.2 1Z 429.2
CONSTANTS E 200000. ALL BUT 25000. 123 4 56 7 8 9 10
CONSTANTS E 10000. 17 18 19 20 21 22 23 24

CONSTANTS G 87000. ALL BUT 5500. 1 2 3 4567 89 10

CONSTANTS G 3745. 17 18 19 20 21 22 23 24

TABULATE ALL

LOADING 1

MEMBER LOADS

6 FORCE Y CONCENTRATED P -2.78 L 21.5

7 FORCE Y CONCENTRATED P -1 .16 L 9.

8 FORCE Y CONCENTRATED P -1.16 L 9.

9 FORCE Y CONCENTRATED P 8. 38 L 65.

10 FORCE Y CONCENTRATEDP -9.81L 30.
17 FORCE Y CONCENTRATEDP -1.16L 14.5
18 FORCE Y CONCENTRATEDP -0.72L09.

19 FORCE Y CONCENTRATEDP -0.72L09.

20 FORCE Y CONCENTRATED P -0.2 L 2.5
21. FORCE Y CONCENTRATED P -0.2 L 2.5

22 FORCE Y CONCENTRATED P -0.72 L'9.

23 FORCE Y CONCENTRATEDP -0.72L9-
24 FORCE Y CONCENTRATEDP-1.16 L14.5
25 FORCE Y CONCENTRATEDP-0.99 L 40.
SOLVE



APPENDIX 5,4

INPUT LISTING OF CONSTANTS FOR THE ANALYSIS OF FRACTURE SITE STABILITY

All data is in Newtons and millimetres,

Stainless Steel 200 000 N/mm2

87 000 N/mm2

a
)

@
I

Aluminium E s 10 000 N/mm2
G =2 3 745 N/mm2

Tibial Cortical Bone E = 25 000 N/mm2

G 2 55 000 N/mm2

Dimensions;
Transfixing Pins

Core Diameter 3,67 mm

Length 56,58 mm

Interval between pins 18 mm
Aluminium Carriages (square)

Length 70 mm

Breadth 18,4 mm
Fixator Bar

Core Diameter 9,67 mm

Length betweenCarriages 80 mm

LOADING DATA and method of calculation for Bone, Bar and Carriage Sections,

Bone

Weight of leg distal to its centre of gravity = WB
Length of leg distal to its centre of gravity = LB
Local "memberll length = Ln



APPENDIX 5*4 continued

Therefore Total Force exerted by each member a" wb T 9,81

Ib

F a x Newtons

Similarly for Bar and Carriage Sectionsg

WD.B a Weight of Bar W, a Weight of Carriage

WF_E. xX-9081 a X Newtons

Therefore F a

B
LOADING DATAg
Force exerted byg
1* Length of bone distaltocentre of gravity = 16*8 N
2* The mass of the foot a 9*8IN
3* One carriage section a 2,8N

4* Length of central barsection a 099N



APPENDIX 5,5

DATA DERIVED FOR BONE MODELS THREE AND FOUR (table A)

xe length Area mm Effective J lyy mm Ixx mm"
AX IX Y 1z
11*9 450 108683*5 47978*5 19387*8
45*95 375 25204*7 22888*7 11255*1
50*23" 366 22153*35 20944*1 11211*4
54*5 354 21435*8 19387*7 10995*1
64*76 330 16889*6 14963*1 10000*0
65*7 300 -~ 16771*4 13858*6 9528*6
75*9 240 16478*6 11879*6 10080*2
80*2 210 16478*6 10000*0 10824*3
84*5 180 28762*4 10000*0 10824*3
98.8 600*25 79270*0 10000*0 10824*3

Data sources Piezali et al, Miller and Purkey*

DATA FOR 3 ZONES IN MODELS 111 AND IV (table B)

ZONE AX IX 1Y 1z
1 (0-50 mm) 450 108683*5 47978*5 19387 (B
2 (50-272 mm) 365 22931*28 21073*5 11153 09

3 (272-470 mm) 252 19076*0 . 12140*2 10251*5 *



PRIME VERSION OF STRESS(3.2)

PRIME VERSION OF STRESS(3.2)

INPUT LISTING OF STRESS PROBLEM

STRUCTURE DEN BAR MODEL3
NUMBER OF JOINTS 22
NUMBER OF MEMBERS 25
NUMBER OF SUPPORTS 2
NUMBER OF LOADINGS 1
TYPE SPACE FRAME

JOINT COORDINATES

1 X 0. Y 0. Z0. S

2 X 50. Y O./z 0. S

3 X 193. Y 0. Z 0.

4 X 193. Y 0.Z 56.58
5 X 164. YO. Z 56.58
6 X 211.Y0. Z56.58
7 X 211. Y 0.z 0.

8 X 229.Y0. ZO.

9 X 272.Y0. ZO.

10 229.
11 234.
12 314.
13 319.
14 319.
15 276.

Y 56.58
Y
Y
Y
Y
Y
16 337. Y
Y
Y
Y
Y
Y
Y

56.58
56.58
56.58

17 337.
18 355.
19 384.
20 355.
21 420.
22 480. .
MEMBER INCIDENC
112

56.58

0
0
0
0
0
0.
0.
0
0
0 56.58
0

0

0

XXX XXX XXX X XXX

z
4
z
z
4
4
z
Z 56.58
4
z
Z
Z
4
E

S

10 21 22
113 4
276
13 8 10
14 14 13
*15 16 17
16 20 18
17 5 4
18 46
19 6 10
20 10 11
21 12 13
22 13 17

23 17 18

18/03/1978

18/03/1978

Append ix 5<,60



24 18 19

25 11 12

MEMBER PROPERTIES PRISMATIC

1 AX 450. AY 450. AZ 450. IX 108683.5 IY 47978.5 19387.8

2 JHRU 5 AX 365. AY 365. AZ 365. IX 22931.28 1Y 21073.5 1Z 11153-9

6 THRU 10 AX 252. AY 252. AZ 252. IX 19076. 1Y 12140.2 1Z 10251.5

11 THRU 16 AX 10.57 AY 10.57 AZ 10.57 IX 17.8 1Y 8.9 1Z 8.9

17 THRU 24 AX,362.9 AY 362.9 AZ 362.9 IX 21949.7 1Y10974.9 1Z 10974.9

25 AX 73. 44 AY 73.44 AZ 73.44 |1X 858. 4 1Y 429.2 1Z 429.2

CONSTANTS E 200000. ALL BUT 25000. 12345678910

CONSTANTS E 10000. 17 18 19 20 21 22 23 24

CONSTANTS G 87000. ALL BUT 5500. 123 456789 10

CONSTANTS G 3745. 17 18 19 20 21 22 23 24

TABULATE ALL

LOADING 1

MEMBER LOADS

6 FORCE Y CONCENTRATED P -2.78 L 21.5

7 FORCE Y CONCENTRATED P -1.16 L 9.

8 FORCE Y CONCENTRATED P -1. 16 L 9.

9 FORCE Y CONCENTRATED P -4.18 L 32.5

10 FORCE Y CONCENTRATED p -9.81 L 30.

17 FORCE Y CONCENTRATED P -1. 16 L 14.5

18 FORCE Y CONCENTRATED P -0.72 L 9

19 FORCE Y CONCENTRATED P -0.72 L 9.

20 FORCE Y CONCENTRATED P -0.2 L 2.5

21 FORCE Y CONCENTRATED P -0.2 L 2.5

22 FORCE Y CONCENTRATED P -0.72 L o,

23 FORCE Y CONCENTRATED P -0.72 L o,

24 FORCE Y CONCENTRATED P -1. 16 L 14.5

25 FORCE Y CONCENTRATED p -0.99 L 40.

SOLVE

STRUCTURE DEN BAR MODEL3

LOADING 1

MEMBER FORCES
MB JOINT AXIAL SHEAR SHEAR TORSION MOMENT MOMENT
FORCE FORCE Y FORCE Z MOMENT Y. 4

1 1 0.000 0. 000 0.000 0.00 '0.00 0.00
1 2 0.000 0.000 0.000 0.00 0. 00 0. 00
2 2 0. 000 29.428 0. 000 -514.38 0.00 9182.92
2 3 0.000 -29. 428 0.000 514.38 0.00 -4974.78
3 3 0. 000 77.794 0.000 -1987.45 0.00 4195.67
3 7 0. 000 -77.794 0. 000 1987.45 0.00 -2795.37
4 7 0.000 68.213 0.000 -1822.49 0.00 2016.62
4 8 0.000 -68.213 0.000 1822.49 0.00 -788.80



HUME VERSION OF STRESS(3. 2)

O W © 0 0 ~N~N O O U1 Ul

18/03/1 978

JOINT FORCE X

== lelNoNeNeoloolNeNeNeNeNeNeNe e Ne Ne e No NeNe e e e e e e Ne No e e Ne e Ne Ne

.00
. 00
.00
. 00
. 00
. 00
.00
. 00
. 00
. 00
. 00
.00
.00
. 00

00

. 00

00
00

.00
. 00
.00

00

.00
. 00
.00

00

.00
. 00
. 00

00

.00
.00

00

.00
. 00
.00

-0.
-0.

28
06

72
68
79
37
85
95
88
97
65
07
25
98
23
49
85
61
80

-53.
277.
-509.
726.
-865.
1082.
-300.
295.
-1.
-1473.
-1264.
164.
374.
1822.
2035.
455,
63.

92
57
13

-379.
-455.
-829.

-16.
795.
-1695.
2474,
-3216.
4003.
-3874.
1833.
-1715.
1490.
-906.

683. 72
-240. g9

Eé 83
. 67
3874. 16
-1836. 66

29
32
70
25
60
92
32
79
57
58
14

MOMENT Y MOMENT Z

8 0. 000 -0.008 0. 000 0. 00

9 0.000 0. 008 0.000 0. 00

15 0.000 0. 154 0.000 0. 01

14 0.000 2.626 0. 000 -0.01

14 0.000 -12.315 0.000 455.52

16 0.000 13.475 0. 000 -455.52

16 0. 000 -7. 169 0.000 455.66
20 0. 000 8.329 0. 000 -455.66 -
20 0.000 14. 122 0. 000 -0. 01
21 0.000 -9.942 0.000 0.01

21 0.000 9.810 0.000 -0. 01

22 0. 000 -0.000 0.000 0.01

3 0.000 -48. 380 0.000 779. 13

4 0.000 48. 380 0.000 -779. 13

7 0.000 9.530 0.000 778.54

6 0. 000 -9.530 0. 000 -778.54

8 0. 000 68. 193 0. 000 788. 82

10 0.000 -68.193 0. 000 -788.82

14 0.000 9. 180 0. 000 -224.63

13 0.000 -9.180 0.000 224.63

16 0. 000 -6.712 0. 000 -220.01

17 0.000 6.712 0.000 220.01

20 0. 000 -22.706 0.000 -219.47

18 0. 000 22.706 0.000 219. 47

5 0.000 0.025 0.000 0. 00

4 0.000 1. 135 0. 000 -0.00

4 0.000 -4 9.661 0.000 -1264.24

6 0.000 50.381 0.000" *1264.24

6 0.000 -40. 882 0.000 -890.02

10 0.000 41.602 0. 000 890.02

10 0. 000 26.020 0. 000 1145.79

11 0.000 -25.820 0. 000 -1145.79

12 0.000 23.744 0.000 1145.74

13 0.000 -23.544 0.000 -1145.74

13 0. 000 32.829 0. 000 1209.52

17 0.000 -32.109 0.000 -1209.52

17 0. 000 24.973 0. 000 829.63

18 0 -24.253 -829. 63

18 172 0.29

19 =U.012 -0.29

11 . 25.964 1145.76

12 -24.974 -1145.76
APPLIED JOINT LOADS, FREE JOINTS

FORCE Y FORCE Z MOMENT X

0.000 -0.013 0.000 -0. 00 0. 00
0. 000 -0.147 0. 000 0.00 0.00
0. 000 0.025 0.000 0. 00 -0.00
0.000 -0.031 0.000 -0. 02 0.00
0. 000 -0.051 0.000 -0.01 0.00
0. 000 -0.028 0. 000 -0.00 0. 00
0. 000 0.008 0.000 0. 00 . 0.00
0.000 -0.571 0.000 -0. 03 0.00
0. 000 0. 144 0. 000 -0.03 0. 00
0.000 -1.229 0. 000 -0.02 0.00
0. 000 0. 104 0. 000 -0. 02 0.00
0. 000 -0.5009 0.000 -0. 10 0.00

0.02
-0. 09

0. 19

0. 00
-0.21
-0. 25
-0.06
-1.50
--0.16
-2.87
-0.36
-0.67



«
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PRIME VERSION OF STRESS(3.2)

15
16
17
18
19
20
21
22

JOINT FORCE X
1

2

. 000
.000
. 000
.000
000
000
.000
.000

O OO0 O o o oo

0. 154
-0.406
-0.424
-0.375
-0.012
-0.255
-0. 131
-0.000

0.000
0. 000
0. 000
0, 000
0.000
0. 000
0.000
0. 000

1870371978

0. 01
-0. 02
0. 03
-0.22

-0. 29 .

-0.09
0.00
0.01

REACTIONS , APPLIED LOADS SUPPORT JOINTS

JOINT X DISPL

STRUCTURE DEN

0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0

MEMBER FORCES

LOAD JOINT

.00
.00
00
.00
.00

00
.00
.00

O OO0 O O oo

0.59
-3.44
-2.41
-3.40
-0.67
-2.37
-4.91
-1.65

FORCE Y FORCE Z MOMENT X MOMENT Y MOMENT Z
0. 000 0.000 0.000 0.00 0.00 0.00
0.000 29.428 0.000 m -514.38 0.00 9182.92
|
FREE JOINT DISPLACEMENTS
Y DISPL  Z DISPL  X-ROTAT  Y-ROTAT :'Z-ROTAT
0000 -0.2874 0.0000 0.0006 0.0000 ' -0.0036
.0000 0. 1867 0.0000  -0.0027 0.0000 -0.0321
.0000 1.1175 0.0000  -0.0027 0.0000 -0.0321
0000  -0.3919 0.0000  -0.0025 0.0000 -0.0323
. 0000  -0.3556 0.0000 0.0009 0.0000 20.0039
.0000 -0.4265 0.0000 0.0011 0.0000 -0.0039
. 0000  -0.5962 0.0000 0.0011 0.0000 -0.0039
. 0000  -0.9768 0.0000 -0.0023 0.0000 -0.0328
0000  -1. 1412 0.0000  -0.0023 0.0000 -0.0329
0000  -3.8960 0.0000 -0.0036 0.0000 -0.0356
. 0000  -4.0743 0.0000 -0.0036 0.0000 - -0.0357
0000  -4.3774 0.0000  -0.0099 0.0000 -0.0439
. 0000  -2.4904 0.0000  -0.0099 0.0000 -0.0439
. 0000  -5.1675 0.0000  -0.0099 0.0000 -0.0439
.0000  -4.7188 0.0000  -0.0039 0.0000 -0.0359
. 0000  -5.3657 0.0000  -0.0041 0.0000 -0.0360
.0000  -6.4083 0.0000 -0.0041 0.0000 -0,0360
.0000  -5.9583 0.0000 -0.0100 0.0000 -0.0440
. 0000  -8.8234 0.0000  -0.0100 0.0000 -0.0441
. 0000 -11.4727 0.0000  -0.0100 0.0000 -0.0442
BAR' MODELS3
FOR MEMBER 1
AXIAL SHEAR SHEAR TORSION MOMENT MOMENT
FORCE FORCE Y' FORCE Z  MOMENT Y. z
0.000 0.000 0.000 0.00 0.00 0.00
0.000 0.000 0.000 0.00 0.00 0.00



i«m

*m

PRIME VERSION

MEMBER FORCES

LOAD JOINT

MEMBER FORCES

LOAD JOINT
1 3
1 7

MEMBER FORCES

LOAD JOINT
1 7
1 8

MEMBER FORCES

LOAD JOINT
8
1 -9

MEMBER FORCES

LOAD JOINT
1 15
1 14

MEMBER FORCES

LOAD JOINT
1 14
1 16

OF STRESS(3.2)

FOR MEMBER. 2

AXIAL SHEAR

FORCE  FORCE Y
0.000 29. 428
0.000 -29. 428

FOR MEMBER 3

AXIAL SHEAR

FORCE FORCE Y
0.000 77.794
0.000 . -77.794

FOR MEMBER 4

AXIAL SHEAR
FORCE FORCE Y
0.000 68.213
0.000 -68.213

FOR MEMBER 5

AXIAL SHEAR

FORCE FORCE Y
0. 000 -0.008
0. 000 0.008

FOR MEMBER 6

AXIAL SHEAR

FORCE FORCE Y
0.000 0. 154
0,000 2.626

FOR MEMBER 7

AXIAL SHEAR

FORCE FORCE Y
0.000 -12.315
0.000 13.475

1870371978
SHEAR TORSION
FORCE Z MOMENT
0.000 -514.38
0.000 514.38
SHEAR TORSION
FORCE Z MOMENT
0. 000 -1987. 45
0.000 1987.45
SHEAR TORSION
FORCE k MOMENT
0.000 -1822. 49
0.000 1822.49
SHEAR TORSION
FORCE 2z MOMENT
0.000 0.00
0.000 0.00
SHEAR TORSION
FORCE Z MOMENT
0.000 0.01
0.000 -0. 01
SHEAR TORSION
FORCE Z MOMENT
0.000 455.52
=0.000 -455.52

MOMENT MOMENT
Y z
0.00 9182.92
0.00 -4974.78

MOMENT MOMENT
Y z
0.00 4195.67
0.00 -2795.37

MOMENT MOMENT
Y z
0.00 2016.62
0.00 -788.80

MOMENT MOMENT
\4 ' z
0.00 -0.28
0,00« -0.06

u

MOMENT MOMENT
Y z
0.00 0.59
0.00 -53.72

MOMENT MOMENT
Y z
0.00 277.68
0.00 -509.79



MEMBER FORCES

LOAD JOINT
1 16
1 20

MEMBER FORCES

LOAD JOINT
1 20
1 21

MEMBER FORCES

LOAD JOINT

21
22

MEMBER FORCES

LOAD JOINT
1 3
1 4

MEMBER FORCES

LOAD JOINT
1 7
1 6

MEMBER FORCES

LOAD JOINT

FOR MEMBER 8

AXIAL SHEAR

FORCE FORCE Y
0.000 -7.169
0.000 8.329

FOR MEMBER 9

AXIAL SHEAR

FORCE FORCE Y
0.000 14.122
0.000 -9.942

FOR MEMBER 10

AXIAL SHEAR

FORCE FORCE Y
0. 000 9.810
0.000 -0.000

FOR MEMBER 11

AXIAL SHEAR

FORCE FORCE Y
0.000 -48.380
0. 000 48.380

FOR MEMBER 12

AXIAL SHEAR

FORCE FORCE Y
0.000 9.530
0.000 -9.530

FOR MEMBER 13

AXIAL SHEAR
FORCE FORCE Y
0.000 68.193

SHEAR
FORCE Z
0.000
0.000

SHEAR
FORCE Z
0. 000
0.000

SHEAR
FORCE Z
0. 000
0.000

SHEAR
FORCE Z
0.000
0. 000

SHEAR
FORCE Z
0.000
0. 000

SHEAR
FORCE Z
0.000

TORSION

MOMENT
455.66

-455.66

TORSION
MOMENT
-0. 01
0.01

TORSION
MOMENT

* -0.01
0.01

TORSION.

MOMENT
779. 13
-779. 13

TORSION

MOMENT
778.54

-778.54

TORSION
MOMENT
788.82

MOMENT MOMENT
Y 4
0.00 726.37
0.00 -865.85

MOMENT MOMENT
Y z
0.00 1082.95
0. 00 -300.88

MOMENT MOMENT
Y z
0. 00 295.97
0.00 -1.65

MOMENT MOMENT
Y z
0.00 -1473.07
0.00 -1264.25

MOMENT MOMENT
Y 4
0.00 164.98
0.00 374.23

MOMENT MOMENT
Y 4
0.00 1822.49



<

PRIME VERSION

MEMBER FORCES

LOAD JOINT
1-14
1 13

MEMBER FORCES

LOAD JOINT
1 16
1 17

MEMBER FORCES

LOAD JOINT

20
18

MEMBER FORCES

LOAD JOINT
1 5
1 4

MEMBER FORCES

LOAD JOINT
4
o« 1 6

MEMBER FORCES

LOAD JOINT
1 6
1 10

OF STRESS(3.2)

FOR MEMBER 14

AXIAL
FORCE
0.000
0.000

SHEAR

FORCE Y
9. 180
-9.180

FOR MEMBER 15

AXIAL
FORCE
0.000
0.000

SHEAR

FORCE Y
-6.712
6:712

FOR MEMBER 16

AXIAL
FORCE
0.000
0.000

SHEAR
FORCE Y
-22.706
22.706

FOR MEMBER 17

AXIAL
FORCE
0. 000
0.000

SHEAR

FORCE Y
0. 025
1135

FOR MEMBER 18

AXIAL
FORCE
0. 000
0.000

SHEAR
FORCE Y
-49.661

50.381

FOR MEMBER 19

AXIAL
FORCE
0. 000
0.000

SHEAR
FORCE Y
-40.882
41.602

18/03/1978
SHEAR TORSION
FORCE Z MOMENT
0.000 -224.63
0.000 224.63
SHEAR TORSION
FORCE Z MOMENT
0.000 -220.01
0.000 220.01
SHEAR TORSION
FORCE Z MOMENT
0.000 -219. 47
0.000 219. 47
SHEAR TORSION
FORCE Z MOMENT
0.000 0.00
0.000 -0.00
SHEAR TORSION
FORCE Z MOMENT
0.000 -1264.24
0.000 1264.24
SHEAR TORSION
FORCE Z MOMENT
y -890.02
0.000 890.02

MOMENT
Y
0.00
0.00

MOMENT
Y
0. 00
0.00

MOMENT
Y
0.00
0.00

MOMENT
Y
0.00
0.00

MOMENT
Y
0.00
0.00

MOMENT
Y
0. 00
0.00

MOMENT"
z
455.61
63.80

MOMENT
z
0. 15
-379.92

MOMENT
z
-455.57
-829.13

MOMENT
z
0. 19
-16.29

MOMENT

4
795.32
-1695.70

MOMENT

z
2474. 25
-3216.60



MEMBER FORCES FOR MEMBER 20

LOAD JOINT
1 10
1 11

MEMBER FORCES

LOAD JOINT
12
1 13

MEMBER FORCES

LOAD JOINT
1 13
1 17

MEMBER FORCES

LOAD JOINT
1 17
1 18

MEMBER FORCES

LOAD JOINT
18
1 19

* MEMBER FORCES

LOAD JOINT
1 11
12

AXIAL
FORCE
0.000
0. 000

SHEAR
FORCE Y
26.020
-25.820

FOR MEMBER 21

AXIAL
FORCE
0.000

0.000

SHEAR
FORCE Y
23.744
-23.544

FOR MEMBER 22

AXIAL
FORCE
0. 000
0.000

SHEAR
FORCE Y
32.829
-32.109

FOR MEMBER 23

AXIAL
FORCE
0.000
0. 000

SHEAR
FORCE Y
24. 973
-24.253

FOR MEMBER 24

AXIAL
FORCE
0. 000
0.000

SHEAR
FORCE Y
1. 172
-0.012

FOR MEMBER 25

AXIAL
FORCE
0. 000
0.000

SHEAR
FORCE Y
25.964
-24.974

. W/ wA, ,Jl

SHEAR
FORCE Z
0. 000
0. 000

SHEAR
FORCE Z
0.000
0.000

SHEAR
FORCE Z

0.000

0.000

SHEAR

FORCE Z
0.000
0.000

SHEAR
FORCE Z

0.000

0.000

SHEAR
FORCE Z
0. 000
0.000

TORSION .

MOMENT
1145.79
-1145.79

TORSION

MOMENT

1145.74
-1145.74

TORSION
MOMENT
*1209.52
-1209.52

TORSION

MOMENT
829.63

-829.63

TORSION
MOMENT

0.29

-0.29

TORSION

MOMENT

1145.76
-1145.76

MOMENT
Y
0.00
0.00

MOMENT
Y
0.00
0.00

MOMENT
Y
0.00-
0.00

MOMENT
Y
0.00
0.00

MOMENT
Y
0.00
0.00

MOMENT
Y
0.00
0.00

MOMENT
z
4003.92
-3874.32

MOMENT
Y4
1833.79
-1715.57

MOMENT
z
1490,58
-906.14

MOMENT’
4
683.72
-240.69

MOMENT
4
17.83
-0.67

MOMENT
z
3874.16
-1836.66
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APPENDIX 506,b

PIN ORIENTATION DATA MODIFICATION FOR TEST 2

Co-ordinate Changes Models Il and 111

x 167 YOs Z0O
x 167 ~"YO, Z56,58
x 164 YO, Z56,58
198 YO, 756,58
x 198 YO, Z0
x 229 YO, Z0
x 272 YOO Z0
10 x 229 YO, Z56,58
11 x 234 YO, 256,58
12 x 314 YO, Z56,58
13 x 319 YO, 756068
14 x 319 Y0, :Z0
15 x 276 YO, Z0
16 x 350 Y0, Z0
17 x 350 YO, Z56068
18 x 381 YO, 756,58
19 x 384 YO, 756,58
20 x 381 Yo, Z0

© o N o o+~ ®w
x

Model 1V
3 x 102 YO, ZO
4 x 102 YO, Z56,58
5 «x 99 YO, 256,58
6 x 133 YO, Z56,58
7 x 133 YO, ZO
8 x 164 Y0, Z0
9 x 207 YO, Z0

10 x 164 YO, Z56,58
11 x . 169 YO, Z56058
12 x 249 YO, 256,58
13 x 254 YO, Z56,58
14 x 254 YO, , Z0
15 'x 211 Y0, Z0



APPENDIX 56 continued

Model IV

16 x 285 YO* Z0O
17 x 285 YO* Z56*58
18 x 316 YO* Z56058
19 x 319 YO* Z56*58
20 x 316 YO* Z0

Revised data for local member forces Models II, Ill and 1V, Test 2
FORCE Y CONCENTRATED P - 2* L 15*%5
8 FORCE Y CONCENTRATED P - 2* L 15*5
*9 FORCE Y CONCENTRATED P - 2*52 L 19*5
17 FORCE Y CONCENTRATED P -0*13 L 1*5
18 FORCE Y CONCENTRATED P - 1*23 L 15*5
19 FORCE Y CONCENTRATED P - 1*23 L 15*5
20 FORCE Y CONCENTRATED P- *16 L 2*5
21 FORCE Y CONCENTRATED P- *16 L 2*
22 FORCE Y CONCENTRATED P -1.23 L 15*5
23 FORCE Y CONCENTRATED P - 1*23 L 15*5
24 FORCE Y CONCENTRATED P- 013 L m1*5

*Models IX and Il1l1 only* Model IV 9 FORCE Y CONCENTRATED P - 6,9 L 52



APPENDIX 5,,60b

PIN ORIENTATION DATA MODIFICATION FOR TEST 3

Co-ordinate Changes Models Il and 111

3 X 180
4 x 180
6 x 198

7 x 198
18 x 368
20 x 368
Model_1V

3 x 115
4 x 115

6 x 133

7 x 133
18 x 303
20 x 303
Local Member
8 FORCE Y
*9 FORCE Y
17 FORCE Y
19 FORCE Y
23 FORCE .Y
24 FORCE Y
* Models

Yoo Z0
Yoo Z56058
Yoo Z56058
Yoo Z0
YOo Z56 068
Yoo Z0

Yoo ZO
YOo Z56 058
YOo Z56 058
Yoo Z0
Yoo Z56,,58
Yoo Z0

Forces

CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED

Il and 111 only*

T W U U TV T

Model

2, L 15*5
3B5 L 260
0*64 L 80
1®3 L 1505
1®3 L 1505
0G4 L 8o

IV 9 FORCE Y CONCENTRATED P -*7»6 L 58,5



APPENDIX 5*6*6;

PIN ORIENTATION DATA MODIFICATION FOR TEST 4

Co-ordinate Changes : Models 11 and 111

3 x 18 Yo* Z0
4 x 189 YO* Z56*58
5 x 164 YO* Z56*58
6 x 207 YO* Z56*58
7 x 207 YO* Z0
10 x 225 YO* Z56*58

13 x 323 YO* Z56,,58
16 x 341 Yo* ZO
17 x 341 YO* Z56*58
18 x 359 YO* Z56*58
19 x 384 YO Z56*58
20 x 363 YO* ZO

Model 1V
3 x 120 YO* ZO
4 x 124 YO* Z567*58
5 «x 99 YO* Z56*58
6 x 142 YO* Z56 068
7 x 142 YO* *ZO
10 x 160 YO* Z56*58
13 x 258 YO* Z56*58
16 x 276 Yo~ ZO
17 x 276 YO* Z56*58
18 x 294 YO* Z56*58
19 x 319 YO* Z56*58

20 x 298 YO* Z0



APPENDIX 5,6,b.
PIN ORIENTATION DATA MODIFICATION FOR TEST 4

Local Member Forces ; Models 11, 111 and IV

FORCE Y CONCENTRATED P - 1,42 L 11,

8 FORCE Y CONCENTRATED P - 1,42 L 11,
*9 FORCE Y CONCENTRATED P - 3,7 L 28,5
17 FORCE Y CONCENTRATED <P - 1,1 L 12.5
20 FORCE.Y CONCENTRATED P - 0,4 L 4,5
21 FORCE Y CONCENTRATED P - 0,4 L 4.5
24 FORCE Y CONCENTRATED P - 1,1 L 12,5

* Models Il and 111 only. Model 1V 9 FORCE Y CONCENTRATED P - 7,9 L 61,



APPENDIX 5060h.

PIN ORIENTATION DATA MODIFICATION FOR TEST 5

Models 11 and 111

4 -x 189 Y0o 756058

x 154 YOo Z56%*58

x 211 YOo Z56068

o x 233  YOo Z56058

11 x 234 Y0o Z56 058

12 x 314 YOo 756058

13 x 315 YOo Z56058

18 x 359 YOo Z56058

19 x 384 Y0o Z5Q058
20 x 355 Yoo Z0

Model 1V

"4 x 124 YOo Z56058
x 99 Yoo Z56068
x 146  YOo Z56 (68

10 x 168 Yoo Z56068
11 x 169 Yoo Z56 068
12 x 249. Yoo Z56058
13 x 250 Yoo Z56058
18 x 294 YOo Z5Q058

19 x 319 YOo Z56058
20 x 290 Yoo Z0



APPENDIX 5,6,b,,

PIN ORIENTATION DATA MODIFICATION FOR TEST 5

Local member forces s Models 11, 11l and 1V

17 FORCE Y CONCENTRATED P -1i0l L12,5
18 FORCE Y CONCENTRATED P -0,9 L11,
19 FORCE Y CONCENTRATED P -0,9 L11,
20 FORCE Y CONCENTRATED P -0,04 L 0,5
21 FORCE Y CONCENTRATED P -0,04 L 0,5
22 FORCE Y CONCENTRATED P -0,9 L11,
23 FORCE Y CONCENTRATED P -0,9 L11,
24 FORCE Y CONCENTRATED P -1,1 L12,5



APPENDIX 5060 b,

PIN ORIENTATION DATA MODIFICATION FOR TEST 6

Co-ordinate changes - Models 11 and 111

3 x 167 YO* Z0
4 x 167 YO* Z56*58
5 x 164 YO* 756058
6 x 204 YO* Z56*58
7 x 198 YO* Z0O
8 x 229 YO* Z0

10 x 204 YO* Z56*58

11 x 222 YO* Z567*58
13 x 326 YO* Z56088.
14 x 319 YO* Z0

16 x 350 YO* Z0O

17 x 344 YO* Z56*58
18 x 381 YO* Z56*58
19 x 384 YO* Z56*58
20 x 381 YO* 756058

Model 1V

x 102 YOo* Z0
102 YO* Z56 058
x 99 YO* 756758
139 YO* Z56,,58
x 133 YO* ZO
x 164 YO* ZO
207 YO* ZO
157 YO* Z0
11 169 YO* Z56*58
12 249 YO* Z56 (68
13 x 261 YO* Z56*58
14 x 254 YO* Z0

© 0o N o 0o~ W
X

X

10

X X X

15 x 211 Yo* Z0
16 x 285 YO* Z0
17 x 279 YO* 756758
18 x 316 YO* Z56*58

19 x 319 YO* Z56*58
20 x 316 YO* Z0



APPENDIX 5a6ab

PIN ORIENTATION DATA MODIFICATION TEST 6

Local

7
8
*9
17
18
19
20
21
22
23
24

* Models 11 and 111 only. Model

FORCE
FORCE
FORCE
FORCE
FORCE
FORCE
FORCE
FORCE
FORCE
FORCE
FORCE

< < < < < < < < < < <

member forces s Models

CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED

U U U U U U U U U T T

I and 1v
200 L 15*5
200 L 15*%5
2052 L 19*5
Ool L 1*5
$.3p L 18*5
Oor2 L 9*
0*48 L 6*
0. 8L 6*
0*72 L 9*
<o 8 L 18*5
0*1 L 1*5

IV 9 FORCE Y CONCENTRATED P - 6*71 L 52



APPENDIX 5,6, e

INPUT DATA g PIN OFFSET FROM FRACTURE SITE

Co-ordinate Changes for Test 2 - Models
e or

© 0o N o o A W

X*

X X X X

X

176
176
147
194
194
212
272
212
217
331
336
336
276
354
354
372
401
372
v

111
111

82
129
129
147
207
147
152
266
271
271
211
289
289
307

336
307

¥ Og
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YOo
YO,
YO,
YO,
YO,

YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,
YO,

YO,

Z0
756,58
Z56 058
756 ,58
Z0
Z0
Z0
756,58
756,58
Z60.58
756,58
Z0
Z0
Z0
756,58
756,58
756,58
Z0

Z0
756,58
756,58
756,58
Z0
Z0
Z0
756,58
756,58
7Z56,,58
756,58
Z0
Z0
Z0
\56 ,58
756,58

756,,58
Z0

Il and 111



APPENDIX 506,,<C

INPUT DATA s PIN OFFSET FROM FRACTURE SITE

Co-ordinate Changes for Test 3 - Models 11 and I11

3 x 176 YO* ZzO
4 x 176 YO* Z56*58
5 x 147 YO* Z66*58
6 x 194 YO* Z56*58
7 x 194 YO* Z0
8 x 212 YO* Z0
9 x 272 YO* ZO

10 x 212 YO* Z560%8-
11 x 217 YO* Z56758

Model 1V
3 x 128 YO* Z0
4 x 128 YO* 256*58
5 x 99 YO* Z567*58
6 x 146 YO* Z56*58
7 x 146 YO* ZO
8 x 164 YO* ZO
9 x 207 YO* Z0O

10 x 164 oo Z56*58
11 x 169 YO* 256*58



APPENDIX 5*6 Oc

INPUT DATA g PIN OFFSET FROM FRACTURE SITE
Co-ordinate Changes for Test 4 - Models 11 and 111

12 x 331 Y0o Z56058
13 x 336 YOO Z56058
14 x 336 Y0o ZO
15 x 276 Yoo Z0
16 x 354 YOo Z0O
17 x 354 YOo Z56*58
18 x 372 Y0o Z56058
19 x 401 YOo Z56 068
20 x 372 Y0o Z0
21 x 420 YOo ZO
22 x 480 Yoo Z0

Model 1V

12 x 266 YOo Z56058
13 x 271 Y0o Z56€58
14 x 271 YOo Z0
15 x 211 Yoo Z0
16 x 289 Yoo Z0
17 x 289 YOo Z56058
18 x 307 YOo Z56058
19 x 336 Yoo Z56058
20 x 307 Y0o Z0
21 x 420 YOo Z0
22 x 480 Yoo Z0O



APPENDIX 5060c

INPUT DATA g PIN OFFSET FROM FRACTURE SITE

Change”~in local member forces, Tests 2 and 30

TEST 2 § MODELS 11, 111 and

v

U U U U U U U U T UV T

v

W U U U U U UW U U TV T

- 65B
- 3ol0
- 1007
- 0*66
- 0066
- 0*18
- 0018
- 066
- 0*66

- 2078
- 808
- loll
- 0069
- 0089
- 0019
- 0019
- 0069
- 0*69
- 1*11
—1*2

6 FORCE Y CONCENTRATED
*9 FORCE Y CONCENTRATED
17 FORCE Y CONCENTRATED
18 FORCE Y CONCENTRATED
19 FORCE Y CONCENTRATED
20 FORCE Y CONCENTRATED
21 FORCE Y CONCENTRATED
22 FORCE Y CONCENTRATED
23 FORCE Y CONCENTRATED
24 FORCE Y CONCENTRATED
25 FORCE Y CONCENTRATED
* Models 11 and 111 only* Model 1V 9
TEST 3 ; MODELS 11, 11l and

6 FORCE Y CONCENTRATED
*9 FORCE Y CONCENTRATED
17 FORCE Y CONCENTRATED
18 FORCE Y CONCENTRATED
19 FORCE Y CONCENTRATED
20 FORCE Y CONCENTRATED
21 FORCE Y CONCENTRATED
22 FORCE Y CONCENTRATED
23 FORCE Y CONCENTRATED
24 FORCE Y CONCENTRATED
25 FORCE Y CONCENTRATED
*Models Il and 111 only* Model

X rrmr-rrrrH - r -

300
24>
14*5
90
90
2*5
206
g*
90
14*5
57*

FORCE Y

L
L
L
L
L
L
L
L
L
L
L

2106
3205
1406
90
o*
205
2*5
%
90
14*5
48 B

CONCENTRATED P - 4*59 L 58*5

IV 9 FORCE Y CONCENTRATED P - 8*38 L 65*



APPENDIX 5060c

INPUT DATA g PIN OFFSET FROM FRACTURE SITE

Change in local member forces , Test 4

MODELS 11, 11l and 1V

6 FORCE Y CONCENTRATED P - g-f8 L 300
*9 FORCE Y CONCENTRATED P - 30I0 L 24* *
17 FORCE Y CONCENTRATED P - 1*11 L 14»5
18 FORCE Y CONCENTRATED P - 0*69 L 9*
19 FORCE Y CONCENTRATED P-0%9 L 9,
20 FORCE Y CONCENTRATED P-0*19 L 2*5
21 FORCE Y CONCENTRATED P - 0*19 L "205
22 FORCE Y CONCENTRATED P-0%9 L 90
23 FORCE Y CONCENTRATED P- 09 L 9
24 FORCE Y CONCENTRATED P - loll L®14*5
25 FORCE Y CONCENTRATED P—1%2 L 480

* Models 11 and 111 only* Model 1V 9 FORCE Y CONCENTRATED P - 4059 L 65,



APPENDIX 5,60d0

INPUT DATA FOR THE CHANGE

a) The Fixator Bar

b) The Acrylic Sections

a) The Fixator Bar

Jt No,

b) Carriage Sections

Test No,

Bar O

mm

900

9,67
10,63
11,6
12,6

15,0

17,7
19,0
20,9
22,8
24,7

29,5

Area
ax2
mm

63 6
73 ,44
88,7
105,7
124,1

176,7

Area
ax
mm2

314,6
362,9
438,4
522.2
613,3

870,96

Shear Area
ay/az
mm2

63,6
73 ,44
88,7
105,7
124,1

176,7

Shear Area
ay/az
mm
314,6
.362,9
438,4
522,2
613,3

870,96

mm

644,12

585,4
1253,5
1777,6
2451,0

4970,1

J
IX
mm4

16498,7
«21949,7
32029,9
45451,1
62689,7

126428,0

IY/!S
mm4

322,1
429,2
626,8
888,8
1225,0

2485,1

|
1Y/1z
mm4

8249,3
10974,9
16015 ,0
22725,5
31344,8

63214,3

R

IN MEMBER PROPERTIES OF THE FIXATOR BAR - SERIES A



APPENDIX 5*6*d,

INPUT DATA FOR VARIABLE CROSS-SECTION OF FIXATOR BAR - SERI

1) Solid circular cross section 0 15 mm.

2) Circular tube D 15 mm

3) Square tube L 15 mm

d 13 mm

1 13 mm

Table x : Member forces - Acrylic and Bar sections Nm*

Test No,

Table y ; Member Properties for Acrylic and Bar

Test No,

17 18 19

208 1lo73 1*73
o*7 0043 043

0088 0055 0055

Bar

Dimensions Area
AX
mm

0 a 15 mm 17607

D=15mm dal3mm 43 98

L=15mm 1=15mm 56 *0

Dimensions

of Acrylic
2905 871*0
29*5 871*0
33*3 1112 00

20 21
0o48 07*48
0012 0*12
0015 0*15

Shear Area
Ay/Az

mm
176 07
43 098

56*0

871*0
871*0

1112*0

22 23

1*73  1*73

0*43 0*43

0*55  0*55

sections

J
IX

mm

4970*1

2166*1

3677*3

126428*0

126428*0

ES C

24

2*8
o*7

0*88

I
ly/1z

4
mm

2485*1
1083*1

1838*7

63214*3

63214*3

206053*0 103026*0

25

2*4

0*59

0075



APPENDIX 5,6,d,

INPUT DATA FOR CHANGES IN LENGTH OF FIXATOR BAR (SERIES C)

Test 2 s Co-ordinate changes Models 11 and 111

10

x 207 YO, Z56¢58
11 x 212 YO, Z56G58
12 x 336 YO, Z56<,58
13 x 341 YO, Z756,,58
Model 1V

10 x 142 o, 75658
11 x 147 YO, Z756,,58
12 x 271 YO, Z56,,58

13 x 276 YO, Z56<,58

Changes™in local forces of acrylic and bar sections

17 FORCE Y CONCENTRATED P - 0,84 L 14.5
18 FORCE Y CONCENTRATED P - 0,52 L 9o
19 FORCE Y CONCENTRATED P - 0,38 L 6,5
20 FORCE Y CONCENTRATED P - 0,15 L 2,5
21 FORCE Y CONCENTRATED P - 0,15 L 2,5
22 FORCE Y CONCENTRATED P - 0,38 L 6,5
23 FORCE Y CONCENTRATED P - 0,52 L- 9,

24 FORCE Y CONCENTRATED P - 0,84 L 14,5
25 FORCE Y CONCENTRATED P — 1,54 L 62



APPENDIX 5060d0
INPUT DATA FOR LENGTH OF BAR g TEST 2

(Data modified from Test 1 Appendix

10 x 207 YO0o Z56058
11 x 212 Y0o 256058
12 x 336 YOo Z56058
13 x 341 YO* 756058

Model 1V

10 x 142 YOo Z56 *58
11 x 147 YOo Z56 (68"
12 x 271 YOo Z56068
13 x 276 YOo Z56058

Member Forces

17 FORCE Y CONCENTRATED P -m0084 L 1405
18 FORCE Y CONCENTRATED P - 0052 L 90
19 FORCE Y CONCENTRATED P - 0038 L 605
20 FORCE Y CONCENTRATED P - 0015 L 205
21 FORCE Y CONCENTRATED P - 0015 L 205
22 FORCE Y CONCENTRATED P - 0038 L 605
23 FORCE Y CONCENTRATED P - 0052 L 9o
24 FORCE Y CONCENTRATED P - 0084 L 1405
25 FORCE Y CONCENTRATED P — 1054 L 62*



APPENDIX 5*6*d*

INPUT DATA FOR THE CHANGES IN MEMBER FORCES DUE TO THE INCREASE IN
FIXATOR BAR LENGTH

Change in force for members 17 - 25 - carriage and bar sections

Test No* 17 18 19 20 21 22 23 24
1 100 0*62 0*62 0*17 0*17 0*62 0*62 1*0
2 1*16 0*72 0*72 ;VQO 0*20 0*72 0*72 1*16
3 1*40  0*87 0*87 0*24 0*24  0*87 0*87 1*4
4 1*67 1*04 1*04 0*29 0*29 1*04 1*04 1*67
5 1*96 1*22 1*22 0*34 0*34 1*22 1*22 1*96

6 2.8 o 6 1*73 0*48  0*48 1*73 1*73  2*8

25

0*86

0*99

1*2

1*43

1*67

2*4



APPENDIX 506020

MODIFIED

Model

INPUT DATA

Test 2 s Joint Loads

12 FORCE X
19 FORCE X 1962

1962

Test 3 s Joint Loads

11 FORCE X 1962
12 FORCE X

Test 4

11
12
13
14
15
16

Test 5

FORCE
FORCE
FORCE
FORCE
FORCE
FORCE

xX X X X X X

5 FORCE X
19 FORCE X 1962

Test 6 * Functional Loading

1962

: Member Loads

CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED

: Joint Loads

1962

22 FORCE X 367*8

CompressionJTests

T U U U T T

6*54
6*54
6*54
6*54
6754
6*54

L 55
L 55
L.,
L 55
L 55
L 55



APPENDIX 5,6.F

INPUT DATA s PERCENTAGE. CHANGES IN THE VALUES OF THE ELASTIC MODULI
FOR HEALING BONE

N V mm % /.mm
10000 % 25000 5700
75.0 % 18750 4125
50.0 % 12500 2750
2500 % 6250 1375
1.0:,% 250 55
ol % 25 5,5
,01% 205 065
NBs E = Fibrocartilage 72,5 N/mm2

2
E = Wet Hyaline Cartilage 490 N/mm



APPENDIX 5*60f

INPUT DATA FOR CALLUS TYPES 1, 2 and 3

Table
Type D d Ax/Ay/Az IX4
mm mm mm2 mm
1 27*5 24*5 122*7 20775
t2 - - 365 2293128
3 36 27*5 419*6 107927

xx; Models 3 and 4 only

Number of members 26

Member incidences

26 9 15

Member forces

26 FORCE Y CONCENTRATED P - 0*26

Member Properties
CONSTANTS E 25000 26
CONSTANTS” G " 5700 26
Model 2

26 AX 2309 AY 230*9 AZ 230*9

2- c™lus types 1, 2 and 3

L 2

1Y4
mm

10387*6

21073*5

53963

1z

4
mm

10387*6

11153*9

53963

IX 26164*0 1Y 13082*3 1z 13082*3



APPENDIX 5*6a0

DATA MODIFICATION FOR A CHANGE

Position B ® Standing

17 FORCE X
18 FORCE
19 FORCE X
20 FORCE X
21 FORCE X
22 FORCE X
23 FORCE X
24 FORCE X
25 FORCE X

JOINT LOADS

22 FORCE X

CONCENTRATED

X/ - CONCENTRATED

CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED

- 3670s

Position D & High sitting

s FORCE
7 FORCE
s FORCE
FORCE
1o FORCE
17 FORCE
18 FORCE
19 FORCE
20  FORCE
21 FORCE
22 FORCE
23 FORCE
24 FORCE
25 FORCE

X X X X X X X X X X X X X X

CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED
CONCENTRATED

W U U U U U U T T

W U U U U U U U U U U U T T

* Models 2 and 3 only* Model

IN POSITION OF THE LIMB MEMBER FORCES

2*78
1 *16
1*16
4*18
9*81
1*16
0*72
0*72
0*2

0*2

0*72
0*72
1*16
0*99

14*5
90
90
2*5
206
90
9*

14*5

40

rrrrr - - O - -

21<5

9=
32
30*
14*5
9*
9=
2*5
2*5
o*

14*5
40*

rrrrrrrrrrr—~ O - - - -

FORCE X CONCENTRATED P 8*38 L 65



APPENDIX 5 ,6a00

DATA MODIFICATION FOR A CHANGE IN THE POSITION OF THE LIMB

Position Co Side Lying

M2dels_11_and™l11

x 193, Y - 56,58 Z0

x 1640 Y - 56,58 Z0

x 211, Y - 56,58 Z0
10 x 229, Y - 56,58 70
11 x 234, Y - 56,58 70
2 x 314, Y - 56,58 70
13 x 319, Y - 56,58 70
17 x 337, Y - 56,58 Z0
18 x 355, Y - 56,58 Z0
19 x 384, Y 56,58 Z0
Model 1V

x 1280 Y - 56068 =0

X 99, Y - 56,58 70,

x 146, Y - 56,58 zo,,
10 x 164, Y - 56,58 70,
117 x 169, Y - 56,58 zo,,
12 x 2490, Y - 56,58 Z0.
13 x 254, Y 56,58 Z0.
17 x 272, Y - 56,58 Z0.
18 x 2900 Y - 56,58 Z0.
19 x 319. Y —56.58 70.



APPENDIX 5060h*

DATA MODIFICATION FOR INTACT BONE SUBJECT TO AXIAL LOADING

AND COMPRESSION

Number of Memberss 26

Member incidences %

26 9 15

Member properties (Model 11 only)s

26 AX 230*9 AY 230*%9 AZ 230*9 IX 26164*7
Models 111 and IV?

26 AX 365*0 AY 365*0 AZ 365*0 IX 2293128

1y 13082*3 17 13082*3

1y 21073*5 17 11153*9

IN TENSION



APPENDIX 5*7*a*

RESULTS g

THE ANALYSIS OF FRACTURE SITE MOTION WITH VARIABLE PIN DIAMETER

(* Relative rotation and displacement between fracture ends)

MODEL

PIN CORE
0 mm

3067
3*87
3*97
4*10
4*30
4*50
4*80

3067 -

3*87
3*97
4*10
4*30
4 050
4*80

3*67
3*87
3*97
4*10
4*30
4*50
4*80

DISPLACEMENT (mm)*

X

O O O © o o o O O o o o o o

O O ©O o O o o

Y

1*9
1*53
1*37
ml*2
ul*0
o8B

m >/

«1789
m1*5476
m1*3785
«1*2278
1*027
m(0*8788
*716

-2*32
-1*8689
-1*6851
-1*4704
1*26
= B
*87

O O o © o o o

o O O

O O O O

O O O o ©o o o

ROTATION (degress) *

axis

063
*52
*47
*43
*37
*33
*28

*63
*52
*48
*44
*36
*32
*28

*8

*66
*60
*56
*49
*43
*37

©O O O O o o o O O O O O o o

© O O o ©o o o

Y axis

Z axis

-2*29
-1*87
-1*68
-1*5

-1*26
-1*1

- *01

-2*29
-1*89
-1*69
-1*5
1*28
-1*1
- *01

-3*5
-2*84
2*5
T2;28
2*0
1*7
1*4



APPENDIX 5,7 ob,

RESULTSs THE ANALYSIS OF FRACTURE SITE MOTION WITH VARIABLE PIN LENGTH

PIN LENGTH  DISPLACEMENT ROTATION (degrees)

MODEL mm X 7Y z ;X Y Z
40 0 - o8 0 - .33 0 -1.16
50 0 -1.42 0 - .55 0 -1.8
56.58 0 -1.9 0 - .63 0 -2.29
60 0] -2.1 0 - 7 0 -2.52
73.55 0 -3.3 0] -1,05 0 -3.6
40 0 - .8512 0 .33 0 -1.18
50 0 -1.4185 0 - .51 0 1.8
56.58 = 0 -1.89 0 - .63 0 -2.29
60 0 -2.11 0] 7 0] -2.52
73.55 0 3.45 0 i P 0 3.73
40 0 - 0¢ 0 -2 o . 1.77
50 0] -1.74 0 - .63 0 -2 .76
56.58 0 2.32 0 - 8o o = =3.5
80 0 2.58 0 - ,91 0 3.79

73.55 0 4.26 0 1.28 0 5,65



APPENDIX 5*7«c*

RESULTS  VARIABLE PIN ANGULATION

PIN ANGLE DISPLACEMENT  (mm) ROTATION  (degrees)
MODEL  TEST NO* X Y Z X Y Z
2 1 0 -109 0 - *63 0 —2*29
2 0 ~1057 0 - *60 0 ~1*36

3 0 —1%72 0 - *64___ 0 .. -1*31

4 0 -1*89 0 - *64 0 —2*1

5 0 ~1076 0 - *59 0 -1*79

6 0 -1*65 0 - *60 0 -2*1

3 1 0 — o8 0 - *63 0 2%29
2 0 1*6 0 - *59 0 1*42

3 0 1*69 0 - 62 0 1*5

4 0 1*76 0 - %61 0 2%1

5 0 1*71 0 - *84 0 1*7

6 0 1*89 0 - *64 0 2*08

\

1 0 -2*33 0 - *8 0 3*5

2 0 ~1*92 0 - *75 0 2*09

3 0 —2*08 0 - *77 0 2%25

4 0 2*19 ) - *76 0 323

5 0 2%12 0 - 8 0 "2%6

6 0 2*33 0 - *8 0 3*2



APPENDIX 5.7 .do

RESULTS; OFFSET OF THE PINS FROM THE FRACTURE SITE

Distance between

MODEL inner two pins
Test No. L

2 1 90

11 124

*111 107

* v 107

3 1 90
11 124

*111 107

* 107

4 I 90
]| 124

*111 107

* v 107

DISPLACEMENT
X Y

0 -109

0 20 *
0 -2.72
0] -2.03

0 -1.89

0] -2.91

0 -2.71

0 -1.99

0 -2.32

0 -3.55

0 -3.36

0] -2.3688

(mm)

ROTATION (Degrees)

b &P
- B
- B

Y

"0

z

-2.21



APPENDIX

RESULTS* SERIES A* VARIABLE DIAMETER OF STAINLESS STEEL FIXATOR BAR

BAR 0 DISPLACEMENT  (mm) ROTATION (degrees)
MODEL (mm) X Y z X Y z
2 9 0 -1*91 0 - %67 0 -2*35
9*67 0 -1*9 0 - *63 0 ~2*29
10 063 0 -1*94 0 - *58 0 -2*3
11*6 0 -1*93 0 - *52 0 -2%27
12 *67 0 -2*15 0 - *33 0 -2*48
15*0 0 -2*15 0 - *33 0 -2*5
3 9 0 r&co 0 - %67 0 -2*35
9*67 0 -1*89 0 - *63 0 -2*29
10*63 0 -1*93 0 - %57 0 -2*31
11*6 0 -1*97 0 - %5 0 r2*33
12*67 0 -1*98 0 - *46 0 -2*33
15*0 0 -2.3 0 - »28 0 -2*63
9 o -2*30 0 -3 0 3*5
9*67 0 -2*32 0 - B 0 3*5
10%63 0 -2*31 0 <74 0 3*45
11*6 0 -2 *3346 0 — 066 0 -13*34
12*67 0 -2*395 <0 - *60 0 -3*46

15*0 0 -2*66 0 o043 0 -3*71



APPENDIX 5,7 *e0

RESULTS g Bo VARIABLE SECOND MOMENT OP AREA. FOR A STAINLESS STEEL

FIXATOR BAR
_*
(OEL BAR TYPE
2 Solid Rod
Tube

Square Tube

3 Solid Rod
Tube

Square Tube

4 Solid Rod
Tube

Square Tube,,

D.imension ofJ3arJType

Circle 0
Circular

Tube Dg =
Square

Tub®© LQ

DISPLACEMENT ()

X Y Z
0 -2*15 0
0 -1 *93 0
0 -2*05 0
0 -2*3 0
0 -1092 0
0 -2*116 0
0 -2,66 0
0 -2*3509 0
0 -2*5693 0
15 mm

15 mm DA = 13mm

15 mm Lj

13 mm

ROTATION (Degrees)

X Y Z

*33 0 -2*5

B4 0 ,-2%24
*44 0 2*37.
*28 0 ~2*63
*56 0 2,07
& 0 -2,44
*43 0 -3,71
*68 0 -3*38
*57 0 -3,57



APPENDIX 5.70f : RESULTS

Changes in fracture size motion due to s variable bar length

»del Test
2 1
2
3
4
3 1
2
3
4
4 1
2
3
4
Central Bar length
Test 1 114 mm
Test 2 124 mm
Test 3 97 mm
Test 4 97 mm

Displacement mm.

X Y

0 20

0 3.26
0 2.72
0 2.03
0 2.91
0 3.13
0] 2.71
0 1.99
0 3.55
0O ., 3.86
0 3.36
0 2.37

z

Rotation (Degrees)

X

.67

.66

.66

.64

.65

.87

.81

.81

z

2.54
2.82
2.54

2,3

2.56
2.73
2.53

2.25

3.83
4.09
3.74

3.49



APPENDIX 5*7*h*

Y

1*53

0

*086

RESULTS s THE EFFECT OF CHANGE IN POSITION OF THE FRACTURED LIMB
DISPLACEMENT  (mm)
)DEL POSITION X Y Z
2 A 0 -1*9 0
B -3*55 0 - *06
c - + o - *06 0
D + o2 0 + +o002
3 A "o -1*89 0
B 3*54 0 *0526
*
C + 01905 - *0563 0
D *2029 0 *0015
4 A - 0 -2*33 0
B * 3*54 0 - *055
C + *2984 *0618 0
D + *2434 O- + *002
A Supine lying - straight leg raise
B Standing on leg with an unstable fracture
f - E?a.
C Side lying - fractured leg abducted

D High sitting - non wieght bearing

ROTATION (Degrees)
z

2*29

- x21

2*29

*21

-3*5

- *31



APPENDIX 508

VARIABLE BAR DIAMETER L

Values of torsion and bending moments at the proximal end of the bar

BAR TORSION MOMENT BENDING MOMENT
MODEL DIAMETER N/mm N/mm
9 1144*5 +3835*22
9*67 1152*78 +3888*42
10*63 1146*79 +4049 *23
11*6 1149*26 +4096 *2
12*6 1152*23 +4364 (34
15*0 1152*23 +4680 *84
9 1141*09 3848*49
9*67 1145*76 3874*16
10*63 1151*68 4041*83
11*6 1142*82 4196*74
12*6 1146*87 4259*14
15*0 1154*53 5017*75
9 1384*33 5432*88
9*67 1405*92 5595*31.
10*63 1394*21 5592*25
11*6 1397*19 5765*33
12*6 1394*08 5979*5

15*0 " 1410*46 6635*88



