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ABSTRACT

Experimental Characterization of the Pressure Buildup in the Intramedullary

Canal during Orthopaedic Reaming using a Synthetic Bone Analogue
Master of Applied Science, Mechanical Engineering, 2006, Azar Hojabr

School of Graduate Studies, Ryerson University

During certain orthopaedic procedures such as total hip or total knee arthroplasty, )
it is necessary to ream the intramedullary canal of long bones prior to the insertion of the
implant. This reaming procedure can generate significant intramedullary pressure
elevations, potentially leading to the release of embolic fat into the blood stream, and thus
increasing the risk of a potentially fatal complication, i.e., fat embolism syndrome. In this
thesis, a two layer synthetic bone analogue with open cell porosity and mechanical
properties similar to that of real bone was developed and used to evaluate the effect of
reaming parameters such as RPM, advancement speed, reamer size, bone marrow
viscosity and clogged reamer on resulting intramedullary pressure elevations. All the
aforementioned parameters, except the reamer size, were found to significantly influence
the medullary pressure. It was found that increases in the reamer advancement speed
increased the pressure, whereas increases in the reamer RPM decreased the pressure. The
correlation between the simulated intramedullary pressure, imposed forces to the bone
and applied torque to the reamer was also assessed. No significant correlations between

these variables could be established.
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NOMENCLATURE

The definition of symbols will be done in alphabetical order:

: Ronald Fisher number; Ratio of effect variance to error variance
: Force in x-direction [N]

: Force in y-direction [N]

: Force in z-direction, axial force [N]

: Null Hypothesis

: Number of factor in a factorial design

: Number of levels associated with each factor in a factorial design
: Number of pairs in measurement sample in correlation analysis

: Total number of experimental observations

: Pressure [mmHg]

: Level of significance

: Correlation coefficient

: Correlation of determination

: Sum of squares

: Variance

: (or r-test) Test of significance established based on analysis of  distribution

-: Experimental observation, variable

: Mean of experimental observations

%leﬂ%a'%w*uwzzhwgm;qgﬁmﬁﬁ

: Experimental observation, variable

Greek symbol

2, : Quantitative effect of each treatment
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1 Introduction

1.1 Motivation

Fat Embolism, FE, refers to the presence of fat globules within the blood
circulation that can produce embolic phenomena. Fat Embolism Syndrome, FES, refers to
clinical symptoms associated with FE that can cause potentially life threatening
complications after long bone trauma, blunt trauma, and intrémedullary canal
manipulations'?. The intramedullary canal is the internal hollow cavity in the long bone
containing bone marrow, blood vessels, nerve fibers, and soft tissues’. Complications A
such as fat embolism syndrome are reported in many orthopaedic procedures involving
breaching of the intramedullary canal, such as, for example, Total Knee or Hip
Arthroplasty procedures, TKA or THA. Given the increasing age of the population, the
number of such procedures is also increasing, so that even the 1% reported occurrence of
FES in patients having undergone THA represents a large number of cases.! It is thus of
interest to study ways of decreasing its occurrence.

In orthopaedic procedures, the intramedullary canal often needs to be reamed to a
larger size in order to accommodate the insertion of the implant. A number of studies
have shown evidence of elevated intramedullary pressure due to the penetration of
orthopaedic reamers. This elevated pressure is generally accepted to increase the
probability of the release of bone marrow contents into the blood circulation, and thus the

1,2,4,5,6,7,

probability of FES occurring. To reduce the intramedullary pressure, a

modification of standard orthopaedic techniques by adjusting the reaming parameters is



required. The focus of the present work is thus to assess the reaming parameters and
propose modifications to reduce the intramedullary pressure.

Previous studies on this subject are mainly based on observations from
orthopaedic surgeries on human and animal (in-vivo) or cadaveric long bones (in-vitro).
Such studies, however, suffer from significant specimen to specimen variability since the
bone composition and properties vary depending on age, gender and health. Some studies
instead have used synthetic bone analogues, made of, for example, Polyurethane foam®,
Silicon shells’, Plexiglas cylinders’o, Teflon cylinders and porous ceramics'’ (see Section
2.6.3). These existing bone analogues, however, generally utilize a one layer closed-cell
structure, which only mimics the outer layer of the bone. As a result, they generally lead
to unrealistically high measured pressures. In the present work, these difficulties were
avoided by developing a new two layer open cell structure synthetic bone analogue with

similar structural and mechanical properties to a human femur.

1.2 Thesis Objective

The objective of this work is to assess the effect of reaming parameters leading to
elevated intramedullary pressure during orthopaedic procedures, as well as to provide
recommendations on how to alter them, to prevent the risk of FES. To meet this primary
objective, two secondary objectives were necessary: 1) To design and construct a
synthetic bone analogue that mimics intramedullary pressure buildup in a human femur
when being reamed, and to assess its performance by conducting reaming experiments
and comparing the measured pressures to cadaveric data from the literature. 2) To
perform parametric studies to evaluate the factors leading to elevated intramedullary

pressure and recommend an optimized technique to reduce the risk of FES.



2 Literature Review

2.1 Fat Embolism Syndrome (FES)

Fat Embolism Sydrome (FES) is a collection of respiratory, neurological, and
haematological symptoms associated with long bone trauma, blunt trauma, and
intramedullary manipulation'?. Fat embolism itself, i.e., fat globules within the blood
circulation, is quite common and reported in 90% of patients with long bone fracture.
However, the incidence of fat embolism syndrome is reported to be 0.5% to 2% in
patients with single long bone fracture and 5% to 10% in those with multiple long bone »
fractures®. The syndrome occurs more in adults than children because adults have a
higher fat content and a different fat composition in their bone marrow than children’.
Investigation of the causes and origin of FES reveals the multi-factorial nature of this

clinical syndrome. This makes it difficult to establish methods to prevent or treat FES.!

2.2 Early history of Fat Embolism Syndrom;

Fat embolism has been recognized since 1862, when Zencker first reported the
presence of fat droplets in the lungs of patients with severe abdominal crush injury at an
autopsy. In 1873, Bergmann clinically diagnosed fat embolism for the first time in a
patient with a fractured femur.® The study of the pathophysiology andlpathogenesis of fat
embolism continued throughout the early twentieth century when Peltier published his_
work on the pulmonary consequences and treatment of fat embolism in 1969.! In 1970,

Gurd described and classified fat embolism syndrome by collecting similar clinical



manifestations. He found that FES is a pulmonary dysfunction that affects the lungs,

brain, heart, eyes, and skin.!

2.3 Pathophysiology of Fat Embolism Syndrome

There are two different theories regarding the mechanisms causing FES: the

mechanical theory and the biochemical theory.

2.3.1 Mechanical Theory of FES

Fat droplets from the intramedullary canal are ejected into the bloodstream after
bone trauma and enter the venous system. The large fat droplets between 20-40 um block
the small pulmonary vascular branches, while the small fat cells are depdsited in the
capillary beds and travel through arteriovenous shunts and enter the circulation system
into the brain.® The mechanical theory hypothesizes that the fat from the bone marrow is
_physically foréed into the circulation blood system following the trauma. Normally, the
bone marrow pressure is between 30-50 mmHg. Animal studies show that the threshold
pressure for the passage of bone marrow into the capillary bed, and thus possibly result in
fat embolism syndrome, is >50mmHg. Large amounts of marrow resulting in pulmonary
impairment’, i.e., configured emboli, begin to appear at pressure elevations of over
200mmHg. Some literature has reported intramedullary pressure increases of up to 1000

mmHg during reaming of an intact (unbroken) long bone.”

2.3.2 Biochemical Theory of FES
This theory states that FES occurs due to chemical reaction of tissues where blood
lipids eventually grow into embolic fat in a series of non-traumatic conditions such as

diabetes mellitus, burns, liposuction, decompressioh sickness and alcoholism. Embolic



fat in this theory refers to large fat globules with diameters of up to 40 pm that are
capable of causing capillary closure.'?

While the pathophysiology and etiology of FES are very important, the focus of
the present work is on the mechanical operative parameters that increase intramedullary

pressure, generally accepted to lead to FES."'> 1

2.4 Early History of Intramedullary Fixation

Intramedullary fixation was originally introduced in Mexico in the 16" century,
and followed by four centuries of development of implants and techniques. Early
implants used in intramedullary fixations were organic-based, made of material such as
wood, ivory, or bone. In mid twentieth century, during World Waf II, intramedullary
fixation was introduced to North Americans when American soldiers returned from
Germany with metallic implants in fheir medullary canals. Further developments
involved introduction of intramedullary reaming techniques in 1942, which led to
investigation of problems associated with fat emboliSm during intramedullary reaming.
Introduction of bio-resorbable materials for implants are a more recent breakthrough in
the intramedullary fixation techniques in the 21" century.'* However, these do not
exclude the use of reamers, which will tend to raise the pressure inside the intramedullary

canal.

2.5 Intramedullary Reaming

Intramedullary reaming is an orthopaedic procedure used in TKA, THA, and
certain orthopaedic trauma surgeries (e.g., intramedullary nails to treat fracture) to

prepare the canal for implant insertion. Previous studies from the literature show



evidence that this intramedullary reaming is a risk factor for FES incidence. Timing of
the operation appears to be very important. Complications are generally increased in
patients with multiple fractures when the surgery is delayed more than 24 hours or the
surgery takes longer than usual.> The relationship between FES and intramedullary
complications has previously been examined experimentally in the literature!”? under the
generally accepted assumption that pressure buildup in the intramedullary canal leads to

FES.

2.6 Elevated Intramedullary Pressure during Orthopaedic Procedures

Parameters such as reamer rotational speed (RPM), advancement speed, reamer
design, and the force applied to the reamer can affect the intramedullary pressure, and as
such are candidates for studies aimed at minimizing the occurrence of FES in orthopaedic
procedures. Such studies can generally be classified into three main categories: 1)

- Human studies 2) Animal studies 3) Studies based on synthetic bone analogues.
2.6.1 Human Studies

2611 InVivo'

In 1990, Fahmy et al.'® monitored the blood-gas and circulatory changes during
TKA'’s in 35 patients to examine the effect of insertion of an 8 mm solid alignment rod
versus a fluted alignment rod into the distal femur. After insertion of both rods, they
found traces of marrow content in the blood sample from the right atrium of the heart. It

was concluded that the presence of embolism marrow content in the blood was associated

" In vivo is the Latin word for “in the living”. It is used to indicate the presence of a living
organism



with the significant increase in intramedullary pressure due to insertion of rods in the
femur. Further, they examined the possibility of inserting the fluted rod through a 12.7
mm drill hole entry site. They found that the pressure buildup could be prevented by
making the entry hole diameter at least 4.7 mm larger than the fluted rod diameter. The
reason for this large offset is that the highest intramedullary pressure was reached during
insertion of the guide wire or rod. By making a larger diameter hole as the entry site, a
larger portion of marrow could leave the channel, thus preventing further pressure
buildup within the intramedullary cavity.

Herndon et al.'® studied 34 patients who underwent THA by monitoring the
femoral vein using ultrasounic probes. According to this study, in almost every cemented
THA, fat embolic events were observed, albeit of various intensities. Later, Hofmann et
al."” postulated that these cases were likely to cause less than 0.1% of fatal FES cases.
Herndon'® also concluded that using a suction method to remove all the bone marrow and
debris from the cavity during or after the reaming could prevent them from entering the
blood circulation system. i

Parvisi et al.'® noted that FES is mostly reported after cemented THA, in which
the marrow cavity is reamed and the implant is placed in the cavity using surgical
cement. In a recent report of 38,488 THA patients at the Mayo clinic between 1969 and
1997, no deaths were reported among 15,411 uncemented arthroplasty surgeries, but 23
deaths were reported in 23,077 cemented arthroplasty surgeries, in which the bone cavity
is reamed. '®

Peter et al.' found that the advancement speed of the reamer can influence the

pressure buildup in the medullary canal. They monitored the intramedullary pressure in



nine patients with long bone fractures undergoing prophylactic nailing of femora. In these
experiments, the intramedullary pressure was monitored using a pressure transducer
device inserted through the distal canal. Maximum pressures in a range of 300 to 450
mmHg were recorded during insertion of the smaller reamer diameters (9-9.5 mm) at
high penetration speeds. They found that rapid reamer advancement increased the
pressure within the intramedullary canal, whereas a slow reamer advancement prevented
such excessive pressure buildups. Due to technical difficulties, their study was unable to
report the actual reamer advancement rate used by the surgeons, but they reported a

maximum pressure of 100 mmHg during ‘slow’ reamer advancement.

2.6.1.2 Invitro"

Muller et al.*® studied the variation of compression force (axial force) applied to
the bone during intramedullary reaming. Five cadaveric human femurs, hydrogenated in
- physiological saline solution for 24 hours, were used in these experiments. This study
reported a compression force of 59 N concurrent with the diaphyseal and metaphyseal
maximum pressures of respectively 206 and 367 mmHg.

Johgson et al.® used six pairs of preserved human cadaveric femurs to study the
correlation between the intramedullary pressures and axial forces during reaming. The
bones were filled with albumin and maintained at physiological temperature of 37°C
during their experiments. They reported no significant correlation between these two

variables at the distal canal (R’=0.191, p=0.048).

# In vitro is the Latin word for "within glass". In the current work, it is used to indicate
experimental technique where the experiment is performed on cadaveric bones.



Heim et al.*'used twenty human cadaver bones with intact (unbroken) medullary
canal to compare reamed and undreamed nailing of the femur. They found no significant
difference in pressure elevations within the femoral shaft between these two methods.
The maximum intramedullary pressure during reamed nailing of femoral canal was
reported as 511lmmHg in this study. They also used venting holes to decrease the
medullary pressure, but no significant effect due to introduction of a venting hole was
reported by Heim et al. The reason was explained due to the fact that the venting hole

becomes blocked by bone debris created during clearance of the cancellous bone.*!

2.6.2 Animal Studies

Mousavi et al.”? conducted controlled reaming experiments to assess the influence
of reaming parameters such as RPM, advancement rate, and reamer size on the
intramedullary pressure of twenty-four sheep. They reportéd higher pressure elevations
due to high advancement speed and low RPM.

Kropfl et al.”, studied the intramedullary pressure elevations and embolization of
bone marrow comparing unreamed and reamed femoral nailing using sixteen baboons.
They established a statistically significant difference between the two methods (p<0.001),

reporting peak intramedullary pressures ranging from 420 to 1510mmHg.

2.6.3 Studies Based on Synthetic Bone Analogues

Plexiglas tubes filled with a mixture of paraffin and petroleum jelly were used by
Muller et al.'®o study the effect of different reamer designs using hollow flexible
reamers. Hollow reamers are designed to allow the marrow to escape through their

hollow cavity and are expected to produce lower pressure than the solid ones; however,



the hole of the hollow cavity was reported to quickly become blocked by bone debris
during reaming.'The investigators reported that hollow reamers only lead to pressure
reduction in combination with a thin flexible drive. The reason was explained on the
basis of the fact that penetration of the reamer can be compared to a piston entering a
cylinder filled with viscous fluid. In a piston and cylinder system, the flow-rate is directly
proportional to the cube of the gap (h) between the reamer and Plexiglas tube
( flowrate o< h*)*. Thus, a larger gap for a thinner flexible drive results in a higher flow
rate of the escaping marrow, leading to a lower pressure buildup. 10

Silicon cylindrical shells (350 mm long with 3 mm thickness) filled with a 1:2
ratio of paraffin/petroleum jelly mixture were used by Mousavi et al.’to represent the
femoral shaft. A controlled reaming design was used to study the effect of the reaming
parameters. They reported the driving speed as the most significant variable influencing
the pressure élevations. They showed that increases in the driving speed (advancement)

increased the pressure, whereas increases in the reamer RPM decreased the pressure.

10



3 Background

3.1 Bone Structure

Bone is a specialized tissue that has two functions in the body: physiological and
mechanical. The physiological function, together with the kidneys and intestines, is the
regulation of calcemia. Calcium ions are diversified into the bone matrix during its
mineralization to reduce the excessive calcium content of the blood. Similarly, calcium
ions can be sent into the bloodstream to increase the calcium level during the bone
resorption. Besides this metabolic function, bone has vital mechanical properties such as
hardness, modulus of elasticity, brittleness, and limited plasticity that provide enough

strength for daily activities, i.e., movement and standing.?

3.1.1 Basic Components of Bone Matrix

Bone consists of two main components: the organic matrix and inorganic mineral
components. The organic material provides ﬂexibifity, whereas the inorganic material
provides resilience. Together, these components provide mechanical and physiological

support to vérious parts of the body.”

3.1.1.1 Organic Matrix

The organic matrix of the bone consists of collagen and non-collagen proteins
distributed as 90% and 10%, respectively. Collagen is a fibrous protein that provides
flexibility and strength. Collagen molecules contain three long chains of over a thousand
amino acids. Bundles of these molecules are arranged into fibrils that are twisted into a

right handed coil or fibre. Depending on the orientation of the collagen fibres, two types

11



of bone tissues are recognized: cortical bone (also referred as compact or lamellar) and
cancellous bone (also referred as trabecular, spongy, or non-lamellar).® Cancellous bone
is always surrounded by cortical bone.

The non-collagen components of the organic matrix include phospholipids,
glycoproteins, and phosphoproteins. The distribution and amount of non-collagen
component varies depending on the type of bone and the zone of the bone at which they
are located. Non-collagenous proteins have a regulatory effect on the calcification

process. >

3.1.1.2 Mineral Component

The mineral component of bone is a calcium phosphate hydroxyapatite. It consists
of calciﬁm, phosphate, calcium carbonate, calcium fluoride, calcium hydroxide and
citrate, comprising approximately 65 to 70% of the bone’s dry weight. The remaining of
the bone’s dry weight is composed of collagen fibers, making up approximately 95% of
the organic extracellular matrix.”

The inorganic substances of bone appear as needlelike crystals or tablets. Their
crystal strﬁcture allows them to fit exactly into the holes and fibrils without disrupting

their structure.?

3.1.2 Whole Bone

A variable assembly of the basic components forms the bone as a tissue. Whole
bone, i.e., bone as an organ, includes the bone tissue matrix as well as blood vessels,
nerves, and bone marrow whose properties change with age and type of the bone. In a

skeleton, bones may appear as long bones (tubular), short bones (irregular prismatic) or

12



tlat bones (bilaminar plates). Long bones are the long tubular segments (e.g., femur, tibia,
etc.). which are the focus of this thesis.

Three regions are distinguished in a long bone: diaphysis, epiphyses, and
metaphyses (Figure 3-1). Diaphysis is the central shaft representing the longest part.
Epiphyses are the two ends of the bone. Metaphyses are the regions that lie between the

diaphysis and epiphysis.

Figure 3-1-Schematic representation of human femur

Three types of cavities exist in a long bone: haversian canals, marrow cavities,
and the lacuna®’. Haversian canals are typically located in the cortical bone. They consist
of blood vessels and nerves supplying nutrients and blood to osteocytes, bone cells,
which are surrounded by lamecllae and lacunae. Lamellae are concentric layers of a
mineralized matrix that are found in cancellous bone. Lacunae are small cavities
bordering the concentric layers of lamellae. The lamellae are connected via numerous
small channels called canaliculi. The intramedullary canal is a hollow channel within the

cancellous bone, in which sits the bone marrow, whose primary purpose is to generate



blood cells. Osteocytes receive nutrients through canaliculi from blood vessels located in

bone marrow?.

3.1.3 Porous Properties of Bone

Cortical bone and cancellous bone are distinguished based on their collagen fibre
orientations and degree of porosity even though they have similar basic compositions. To
be more precise, the real difference of cortical and cancellous bone is in their
organization and porosity.>

Porosity is defined as the ratio of void volume to total volume. Porosity of cortical
bone ranges from 5% to 30%, mainly due to voids created by osteon canals and lacuna.
Porosity of cancellous bone, due to vascular and bone marrow spaces, varies from 30% to
90%.>* For human femurs, Wang and Oingwen recently studied the relationship
between age and changes in bone porosity and pore size, using the pulsed nuclear
magnetic resonance (NMR) process*’. Their findings suggest that cortical porosity ranges
from 8%, for young individuals, to 24-28% for elderly individuals. Typical values for
Haversian canal pore size and osteocytic lacunae size were reported as 58 #m, and 4 & m,
respectively.30 The osteocytic lacunae pore sizes are of less importance, because
Haversian canals make up most of the cortical bone structure. Table 3.1, compiled from
the literature, shows the porosity and pore size which a reasonable cortical and cancellous
bone analogue must possess.

The material density of the cortical bone is defined as the wet weight divided by
the total volume. It is a function of porosity and mineral content. The apparent density for
cortical bone is the same as its material density as, unlike cancellous bone, there are no

spaces within cortical bone for bone marrow elements. The apparent density of the
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cancellous bone, on the other hand, is related to its mechanical properties such as

compressive stiffness and strength.>! The apparent densities of cortical and cancellous

bone reported by Carter et al. are 1.8 g3 and 0.1 t0 0.9 g3 , respectively. 3
cm cm

3.1.4 Mechanical Properties of Bone

Bone structural properties are greatly dependent on the loading, disease and aging
parameters.33 In order to be able to simulate reaming operations, the bone analogue
material must not only have similar porous properties, but also similar mechanical
properties. Two important mechanical properties to be simulated are modulus of
elasticity and strength. The modulus of elasticity measures the ability of a material to
sustain elastic deformations due to an applied force, while strength provides a measure of
the resistance of a material to plastic deformation and fracture.

Mechanical properties of the bone are determined utilizing mechanical testing
procedures; i.e., the application of compressive, tensile, torsional, or shear loads to the
bone, and measurement of the response. The results of compression tests are more
reliable estimations for long bones as they are mostly loaded in compression, in order to
support the body. Table 3.1 shows average estimates of the mechanical properties of
cortical and cancellous bone based on compression testing of cadaver bones. To properly
represent the mechanical properties, the materials representing cancellous and cortical

bone should have material properties approximately matching those shown in this table.
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Bone Type | Porosity [ Apparent || Pore Size | Modulus of Ultimate
[%] Density [um] Elasticity Strength

[kg/m’] [MPa] [MPa]
Cortical 5-30 1810 3-178 14700-34300 133-295
Cancellous | 30 -90 320 100 — 400 74 - 522 1.8-94

Table 3.1-Properties of long bone compiled from the literature

3.2 Bone Marrow Properties

Bone marrow is a soft, sponge-like, fatty tissue that houses immature cells known
as hematopoietic or stem cells, found inside long bones. These stem cells transform
themselves into three types of blood cells: white and red blood cells and platelets. White
blood cells fight infection, red blood cells carry oxygen and platelets help the blood to
clot. There are two types of bone marrow: red marrow and yellow marrow. Red marrow
is" highly vascularized and contains stem cells; whereas the yellow marrow, which is not
vascularized and contains a large amount of fat cells.>*

Structural properties of bone marrow follow the properties of those of a non-
Newtonian fluid, in which the shear stress is not linearly proportional to the deformation
rate. The purpose of bone marrow is twofold: to create hydraulic resistance and hydraulic
strengthening, which are, respectively, resistance of fluid flow through the porous media
and viscous interaction between the bone and fluid.”

Unfortunately, there has been very little study on the rheology of bone marrow.
Bryant et al.3¢ measured the viscosity of bone marrow in the distal and proximal regions
of long bone in bovines. They found a very large difference in marrow viscosity due to
changes in temperature. They reported a viscosity change of 50 cP to 1000cP for the

temperature range of 20°C to approximately 40°C. They also found a large difference in

the viscosity of bone marrow between the distal and proximal portions of the bone,
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respectively 50cP and 600cP.2® This viscosity has been considered in a number of

previous studies! 738394041 55 being representative of that found in human long bones,

and is thus considered in the present work as well.

3.3 Reaming

Reaming is a machining process used to create an accurate hole size with a
smooth surface finish on a previously existing hole. Reamers thus are used to enlarge
holes, typically created by a drilling or boring machine, accurately to the desired size.
Typically, a reamer is a multi-edge fluted cutting tool in which the edges cut
simultaneously to create a round hole*?. However, the accuracy of the hole roundness in
reaming has been a subject of investigation in the literature. For example, Kiyota et al®?
and Friedman et al.* reported the phenomenon of multi corner-profiled hole in reaming,
and Bayly et al.* investigated the effect of tool oscillations and hole roundness error
using a quasi-static model of reaming. The experimental measurements (Chapter 6) from
the present work has been used by another Ryerson graduate student to establish stability

analysis and hole roundness error due to tool vibrations.*®*’

3.3.1 Reamer Types

To investigate the reamer behavior for the present application, one needs to be
familiar with the structure of reamers. There are three types of standard reamer shapes
available in the market: straight flute, right-hand spiral, and left hand spiral. Orthopedic

reamers are mostly available in straight flute and right-hand spiral shape.
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3.3.1.1 Straight Flute

Straight flute reamers are the most common reamer type. They have two or more
flutes with cutting edges that are parallel to the tool axis. The straight shape of the flutes
allows the cutting material to flow back as the reamer advances. These reamers are
mostly used when there are no keyways or interruptions in the hole. In the present work,
solid six-fluted straight orthopaedic reamers are used (Figure 3-2). Refer to Appendix E

for detailed reamer specifications.

Figure 3-2-Pictorial schematic of orthopaedic reamers used in this study

3.3.1.2 Right-hand Spiral

The right-hand spiral reamers have two or more flutes in a right helix to the tool
axis. These reamers tend to push the cutting material out of the hole. They are not
suitable to ream soft materials as they tend to pull down into the hole*2. These reamers

are mostly used in the hollow flexible drive reamers, described in Section 2.6.3.
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3.3.1.3 Left-hand Spiral

The left-hand spirals have a tendency to pull out of the hole, hence to push down
the cutting material. They require a higher advancement force to feed smoothly. This type
is more conveniently used on soft materials*>. These reamers are not as common in
orthopaedic applications due to the fact that they push down the cutting material in the

bone cavity.

3.3.2 Reaming Parameters
The reaming parameters are the operational conditions which may change the
hole finish quality or the hole accuracy. The two most important reaming parameters in a

reaming process are the rotational and advancement speeds of the reamer.

3.3.2.1 Rotational Speed

Rotational speed is defined as the spindle speed of the reaming device in the form
of number of revolutions per minute (RPM). Reamer RPM has been shown to affect the
intramedullary pressure during orthopaedic procedures; a number of investigators have

reported that low RPM increases the pressure elevation during orthopaedic reaming.”?2

3.3.2.2 Advancement Speed

Advancement speed is the rate of penetration of the reamer into the work piece
defined in terms of distance the reamer moves forward every second, e.g., millimeters per
second. A low advancement speed may wear out the reamer blades; however, a very
high advancement speed may result in a lower hole accuracy or a lower surface finish

quality. Advancement rate should be high enough to allow the cutting blades to cut the
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working material rather than to rub the hole surface. In practice, reaming should thus be
at high enough speed to prevent rubbing while creating a good qualiiy hole finish*2,

The effect of advancement speed on elevation of intramedullary pressure during
orthopaedic reaming is evident in the literature. It is seen that a higher advance speed

increases the marrow pressure within the bone.”1*?2

3.3.2.3 Alignment

Alignment can also affect the finish and accuracy of the hole. Ideally, the axis of
the spindle, reamer, and hole should be aligned in a reaming process. Any misalignments

may result low hole accuracy, which might lead to excessive intramedullary pressure.*?

3.3.2.4 Chatter

Chatter is a self-excited violent relative vibration between work piece and tool.
The presence of chatter in a reaming process is undesirable, as it may cause dull blades
| and low quality holes, potentially leading to high pressure buildups during orthopaedic
procedures. Generally, chatter occurs at rotational speeds higher than 500 RPM.* In the
current work, the maximum rotational speed of the reamer was 200 RPM, and it was thus

assumed that chatter was not a problem.
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4 Experimental Apparatus and Procedures

4.1 Preliminary Considerations Regarding Synthetic Bone Analogue

Previous studies in the literature on the parameters leading to pressure buildup in
the intramedullary canal have mostly used cadaveric specimens. In the present work, the
aim was to find a synthetic bone analogue which would have a relatively simple
geometry and would have a lower specimen to specimen variability than that found in
cadaveric bones.

It would be very difficult to construct a bone analogue which possesses the
detailed structure and network of the bone. However, for the purposes of biomechanical
parametric studies which, above all, require comparative rather than absolute
measurements, a reasonable first approximation would be to assume that bone has an
approximately homogeneous porous open cell structure. With this approximation in
mind, for study of fluid flow, the properties of human long bone that an analogue must
match are porosity and pore size, strength and modulus of elasticity. Variation of these
properties causes major differences in fluid flow and indeed can be used to distinguish

between the cortical and cancellous material.

4.1.1 Geometry

For the purposes of this thesis, i.e., in order to approximate the mechanical and
fluid dynamics behavior of a human femur during orthopaedic reaming procedures, the
shape of human femur was represented as a simplified two layer (outer layer is cortical,

and the inner layer is cancellous bone) cylindrical analogue (Figure 4-1 and 4-2) based on
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an average femur size. A 10 mm diameter cylindrical void at the center represented the
intramedullary canal. This geometry, without the cancellous component (i.e., with only
the cortical 32 mm outer diameter, 16 mm inner diameter cortical layer), has been
previously used to experimentally study the pressure buildup due to hammering of
orthopaedic implants into long bones.'*"The cortical geometry has also been used as a
base for numerical models of pressure buildup in the intramedullary canal, due to

orthopaedic implant hammering,>82%404!

Cortical Bone

— |
Qlomm T~

Figure 4-1- Approximation for the geometry of human long bone
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Figure 4-2-Schematic of cortical and cancellous layers in the long bone

4.1.2 Choice of Representative Materials for Cancellous and Cortical Bone
Simulation

Generally, in an orthopedic reaming process, the cancellous bone is reamed, and
significant amounts of cortical bone are rarely reamed. Thus, the porous properties of
human cortical bone should be accurately simulated, while simulation of the mechanical
properties is less important. The cortical bone analogue is only used to ensure that a
realistic resistance to fluid flow is provided when the intramedullary pressure is
increased. The present study thus utilized the cortical substitute used with success in
previous work.11'37 Thus, the outer shell in Figure 4-1, was made of 22.5% porous and

40-60 microns pore size open-cell ultra high molecular weight Polyethylene (UHMW-

23



PE) (Porex Porous Products Group, Fairburn, GA, USA), meeting the porous
requirements outlined in Table 3.1.

In order to find an appropriate substitute for the cancellous bone, both the
structural and mechanical properties needed to be met, as it would be reamed, and also
have to transmit fluid to the cortical shell. It thus had to have similar porosity, pore size,
density, strength, and modulus of elasticity as human cancellous bone (Table 3.1). It
proved extremély difficult to find a material matching all these requirements that could
also be manufactured in a hollow thin walled tube form. Table 4.1 summarizes the
candiciate materials for a cancellous type structure. Three categories of porous materials

were considered: carbon, metallic and polyurethane foams.
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Open cell metallic foams (e.g., aluminum foam) were considered due to their
ability to duplicate the cancellous bone porous and mechanical properties. Also, the
physical and mechanical properties could be varied independently of each other. The
strength and modulus of elasticity of these foams depend on their relative density and the
properties of the base material.*® Porosity and pore size can be adjusted by applying
higher pressure to the base material during the manufacturing process. ERG Materials
and Aerospace Corp. (Oakland, CA, USA) can custom manufacture 12-15 % dense 6101-
T6 alloy with 85-88% porosity and 282 um pore size. The mechanical properties such as
elastic modulus of 393-620.53 MPa and compressive yield strength of 3.79-5.52 MPa
closely match the requirement for the cancellous bone'™.** Although this material closely
resembles cancellous bone properties, a more cost effective material was selected for the
present application.

Open cell rigid polyurethane foams from Pacific Research Laboratory (Vashon,
| WA, USA) were considered due to their ability to duplicate the cancellous bone porous
properties. However, these porous foams have very low strength and are very brittle, and
are thus impractical for experimental purposes. Also, the large pore size of a few
millimeters made the manufacture of the thin wall tube suitable for cancellous bone
simulation virtually impossible.

The most promising material for an analogue of cancellous bone suitable for fluid
flow study is carbon foam. These foams can be tailor manufactured to the specifications
by adjusting the foam density and pore size to match porosity and mechanical properties.

Reticulated carbon (RVC) foam manufactured by ERG Materials and Aerospace Corp.

il These are compressed foams in which the cells are no longer isotropic. The mechanical properties are
approximations based on uncompressed foams with isotropic cells.
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(Oakland, CA, USA) can be tailored to have reasonably close properties to the cancellous
bone such as 88-91% porosity, 85 pm pore size, 69 — 275.8 MPa elastic modulus, and
0.69-1.38 MPa yield strength. The mechanical properties of these foams are strongly
related to the foam relative density, defined as the foam density divided by the solid base
material density. The available relative density ranges from 3% to 15% (97% and 85%
porosity, respectivelyso). RVC was thus an excellent option for the cancellous bone in
terms of both physical and mechanical properties.

CFOAM 17, manufactured by Touchstone Research Laboratory (Triadelphia,
WYV, USA), was an alternative, and more cost efficient porous open-cell carbon foam. It
has a porosity of 85%, density of 270 kg/m?, pore diameters in the range of 700-1000 pum,
modulus of elasticity of 550 MPa, and strength of 6.2 MPa.>! With the exception of the
relatively large pore size, all the other properties reasonably match those of cancellous
bone (Table 3.1). For the purposes of the present study, which aims to measure pressures
inside simulated bone analogues, this higher pore size should not pose much of a
problem. Most of the resistance to fluid ﬂo“; is expected to occur in the less porous
cortical layer, and thus the influence of the thin (3 mm) cancellous layer should not affect
the results significantly. This carbon foam was thus chosen as the cancellous bone

analogue.
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4.2 Chosen Synthetic Bone Andlogue Model

The simplified axi-symmetric geometry discussed in Section 4.1.1 (Figure 4-1 and
4-2), was chosen for both ease of manufacture and to ensure that future computational
fluid dynamic and finite element modeling would be greatly simplified. Thus, the outer
layer of cortical bone was represented by a Porex porous plastic tube having an inner and
outer diameter of 16 mm and 32 mm, respectively. Rigidly attached to the inner surface
of the cortical tube was a CFOAM17 tube representing the cancellous bone, having an
outer and inner diameter of 16 and 10 mm (representing the intramedullary canal),
respectively. The length of the cortical/cancellous bone construct was chosen as 350 mm
to represent a large human femur.

Since the cancellous analogue was tightly fit into the cortical analogue, the two
were only fixed to each other at the open entrance using silicon sealant (LePage, All-
purpose White Silicon Sealant, North York, ON. Canada). Although originally some
sealant was also applied at the closed end of the cortical analogue, further modifications
resulted in elimination of sealant at the closed end to ensure no interruption in the
marrow flow through the porous walls. The resulting model is shown schematically in

Figure 4-1, and pictorially in Figure 4-3.
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Cortical Bone
Cancellous Bone

Figure 4-3- Picture of the bone analogue used to represent a human femur

Use of the proposed synthetic model eliminates the need for cadaver bone storage,
greatly reduces the specimen to specimen variability, and allows for simplified
comparison to numerical models. The model has the additional advantage that properties
such as geometry, porosity, pore size and mechanical properties can be fairly easily
accommodated as the manufacturer can change these parameters on demand. This would
allow for parametric studies which aim to establish, for example, the effect of aging on

the resulting pressures generated in the intramedullary canal during reaming.

4.3 Bone Marrow Analogue

To reproduce the bone marrow, a petroleum jelly and liquid paraffin mixture has
been proposed in the literature by Mousavi et al.? and Miller et al.'° They used a 1:2 ratio
of paraffin/petroleum jelly at 20°C, which was found to have similar viscoelastic
properties of bone marrow at approximately 36°C. 10

A more realistic behavior that allowed more easy flow through the porous cortical

bone substitute was proposed by Dobrjanski''; i.e., use of a 45/55% petroleum
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jelly/paraffin mixture. This mixture, having a measured viscosity of 82.6 cP!!, was
adapted as the standard for the experiments in the present work. Experiments that
required a higher marrow viscosity were conducted using a 65/35% petroleum
jelly/paraffin mixture, having a measured viscosity of 396 cp'l.

It was noted that overnight exposure of petroleum jelly/paraffin mixture to open
air caused excessive evaporation of liquid paraffin, leading to increases in the mixture
viscosity. It was also noted that preserved mixtures, in air-tight bottles, also experienced
an increase in viscosity after a longer period of time. The reason for this viscosity
increase was not clear, but may have been due to separation and layering of the two
components of the mixture in the bottle, when left for some time. In any case, the
following precautions were used to avoid experiment to experiment changes in viscosity:

1. The bone marrow mixture was always freshly made prior to each experiment.

2. While heating the mixture components, the temperature never exceeded 60°C.
It was noted that the paraffin tended to evaporate and escape in a gas form at a
temperature higher than 60°C.

3. The mixture temperature was usually cooled down to 20°C either by using an

ice-water bath or letting it sit at room temperature until it slowly reached room
temperature (20°-22°C) . Cooling speed did not appear to affect the resulting

viscosity of the mixture.

4.4 Experimental Apparatus

A controlled reaming system was designed and developed (Figure 4-4) to
generate controlled and repeatable reaming parameters such as RPM and advancement

speed, and to help ensure alignment of the bone with the reamer was maintained as best
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as possible. The experimental apparatus was capable of measuring simulated
intramedullary pressure, load components at the closed end of the bone, and reamer
torque, in response to penetration of reamer into the synthetic bone analogue.

A variable speed surgical spindle (Stryker Instruments, Bucharest, Romania)
generated the required rotational speed in the reamer. A torque transducer (Lorenz
DR2207, Lorenz Messtechnik GmbH, Alfdorf, Germany) was attached in-line between
the reamer and spindle to measure the applied torque to the reamer. The in-line spindle,
torque transducer and reamer set-up was placed on a sliding linear stage that allowed
smooth movement, which was advanced forward/backward utilizing a variable speed 12"
stroke DC linear actuator (Firgelli Automations, Bellingham, WA, USA). A DC variable
power supply was used to vary the speed of the linear actuator while the direction of
movement was controlled using the back/forth switch.

Three pressure transducers (Kulite XTM-190, Kulite Semiconductor Products
Inc., Leonia, USA) were tapped into the synthetic bone analogue to measure the
simulated pressure within the intramedullary can;il. The closed end of the bone was
attached to a dynamometer (AMTI MC3A-6-500, Advanced Mechanical Technology
Inc., Watertown, MA, USA) that allowed measurements of the loads applied to the bone.

All instruments and transducers were calibrated by corresponding manufacturers
and distributed by A-Tech Instruments (Scarborough, ON, Canada), and are discussed in

detail in Sections 4.4.1-4.4.8
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4.4.1 Configuration of Synthetic Bone Cylinder on the Set-up

The synthetic bone was placed horizontally in the set-up. The closed end of the
bone was attached to a dynamometer (load cell) using a rigid metal holder, as shown in
Figure 4-5. The purpose of the metal holder was to create a stable connection between the

bone and the dynamometer and to distribute the forces applied to the bone evenly onto

the load cell.

Figure 4-5- Synthetic bone attached to the apparatus

4.4.2 Spindle

A 4103 orthopaedic reamer spindle (Stryker Instruments, Hamilton, Ontario,
Canada), Figure 4-6, was used to generate constant RPM for the reamers. This cordless

battery powered spindle can generate a maximum rotational speed of 220 RPM.
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Figure 4-6-Stryker spindle

The spindle speed (RPM) was set to the desired rotational speed using a small
trigger jig seen in Fi guré 4-7. A DT-105A contact tachometer (Electromatic Equip’t Co.,
Cedarhurst, NY, USA) was used to measure the rotational speed of the reamer. The
spindle was coupled to a torque transducer, which was connected to the reamer. The
rotational motion generated by spindle was transmitted to the reamer through the rotary

torque transducer, detailed in Section 4.4.7.

Figure 4-7- Location of spindle on the apparatus
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4.4.3 DC Linear Actuator

Two 12" stroke linear actuators (Firgelli Automations, Bellingham, WA, USA),
Figure 4-8, were used to advance or retract the reamer set-up attached to the sliding linear
stage. Each linear actuator was used to generate a different advancement speed range.

One generated low speeds and the other generated high speeds. Together, the two

. . mm
actuators allowed generation of advancement speeds in the range of 8-50 —.
sec

Figure 4-8- DC Linear Actuator

4.4.4 Data Acquisition System

The I0tech DagBook2000 (IOtech Inc., Cleveland, OH, USA), was used as an
external module Data Acquisition (DAQ) to collect data during experiments (Figure 4-9).
This 32-channel DAQ system was connected via the parallel port to a Pentium 4 2.6 GHz
computer, where the raw data were acquired by the data acquisition and logging software,
DaqView 2000 (DASYTEC USA Incorporated, Bedford, NH, USA). This DAQ system
is capable of collecting the raw data at a maximum sample rate of 200 kHz.

The analog input module, Figure 4-9, was composed of two 16-channel isolated
analog signal conditioning and expansion boards (DBK207, IOtech Inc., Cleveland, OH,

USA). The analog module was connected to DagBook2000 allowing the simultaneous
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use of all 32 channels. In the present work, only seven channels were used to collect data
at a sample rate of 20 kHz from transducers, (three pressure transducers, three orthogonal
force components from the dynamometer, and one rotary torque transducer). Note that
this 20 kHz sampling rate is much higher than the expected Nyquist frequency (twice as

large as the reamer spindle frequency, 3.33 Hz.)

Figure 4-9-DAQ System

4.4.5 Pressure Transducers

Miniature pressure transducers (Model XTM-190, Kulite Semiconductor Products
Inc., Leonia, USA), shown in Figure 4-10, were used to measure the simulated pressure

buildup within the intramedullary canal. These transducers utilize a flush metal
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diaphragm as a force collector with a piezo-resistive sensor as the sensing element where
the sensing principle is a fully isolated four arm Wheatstone bridge. The transducer

measures the gage pressure, so that zero output is at atmospheric pressure.

Figure 4-10- Pressure Transducer

4.4.5.1 Implementation of Pressure Transducers on the Bone

As mentioned previously, the synthetic bone analogue described in Section 4.2,
was tapped at three locations along the bone to allow placement of the pressure
transducers at the intervals shown in Figure 4-11. Originally, the self tapping tips of the
pressure transducers were placed tightly in the bone without any connecting adaptors.
Data inconsistencies such as the occasional random high frequency pressure spike (see
Section 5.2) were observed when the pressure transducer diaphragm and the rotating

reamer were in close proximity. Due to the random occasional nature of these spikes, it



was postulated that these high frequency spikes were not a true reflection of the actual
intramedullary pressure within the bone. but due to vibrations of the pressure transducer
diaphragms. To test this hypothesis. modifications were made to keep the sensing
diaphragms away from the passage of the reamers. For this purpose. stainless steel
connecting adaptors (Figure 4-11) were designed to indirectly connect the pressure
transducers to the bone, and found to eliminate these apparent random pressure spikes.

The connecting adaptors, discussed in more detail in Section 5.2, were used in most of

the subsequent experiments.

Figure 4-11- Bone analogue with the location of pressure transducers. Note that the
reamer enters the bone from the left hand side.

4.4.6 Dynamometer

A single element multi-component dynamometer (Model MC3A-6-500.
Advanced Mechanical Technology Inc.. Watertown, MA, USA), shown in Figurc 4-12.
was used to measure the applied forces at the end of the bone. It is a force/torque

transducer specially designed for simultancous measurement of three orthogonal force



and moment components. The sensing principle incorporates a single cylindrical strain

element on which the strain gages are mounted.

DAQ Connector

Sensing Element

Figure 4-12-Dynamometer

4.4.7 Torque Transducer

A rotary torque transducer (Model DR2207, Lorenz Messtechnik GmbH, Alfdorf,
Germany), was used to measure the applied torque to the reamer (Figure 4-13). Itis a
contact-type torque transducer with slip rings, used to apply power to and retrieve the

signal from strain gages mounted on the rotating shaft.
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DAQ Connector —__ wi

Slip Ring

Keyway

Shaft

Figure 4-13- Rotary Torque Transducer

4.5 Experimental Procedure

A number of experiments were conducted in order to carry out an experimental
parametric study aimed at verifying the effect of different parameters on intramedullary
pressure (Chapter 5) and to establish a correlation analysis between the imposed forces,
torque and peak intramedullary pressures (Chapter 6). Parametric studies were performed
to verify the effect of factors such as rotational speed (RPM), reamer advancement speed,
and bone marrow viscosity, as well as the effect that a clogged reamer would have on
simulated intramedullary pressure within the bone.

Each experiment involved the advancement of a rotating reamer at a constant
speed into the two layer cylindrical synthetic bone to a depth of 235mm, equal to the
length of the reamer (see Appendix E for reamer specifications). The reamer was
mounted, aligned to the axis of the bone, on a sliding rail, which could be advanced with

a constant desired velocity using a linear actuator. In each experiment the reamer was
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advanced then retracted back with the same RPM, rotational direction and retraction
speed as that of the advancement. The open end of the bone was free to move, whereas
the closed end was attached to a dynamometer to measure the applied force components
in three dimensions during the reaming process. During each experiment, data were
collected, using the DAQ system, from the pressure transducers, the torque transducer
and the dynamometer. Reaming RPM and advancement speed were changed for each
specific experiment.

In each of the experiments, the cancellous part of each bone analogue, i.e., the
inner layer, was to be reamed using eleven reamers starting from the smallest to the
largest (11-16 mm in diameter) with 0.5 mm incremental increase of diameter between
each successive reamer size. This is a similar procedure to that used by orthopaedic
surgeons when reaming long bones.

Prior to each experimental run, the bone analogue was tilted upward to a vertical
position, and completely filled with the synthetic bone marrow. However, the reaming
took place with the bone in the horizontal position, with the pressure transducers located
at the top surface of the bone, and facing downward. Prior to reaming, the bone analogue
was required to be saturated with bone marrow, in order to ensure that the marrow was
evenly distributed into the pores of cancellous bone, as well as fully penetrated into the
connecting adaptors between the bone and the pressure transducers. To accomplish this, a

240 mm long rod with a 10 mm diameter was inserted into the bone with an advancement
mm . . .. -
speed of 20—, whilst recording the resulting intramedullary pressure within the bone.
s
It was found that after six consecutive insertions at ten minute time intervals, the pressure

began to stabilize and the pressure transducers showed repeatable behavior. During this
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ten minute wait time between the insertions, the bone was refilled with marrow to make
sure the marrow filled up the pores completely. This procedure was carefully repeated
before each bone was reamed using eleven reamers. After the bone was saturated with
marrow, the actual reaming experiments began at five minute time intervals. Between
each two reaming experiments, there was enough time to change the reamer to another
size and fill up the bone with bone marrow.

The reason the bone was filled with marrow previous to every reaming step was
to simulate the realistic condition of blood and intramedullary contents refilling the
intramedullary canal in a real orthopaedic procedure. A similar refilling procedure was
also implemented by Johnson et al.®, who used albumin to refill the cadaveric femoral
canal before each reaming step.

In most reaming experiments, it was observed that the bone marrow tended to
escape through the open cell structure of the bone. There were attempts to calculate the
amount of marrow escaping the bone, but it was almost impossible since the escaping
marrow mostly created a thin layer on the outer layer of bone, which was then sucked
back in during the retraction of the reamer. Although eventually the thin layer of
simulated marrow started to drip down from the bone, it was still considered negligible
compared to the amount of marrow trapped inside the bone cavity.

Depending on the time required for full advancement and retraction of the reamer,
based on the particular advancement speed value, the experiments took between 20 and
60 seconds to complete. This resulted in the collection of 400,000 to 1,200,000 data

samples per transducer for each experiment.
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5 Parametric Study: Analysis of Intramedullary Pressure

Elevation during Reaming Procedures

5.1 Typical Pressure Data

A typical pressure curve, collected from one of the pressure transducers during
reaming of the synthetic bone at spindle rotational speed of 200 RPM, is shown in Figure
5-1. Due to the rotational speed of the spindle, fluctuation was observed in the pressure
signals. It was observed that data collected by pressure transducers during reaming
procedures are a combination of periodic signals with frequencies of those of the tool
vibration. The data thus should consist of two periodic signals with one frequency
corresponding to the revolution of the spindle speed and the other to that of the blade-
pass (e.g., six cycles corresponding to the six reamer blades).>?

In the data of Figure 5-1, the periodic behaviour associated with the frequency of
one revolution of the spindle (3.33 Hz) was presént in the pressure signals. However, the
blade-pass frequency, which was one sixth of the spindle frequency for a six blade
reamer, was not evident in the pressure signal. The reason is probably due to the fact that
the reamers were slightly warped, and this was dominant over the smaller fluctuations

due to the blade pass.
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Figure 5-1- Typical pressure curve. Data are taken from transducer #2 while reaming
with unclogged 12.5 mm reamer at 200 rpm and 20 mm/sec advancement speed using
low viscosity marrow (82.6 cP).
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Figure 5-2 shows the location of three pressure transducers tapped into the
synthetic bone cylinder used in all experiments. A comparison of the pressure signals
observed by the three pressure transducers is shown in Figure 5-3, which also shows at
what point each of the transducers was passed. As the reamer advanced in the bone, the
vibrations increased in the transducer closest to the tip of the reamer; and as the reamer
passed the transducer, the vibrations died out. Note that the reamer never reached
pressure transducer #3 as it was located too far away from the open end of the bone. This

was the reason that pressure transducer #3 experienced fewer vibrations.



Figure 5-2- Location of pressure transducers on the bone analogue.
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Figure 5-3- Comparison of vibration experienced by the three pressure transducers. Data
were taken from unclogged 13mm reamer at 200 rpm and 20 mm/sec advancement speed

using low viscosity marrow (82.6 cP).
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5.2 Repeatability

A number of tests were conducted in an attempt to evaluate the experimental
repeatability of the setup. As mentioned in Section 4.4, the original experimental set-up,
in which the pressure transducers were directly tapped into the bone, experienced
occasional high frequency pressure spikes (Figure 5-4) in a random manner. Because of
the pressure spikes, the peak pressures in consecutive trials under the same conditions did
not follow a repeatable pattern, although the mean pressures were observed to fall within
5% of each other. It was later concluded that the high frequency pressure spikes were not
a true representative of the marrow pressure elevation within the bone. They were found
to be the result of mechanical vibrations between the reamer and the transducer
diaphragm that caused the random spikes. These random spikes in peak pressure made it
difficult to establish repeatability, and thus modifications were made to the pressure
transducer set-up by adding one inch stainless steel connecting adaptors between the bone

and the transducers (see Figure 5-2).
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Figure 5-4-Close up of one spike observed during a reaming experiment at 200 RPM and
20 mm/sec with reamer size of 13.5mm in diameter. Data was collected by pressure
transducer # 1.

Experimental repeatability in peak pressures improved when these connectors
were used. Various tests were carried out to evaluate the performance of the connecting
adaptors to meet two main goals: The primary goal was to show that the pressure spikes
were eliminated where adaptors were utilized. For this purpose, one bone analogue was
reamed starting from the 11 mm diameter reamer up to 16 mm diameter with 0.5 mm
increments. All the experiments were conducted utilizing the adaptor, except for reamer
sizes 14 and 14.5 mm. From Figure 5-5, it is clearly observed that the runs with ‘No
Adaptors’ both experienced high frequency spikes (Figure 5-5(c) & (d)), whereas the

ones with adaptors attached (Figure 5-5(a), (b), (¢) &(f)) did not experience the spikes.
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The secondary goal was to verify that the data recorded with the adaptors in place
showed the actual pressure elevation within the bone. In other words, to verify that
addition of adaptors did not change the signature and magnitude of the pressure signals
detected by the transducers without use of the adaptors. To test this, a five inch long clear
plastic tube was filled with water; where two tests were performed, one with the
aforementioned stainless adaptor and one without, attached to a pressure transducer. The
inner diameter of the plastic tube was the same as the diameter of the pressure transducer
threads so that the transducer could be tightly tapped into the plastic tube, while
preventing any leaks. The tube was carefully filled with water using a syringe to avoid air
bubbles. The pressure applied by the small column of water was measured with the
pressure transducers. Taking into consideration that 5 inH,O is equivalent to 9.34 mmHg;
both tests generated repeatable results within 5%. Hence, it was concluded that the
stainless adaptor did not interfere with the pressure readings nor did they change the

signature of the pressure signal.
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5.3 Statistical Analysis

Statistical analysis was conducted to examine the extent to which the effect of
change in the reaming parameters (independent variables) was a major contributor to the
pressure buildup within the bone (dependent variable). Analysis of Variance, ANOVA,
was the primary statistical method employed in the present work to determine the level of
significance of such parameters. ANOVA is a widely used powerful statistical technique
which allows examination of the influence of two or more independent variables on a

dependent variable.>”*

5.3.1 Factorial Design

Prior to the application of ANOVA to the experimental data, a factorial design
plan needs to be established. In general, a factorial design includes one or more
independent factors (variables) along with the number of levels for each factor. The
concept of factorial design allows the effects attributed to separate factors to be
estimated, as well as those attributed to combination of factors. The estimated effect from
each individual factor is referred to as the main effect, whereas the factor interaction
effect is associated with the effect of a combination of factors.”® The total number of
experiments required to conduct a factorial design is calculated by Equation (5-1), where

L;, L... Ly are the number of levels associated with each factor and k is the number of

total factors available for the analysis.

Total Number of experiments = L XL, X---XL, (5-1)

In the present work, five independent factors were considered:

1) Rotational speed of the reamer (RPM)
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2) Advancement speed of the reamer

3) Reamer diameter

4) Viscosity of the bone marrow

5) Whether the reamer flutes were clogged or not

Because each of the experiments was a destructive test (i.e., the bone analogue

was reamed and thus could not be re-used), and the bones were quite expensive and time-

consuming to manufacture, the number of experiments was kept to a minimum. Thus,

the five factors were incorporated into two three-factor designs (parametric studies)

where their effect was estimated using ANOVA. A three-factor design means that three

sources of variance can be investigated in an experiment.

The parametric studies were divided into two separate portions, as shown in Table

5.1. Parametric study #1 evaluated the effect of Reamer diameter, RPM and advancement

speed assuming there were no complications due to variations of bone marrow viscosity

or clogged reamer. Parametric study #2 examined the influence of factors such as bone

marrow variation and degree of clogged reamer as well as the effect of the reamer

diameter in such cases.

Advancement

Parametric | Reamer Size Rotational Speed Viscosity Reamer
Study [mm] Speed mm [cP] Clogging
[RPM] [;;—c-] Factor
1 11-16 200,50 50,10 82.6 Unclogged
2 11,11.5,12,15] 200 50 826,396 | (Closeeds
Unclogged

Table 5.1- Summary of parameter variation in the parametric studies.



5.3.2 F-test

The statistical test used in ANOVA is called the F-test, named after the
statistician who developed it, Ronald A. Fisher. F is defined as the ratio of effect variance
to error variance. Effect variance represents systematic variation due to the effect of
different factors. Error variance represents random variations due to chance that are not
due to the effect of factors. The higher this ratio is (F-value), the higher is the
significance of the effect of the corresponding factor.>® The mathematical definition of
the F-value is presented in Equation (5-2). Further details on calculation of the variances
are explained in Section 5.3.5.

Fe Variance of the factor of interest

- (5-2)
Variance of the error

In a three-factor design, a total of six F-values are calculated: three for the main
effects of the factors and three for the interaction between each two factors. Based on the
F-value, a level of significance can be found from F-tables. The level of significance is

represented by a p-value.

5.3.3 p-value

A p-value represents how likely it is that an experimental observation could have
occurred by chance. A small p-value, p < 0.05, means that there is less than 5%
probability that the experimental results only occurred by chance. In other words, there is

100(1- p)% confidence that the results did not occur by chance. This result is said to be

significant at the p < 0.05 level of significance. >*
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5.3.4 Null Hypothesis

The statistical significance of factors is tested based on rejection of the null
hypothesis, H,, shown by Equation (5-3), where ¢ is the number of treatments and &, is
the quantitative effect of each treatment.”> Note that a treatment is defined as an

application of different levels of factors to estimate the effect of that factor on the

dependent variable (i.e., pressure, in the present work).

H,:(a, =0,fort=1,2,3,...) (5-3)

The null hypothesis states that the effect of each treatment is zero. In other words,
every treatment is the same. If the p-value found, based on the F-value, is small enough
(e.g., p<0.05 or p<0.01), the null hypothesis can be rejected. Rejection of H, means that
the effect of treatments are NOT the same; hence, the corresponding factor is statistically

significant and can have a significant effect on the pressure (dependent variable).>

5.3.5 Variance

Variance is a fundamental concept in ANOVA and most statistical analysis.
Variance reflects the total deviation of all experimental observations from the overall

mean. The general mathematical definition of variance is shown in Equation (5-4),

where Z(X -X )2 is the sum of the squares (SS) of the deviation of each experimental

observation (X ) from the mean (X). The mean is defined as the sum of all the

observations divided by the total number of observations (n ), Equation (5-5). 54
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> (X-X)

— 5-4)

Varianvce (S*) =
Mean (X) =& (5-5)
n

The quantity n—1 is known as the Degrees of Freedom (DOF). In ANOVA, the
degree of freedom for each factor represents the number of levels associated with that
factor minus one. Therefore, in ANOVA, the total number of observations (n) for each

factor is equal to the number of levels corresponding to that factor.

5.4 Parametric Study 1: Effect of Reamer Size, RPM and Advancement

Speed on Intrdmedullaly Pressure Elevation

5.4.1 Methodology

The factorial experimental design established to verify the effect of factors such
as reamer diameter (factor A), rotational speed (factor B) and advancement speed (factor
C) is summarized in Table 5-2. Factor A had eleven levels and factors B and C had two
levels each. A total number of forty four experiments were conducted in which four
synthetic bones were each reamed eleven times using reamer sizes from 11 mm to 16
mm, increased in diameter by 0.5 mm steps. In each bone, all eleven reamers were

inserted at a constant RPM and advancement speed, as shown in Table 5.2.
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Advancement

Bone Reamer Size Rotational m Bone Marrow Reamer
4 [mm] Speed [ rpm ] Speed [—] Viscosity Clogging
(Factor A) (Factor B) (Factorsgc) [cP] Factor
1 200 10
:; 11-16 ;000 ;g 82.6 Unclogged
4 50 50

Table 5.2-Parametric study#1-Summary of factors and levels.

In each experiment, only the peak pressures (maximum pressures from each run)

recorded by the transducers were used for the analysis; as these are the most likely to

cause ejection of bone marrow fat into the bloodstream in a real bone. The effect of the

parameters was analyzed separately for each of the three pressure transducers, as they are

positioned at different locations throughout the bone (Figure 5-2). Appendix A (Figures

A.1 to A.44) contains pressure profiles from which the maximum pressures were used in

parametric study #1.

5.4.2 Results and Discussion

Table 5.3, 5.4 and 5.5 show the peak pressures recorded during each run by

pressure transducers #1 (proximal), 2 (middle) and 3 (distal), respectively. To observe

the trend of pressure variations with different reaming parameters, these pressures are

also presented using bar graphs in Figure 5-6, 5-7 and 5-8.

55




PdmmHQ
Advancement Speed (C)
10 [ 2] 50 [ 2] 10 [ 22 50 [0 ]
SecC sec sec N+
11 63.8 23.3 9.1 28.8
11.5 26.3 36.1 17.6 27.3
12 24.5 52.1 18.8 43.4
12.5 234 36.7 22.0 38.9
13 26.1 49.1 20.3 53.9
13.5 25.9 35.6 18.1 39.1
14 15.6 34.1 19.1 339
14.5 11.3 390.8 12.9 33.2
15 14.3 45.3 12.8 19.3
15.5 12.7 33.1 114 20.9
16 18.2 27.0 27.1 21.9

Table 5.3- Parametric study #1-Peak pressures recorded by pressure transducer #1

Peak Pressure [mmHg]

[8)) D ~
o o o
1 1

40 -
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o o o
1 I 1

200/10

50/10

SIS SS.

200/50
RPM/Advancement Speed[mm/sec]

o1
B11.5
§12
8125
R13
m13.5
mi4
o14.5
B15
@B 155
016

Figure 5-6-Bar graph representation of data from Table 5.3.

from pressure transducer #1.
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Peak pressures observed




P, [mmHg]

3

Advancement Speed(C)" | "Advancement Speed (C)"**

10 [2] A T R ] iy 50 [ 22y

sec o - sec sec ..
11 28.3 14.0 34.3
11.5 49.1 14.5 39.5
12 36.1 18.2 54.3
12.5 31.0 23.2 55.8
13 279 21.7 66.7
13.5 31.1 18.4 474
14 18.2 17.7 474
14.5 18.0 11.7 63.0
15 243 16.0 35.6
15.5 28.7 17.3 41.1
16 26.0 223 38.9

Table 5.4- Parametric study #1-Peak pressures recorded by pressure transducer #2

90 -

80 - o1

':_c:n' 70 | @115
g 60 - 012

‘é“ 50 A 2125
§ 40 | o113

o B 13.5
% :g: m 14

& B 14.5
101 | B15

0 J Sl L 2 Gilet i | G155
200/10 50/10 200/50 " 50/50 016

RPM/Advancement Speed[mm/sec]

Figure 5-7- Bar graph representation of data from Table 5.4. Peak pressures observed
from pressure transducer #2.
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Advancement Spee

(23 Fimmsa

1(C)

10 [22] 50 [22] 10 [ 22 50 [ 2]

sec Sec sec S€C
11 42.6 13.5 129 414
11.5 404 112.1 17.0 100.5
12 48.5 132.0 14.8 514
12.5 20.2 56.6 11.3 435
13 254 54.2 11.9 62.2
13.5 24.0 48.4 10.9 39.8
14 16.3 49.8 8.3 40.2
14.5 15.7 93.7 8.8 41.6
15 20.7 46.0 11.5 35.3
15.5 214 46.3 11.6 31.2
16 27.9 28.4 139 28.7

Table 5.5- Parametric study #1-Peak pressures recorded by pressure transducer #3

Peak Pressure [mnmHg]

200/10

50/10

50/50

RPM/Advancement Speed[mm/sec]

o1
ai115
§12
812.5
@13
@ 13.5
mi4
o 14.5
015
@B 15.5
016

Figure 5-8- Bar graph representation of data from Table 5.5. Peak pressures observed

from pressure transducer #3.

To determine the statistical significance of these observations, and thus show
how changes in RPM and advancement speed influenced the simulated intramedullary

pressure, the results from ANOVA, based on the comparison of peak pressures detected
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during each run, are reported in Table 5.6, 5.7, and 5.8 for pressure transducers #1, 2 and

3, respectively.
Pressure Transducer #1 (P;)
Source Sum Degree
of of of Variance F-value p-value
Variation Squares Freedom
Reamer
Size(A) 1156.4 10 115.6 1.2 0.3558
RPM (B) 352.2 1 352.2 35 0.0701
Advancement
Speed (C) 23459 1 2345.9 234 0
Error 3101.5 31 100.0
Total 6956.1 43

Table 5.6-Parametric study #1-Statistical analysis (ANOVA) for pressure transducer #1

Pressure Transducer #2 (P)

Source Sum Degree
of of of Variance F-value p-value
Variation Squares Freedom
Reamer
Size(A) 1619.3 10 161.9 1.6 0.1584
RPM (B) 1383.7 1 1383.7 13.5 0.0009
Advancement
Speed (C) 9832.3 1 9832.3 96.1 0
Error 3172.2 31 102.3
Total 16007.5 43

Table 5.7- Parametric study #1-Statistical analysis (ANOVA) for pressure transducer #2

Pressure Transducer #3 (P3)

Source Sum Degree
of of of Variance F-value p-value
Variation Squares  Freedom
Reamer
Size(A) 8305.9 10 830.6 2.6 0.0196
RPM (B) 2559.3 1 2559.3 8.1 0.0079
Advancement <
Speed (C) 13158.1 1 13158.1 41.4 0.0000
Error 9841.0 31 317.5
Total 33864.3 43

Table 5.8- Parametric study #1-Statistical analysis (ANOVA) for pressure transducer #3
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5.4.2.1 Effect of reamer diameter

Based on Figure 5-6, 5-7 and 5-8, no particular systematic variation of pressure
with reamer diameter was observed. Results from ANOVA (Table 5.6 to 5.8) also show
that the reamer diameter had no significant influence on the pressure at the open end or
mid-shaft of the bone (transducers #1 and 2, p = 0.36 and 0.16 respectively). This result is
in accordance with that of Peter et al.'’, who reported no links between the mid-shaft
pressure elevations due to increasing reamer diameter, based on in-vivo measurements on
nine patients undergoing orthopaedic reaming.

Nevertheless, in the case of the most distal pressure transducer (transducer
#3,Figure 5-8), the smaller diameter reamers created higher peak pressures than the larger
diameter reamers. This is probably because, when reaming with the smaller diameters
(e.g., 11, 11.5, 12, 12.5 mm), more cancellous material was available in the bone, which
makes it more difficult for the marrow fluid to escape through the open entrance, hence
pushing the fluid towards the closed end of the bone where higher pressure peaks are
observed during initial reaming. Starting from reamer size 13 mm and up, there was little
cancellous material left in the bone. Therefore, the gap between the reamer and cortical
layer (outer layer) was less blocked by cancellous material, which allowed the marrow to
escape through the open entrance more easily, resulting in less pressure buildup at the
closed end of the bone where pressure transducer #3 is located. This is in agreement with
the results of Johnson et al.® and Heim et al.>', who both found that typically the first few
reamers inserted in the bone resulted in higher pressure peaks than the consecutive ones.
They also reasoned this phenomenon was due to higher available cancellous bone in the

first few reamer penetrations, stopping the marrow from traveling to the open entrance of
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the bone and creating the high pressures at the closed end of the bone. Results from
ANOVA in the present work confirm that changes in the reamer diameter significantly
affected the pressure elevation at the distal end of the bone, at pressure transducer #3

(~p<0.02).

5.4.2.2 Effect of advancement speed

Results from ANOVA (Table 5.6 to 5.8) showed that advancement speed of the
reamer had the most significant effect on the pressure, (p = 0). Higher pressure elevations
were observed during reaming at a higher advancement speed, whereas lower pressures
corresponded to lower advancement speed (see Figure 5-6 to 5-8). To see this trend more
clearly, the mean of the peak pressures detected while reaming the cancellous layer with
eleven reamers were compared at each pressure transducer in Figure 5-9. It was observed

that the peak pressures, on average, were 2.1 times larger in magnitude using high

advancement speed (50@) than low advancement speed (10@). This result is in
sec sec

accordance with those reported by Mousavi et al.” and Peter et al.'. Dobrjanski'I also
reported very high pressure increase in the proximal part of the bone, at faster
advancement speeds, while hammering rubber tip implants into the cortical layer of the

presently utilized synthetic bone analogue.

5.4.2.3 Effect of RPM

Comparison of the mean of the peak pressures (Figure 5-9) for the 50/10 and
200/10 (or 50/50 and 200/50) cases shows that higher peak pressures were detected at
lower RPM. These results match with those reported by Mousavi et al.’ based on reaming

experiments using silicone cylindrical shells filled with a mixture of 1:2 ratio of paraffin
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and petroleum jelly. Mousavi et al.*?also reported similar intramedullary elevations while

reaming at low RPM, when conducting animal studies with either fractured or intact

femur.

. 140
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RPM/Advancement Speed[mm/sec]

Figure 5-9 Effect of reaming rpm and advancement speed on mean of the peak pressures
recorded using all eleven reamer sizes. Bars represent the mean of the peak pressures, and
the vertical lines show the range of peak pressures.

Based on results from ANOVA (Table 5.6 to 5.8), the influence of the reamer
RPM on the intramedullary pressure was statistically significant throughout the bone.
However, the effect of variations in reamer RPM was more significant on the mid-shaft,
transducer #2, and end of bone, transducer #3, (~p <0.001) than at the reamer entrance,
transducer #1, (~p <0.07). This implies that, at the reamer entrance, the RPM has less
effect on the pressure than the other factor (advancement speed). The reason can be

speculated that, at any constant advancement speed, the amount of marrow escaping the

reamer entrance is the same for high and low RPM, hence generating the same pressure

elevations at the reamer entrance (transducer #1).
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5.5 Parametric Study 2: Effect of Reamer Diameter, Bone Marrow

Viscosity and Clogged Reamer on Intramedullary Pressure Elevation

5.5.1 Methodology

During orthopaedic reaming, clogging of the reamer is expected due to the
destruction of a large volume of cancellous layer in the bone. As the bone debris mixes
with the bone marrow, the mixture fills up the reamer flutes, which can behave like a
piston and cylinder system (see Section 2.6.3), potentially causing intramedullary
pressure elevation.? However, the synthetic cancellous material (carbon foam) did not
appear to clog the reamer flutes as has been reported in the literature.'®#* The reason
was the tendency of the carbon foam to disintegrate into powder and mix with the bone
marrow, creating a paste that covered the flutes, rather than clogging them. This was
likely due to the carbon foam being more brittle than real cancellous bone. Even though
the Young’s modulus and strength of the synthetic cancellous layer matched those of real
cancellous bone, the fracture mechanics propertiés of cancellous bone analogue were
apparently not similar to that of the real bone. Therefore, to simulate the clogging of the
reamer, the reamer flutes were carefully filled with silicon sealant (LePage all-purpose
clear silicon sealant, North York, ON., Canada) to study the effect of a clogged reamer.

Bryant et al.®, reported variations in the marrow viscosity between the distal and
proximal region of the femur (50cP and 600cP respectively). In the subsequent
experiments, to incorporate viscosity variation of bone marrow, the ratio of petroleum
jelly/ paraffin was varied as previously discussed in Section 4.3.

The factorial design established to evaluate the effect of reamer diameter (factor

A), bone marrow viscosity (factor B) and clogged reamer (factor C) on intramedullary
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canal pressure is summarized in Table 5.9. Factor A had four levels and factors B and C
had two levels each. Forty four experiments were conducted (originally considering

eleven levels for factor A) using the same procedure described in Section 5.3.1, but with

200 RPM spindle speed and advancement speed of 2022 However, these experiments
sec

were conducted prior to the introduction of the stainless steel adaptors (see Section
4.4.5.1and 5.2 ), and thus the pressure transducers were directly attached to the bone.
Unfortunately due to insufficient supply of raw material, it was not possible to repeat
these experiments after the modifications were made to the experimental set-up.
Nevertheless, the unrealistically high pressure spikes, discussed in Section 5.2, and
shown in Appendix B (Figures B.1 to B.44) were easily identified, and thus experiments
in which any of the three pressure transducers experienced spikes were not considered for
the statistical analysis of this study. Therefore, only data from reamer sizes 11, 11.5, 12
and 15 mm were used, in which no spikes were evident. This left only four levels for
factor A (reamer size) to be considered for statistical analysis, thus a total of sixteen

experiments were considered.

Rotational Advancement B
Reamer Size Speed one Reamer
Bone Speed Marrow )
[mm] mm .. Clogging
# [rpm] [—1 Viscosity
(Factor A) (Factor B) sec [cP] Factor
(Factor C)

1 82.6 Clogged
2_11111.51215] 200 20 826 Unclogged

3 396 Clogged
4 396 Unclogged

Table 5.9-Parametric study#2-Summary of factors and levels.
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As before, the maximum pressures recorded by the pressure transducers during
each experiment were used for the purpose of statistical analysis for the selected reamer
sizes (Table 5.9), and data from each pressure transducer was analyzed separately.
Appendix B (Figures B.1 to B.44) shows the pressure profiles of the raw experimental

data used in parametric study #2.

5.5.2 Results and Discussion

Table 5.10, 5.11 and 5.12 respectively show the peak pressures recorded by
pressure transducers #1, 2 and 3 corresponding to each reamer size at different reaming
conditions. To better observe the variation of pressure due to these factors, bar graph

representations of the latter data are shown in Figure 5-10, 5-11 and 5-12.
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P, [mmHg]

) - Clogging Factor (C) | Clogging Factor (Q)'"
Silmmlan s CR [ __UR CR — UR
11 71.3 14.2 208.4 146.7
11.5 127.7 12.6 289.6 125.5
12 112.1 32.1 409.1 115.0
15 112.3 21.9 994 443

Table 5.10-Parametric study #2-Peak pressures recorded by pressure transducer #1. CR:
“Clogged Reamer” and UR:” Unclogged Reamer

450 W

400 A
F:I:a 350 -
£
E 300 - g1imm
g 250 - o8 11.5mm
§ 200 A 0 12mm
a 150 - g 15mm
R4
S 100 - =
a — =

50 - =
0 =
LC
Reaming Condition

Figure 5-10-Reaming conditions versus peak pressures detected by transducer #1. Each
column represents the maximum pressure detected by transducer #1 while reaming with
the corresponding reamer size and reaming condition(LC:Low viscosity marrow/Clogged
reamer, LU:Low viscosity marrow/Unclogged reamer, HC:High viscosity
marrow/Clogged reamer, HU: High viscosity marrow/Unclogged reamer)
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Cloggi

i :UR CR

11 . 25.2 325.0 318.8
11.5 105.5 20.2 283.0 119.5
12 . 61.8 291.6 106.8
15 111.5 29.8 165.8 76.8

Table 5.11-Parametric study #2-Peak pressures recorded by pressure transducer #2. CR:
“Clogged Reamer” and UR:” Unclogged Reamer

350 -
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100 -
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Figure 5-11- Reaming conditions versus peak pressures detected by transducer #2. Each
column represents the maximum pressure detected by transducer #2 while reaming with
size and reaming condition (LC: Low viscosity
marrow/Clogged reamer, LU: Low viscosity marrow/Unclogged reamer, HC: High

the corresponding reamer

viscosity marrow/Clogged reamer, HU: High viscosity marrow/Unclogged reamer)
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Clogging Factor (C)

’ CR UR
16.3 279.4 120.7
50.2 10.6 234.1 64.4
57.9 34.7 258.5 107.2
95.4 14.7 206.3 62.6

Table 5.12-Parametric study #2-Peak pressures recorded by pressure transducer #3. CR:

“Clogged Reamer” and UR:” Unclogged Reamer
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Figure 5-12- Reaming conditions versus peak pressures detected by transducer #3. Each
column represents the maximum pressure detected by transducer #3 while reaming with
the corresponding reamer size and reaming condition (LC: Low viscosity
marrow/Clogged reamer, LU: Low viscosity marrow/Unclogged reamer, HC: High

viscosity marrow/Clogged reamer, HU: High viscosity marrow/Unclogged reamer)

In general, the highest peak pressures at each transducer were observed while
using high viscosity marrow and clogged reamer, and the lowest peak pressures were
observed while using low viscosity marrow and unclogged reamer. To confirm these
observations, the results of the ANOVA analysis are reported in Table 5.13, 5.14 and

5.15, respectively, for pressure transducers #1, 2 and 3.
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Pressure Transducer #1 (P1)

Source Sum Degree
of of of Variance F-value p-value
Variation Squares Freedom
Reamer
Size(A) 20739.6 3.0 6913.2 1.7 0.2348
V’S(C;;”y 53807.4 1.0 53807.4 130 0.0048
Clogging
Factor(C) 53315.1 1.0 53315.1 12.9 0.0049
Error 41276.2 10.0 4127.6
Total 169138.2 15.0
Table 5.13-Parametric study #2-Results of statistical analysis (ANOVA) for pressure
transducer #1
Pressure Transducer #2 (P>)
. Source Sum Degree
of of of Variance F-value p-value
Variation Squares Freedom
Reamer
Size(A) 17851.5 3.0 5950.5 1.6 0.2490
V’s(cg)s"y 84162.8 1.0 84162.8 227 0.0008
Clogging
Factor(C) 30309.6 1.0 30309.6 8.2 0.0169
Error 37015.5 10.0 3701.6
Total 169339.4 15.0
Table 5.14-Parametric study #2-Results of statistical analysis (ANOVA) for pressure
transducer #2
Pressure Transducer #3 (P3)
Source Sum Degree
of of of Variance F-value p-value
Variation Squares Freedom
Reamer
Size(A) 3375.2 3.0 1125.1 0.8 0.5348
V’s(cg)s”y 585406 10 585406 403 0
Clogging
Factor(C) 43709.8 1.0 43709.8 30.1 0.0003
Error 14541.4 10.0 1454.1
Total 120167.0 15.0

Table 5.15- Parametric study #2-Results of statistical analysis (ANOVA) for pressure

transducer #3
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5.5.2.1 Effect of reamer diameter

It was observed (Figure 5-10 to 5-12) that the reamer diameter had no significant
effect on intramedullary pressure elevations in comparison to the effect of other two
factors (viscosity and clogged bone). Also, based on results from ANOVA (Table 5.13-
5.15), it was concluded that the reamer size did not significantly influence the
intramedullary pressure elevation in any of the pressure transducers, with p-values of

0.235, 0.249 and 0.535 respectively.

5.5.2.2 Effect of marrow viscosity

In Figure 5-10 to 5-12, it can be seen that an increase in marrow viscosity
resulted in a higher peak pressure for all transducers (an average 2.4 times increase).
Other investigators®*® have also reported similar behaviour, which can be explained due
to the fact that higher viscosity marrow flows with greater difficulty through the open
entrance or the porous walls of the bone, resulting in higher pressures. The ANOVA
results (Table 5.13-5.15) also confirm that variation in bone marrow viscosity had a

significant effect on the pressure (~ p < 0.01).

5.5.2.3 Effect of clogging of the reamer

Figure 5-10 to 5-11 show that, when using reamers fully covered with silicon
(clogged), the peak pressures at all transducers were in average 2.3 times higher in
magnitude than when using those that were unclogged. This could be explained based on
the piston and cylinder theory, described in Section 2.6.3. As the reamer begins to clog

with bone debris (in this case, covered by silicon), the reamer flutes are covered, hence
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preventing fluid escape through the flute passage. The results from ANOVA (Table 5.13-
5.15), confirm that the clogged reamer has a significant effect on pressure elevations

(~p<0.02), as also reported by Johnson et al. ®

5.6 Comparison to Literature

Maximum pressures observed during orthopaedic reaming differed from study to
study depending on the nature of the bone specimen used in each study. For example,
results from studies using intact bone (unbroken) differed from those using fracture
bones. Typically, lower intramedullary pressures were reported from fractured bone. For
example, Frolke et al.reported peak pressures of 1005 mmHg and 493 mmHg for an
intact, and fractured femur, respectively, when reaming human cadaveric femurs. They
reasoned that the difference was due to a lack of decompression in an intact bone
compared to that of a fractured bone, wherein fluid can escape via the fracture.

The bone analogue design used in this paper experienced a significant back flow
of marrow escaping the bone from the open end of the cylinder, causing a similar
decompression. In a real bone reaming procedure, depending on the reamer design, the
back flow through the open end of the bone may become clogged with bone fragments,
significantly raising the pressures from those seen in the present work.

In the current work, the pressures seen were in the range of 10 to 409 mmHg, with

the higher pressures being seen when the reamer blades were fully clogged, at 200 rpm

mm .
and 20 — advancement speed. These values match well with those of Peter et al.',
sec

who reported a maximum intramedullary pressure ranging from 300 to 450 mmHg while

reaming nine fractured human femur at 350 rpm with the smallest reamer diameter of 9
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mm. This pressure is also relatively close to the peak pressure of 511mmHg reported by
Heim et al.*!, based on experiments on intact (unfractured) human cadaveric femurs.
Even though Heim et al. used intact bones, the maximum pressure they recorded was

22.23 utilizing intact bone. The reason could be due to the

lower than many other studies
fact that in their study, the pressure transducers were indirectly attached to the bones
using connecting adaptors, as also employed in the current work. As described in 5.2, it
was demonstrated that the connecting adaptors prevented the unrealistically high pressure
spikes associated with transducer vibration. It is possible that some of the studies in the
literature reporting the extremely high peak pressures could also have suffered from this
phenomenon. Such studies include those of Mousavi et al.”, who reported a maximum
intramedullary pressure of 700mmHg while reaming of intact adult sheep femur, and
Kropfl et al.>, who reported maximum intramedullary pressure of 936:48 mmHg while
reaming of intact femoral shaft of eight baboons. However, the reason for these high

pressure reports could be also be due to the fact they were mainly based on animal studies

rather than human or cadaveric bones.
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6 Analysis of Imposed Forces and Torque during Reaming

Procedures

The planar force components in x and y, Fy and F,, as well as the axial force in z-
direction, F, (Figure 6-1 and 6-2), were monitored using a dynamometer during the
reaming experiments, as explained in Section 4.4.6. Measurements of force components
were required to assess the correlation between the simulated intramedullary pressure and
applied forces to the bone. The measured force components were also used by another
Ryerson graduate student to study the radial variations in the diameter of the reamed
intramedullary canal due to system vibrations, as mentioned in Section 3.3.4647

Data corresponding to the three forces were collected in separate channels using
the DAQ system with the rate of 20000 samples per second (20 kHz). A schematic of
forces and their corresponding directions on the load cell (dynamometer) is shown in

Figure 6-1. The orientation of forces applied on the bone attached to the set-up is shown

in Figure 6-2.

Comnector
< o
Fz  Fx
C Fy O

Figure 6-1- Schematic of forces as they appear on the dynamometer. Bone analogue is
attached to the dynamometer perpendicular to the x-y plane, with gravity in the y
direction.
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Figure 6-2-Orientation of forces applied to the bone on the apparatus

6.1 Typical Force Data

A typical force versus time curve generated during a reaming experiment is
shown in Figure 6-3 . Similar to the pressure signals discussed in Chapter 5, it can be
seen that this curve follows a periodically repeating pattern as the reamer rotates. The
pattern was repeated with the same frequency as that of one reamer revolution (see
Section 5.1 for further detail on the observed dominant frequency). During each
revolution of the reamer, the force from each channel reached a maximum and a

minimum peak.
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Force (N)
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Figure 6-3-Typical force data versus time. A three-second time frame is depicted in this
figure from the force component in y-direction, Fy. This sample is taken from an
experiment with rotational speed of 200RPM and advancement speed of 20 mm/sec using
bone marrow viscosity of 82.6 cP. Period of 0.3 second for one revolution of reamer is
calculated based on rotational speed of 200 RPM.

The planar force components (F; and F,) measured by load cell were the

equivalent sum of all the forces applied to the blades during reaming. This is shown in

Figure 6-4.

75



Ui ( Reaming Force)
Fli J

a X »
>
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Forces

Figure 6-4-A cross-sectional view of a simplified geometry six-blade reamer with the
applied forces; (a) shows a rough approximation of the forces applied to the reamer on
each blade, in their original direction. (b) shows the reaming force components applied to
each blade, in x and y direction. (c) shows the resultant force components in x and y
direction

A comparison of the three force components during reaming is shown in Figure
6-5. It is evident that there was a time delay between maximum peaks of F; and Fj.
Further investigations showed that this time delay was equivalent to that of a quarter of
one revolution. The reason is that the reamers were likely slightly warped, and as the
blade passed the positive direction of the y-axis there was a time lag of % of a revolution
before it passed the positive direction of the x-axis. There was no time lag between the

peaks of F, and the axial force, F.
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Time delay = 1/4 rev. (75 msec
y (7 )

Fx (N)

Fy (N)

Fz(N)

1.5
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Figure 6-5-Time delay between the force components. Data was taken while reaming
with an unclogged 12.5mm reamer at 200 rpm and 20 mm/sec advancement speed using
low viscosity marrow (82.6 cP).

6.2 Correlation Analysis

6.2.1 Definitions

Correlation analysis attempts to measure the correlation between two or more
variables. Correlation is a measure of the relationship between two or more variables.
The correlation coefficient, R, is a single number that describes the degree of strength of
such relationships between two variables, X and Y. Correlation coefficients can range
from -1 to +1, where a value of -1 represents a perfect negative correlation, +1 represents

a perfect positive correlation and a value of O represents a lack of correlation. The
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coefficient of determination, R, represents the proportion of common variation between
two variables. In other words, %R’ is the percentage of variations in variable Y, which is
accounted for by a linear relationship with X>’. The formula to calculate the correlation

coefficient is given by Equation (6.1):

. NY xr-(>x)>y) 6.1
Wy xt-(Exf vy’ -(Zrf |

where,

N : Number of pairs in the measurement sample
Z X and ZY : Sum of values of X and Y, respectively
Z X and ZY ?. Sum of squared values of X and Y, respectively

Z XY : Sum of product of paired values, X and Y

6.2.2 Testing the Significance of a Correlation

The significance level of the coefficient of correlation shows the level of
reliability of this factor. A test of significance can be established based on analysis of a z-
distribution with N-2 degrees of freedom, where N is the number of pairs in the

measurement sample. The ¢z-value can be calculated using Equation 6.2)”":

f=e 2 (6.2)
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The p-value reported with the #-test is representative of the significance of the
corresponding correlation coefficient, R. Precisely, the p-value is the probability of error
involved with accepting/rejecting the Null Hypothesis, H,. In this regard, acceptance or

rejection of Null Hypothesis, H,, is essential to establish the significance and reliability

of the correlation.’®

Null Hypothesis, H,: There is no correlation between two variables.
The p-level reported with a #-test represents the probability of error involved in rejecting

H,.

- R

There is a correlation

If the p - valueis small=> Reject H, =4 |
with the strength of the calcultedR - value

There is NO correlation

< If the p - valueis large = Accept H, = ] >
The true R - valueis zero

If the p - value is neither small nor large => No decision should be made in general

\ 7

6.3 Correlation between Axial Force and Intramedullary Pressure

6.3.1 Methodology

Data from the forty four experiments conducted for parametric study #1 (see
Section 5.4.1) were used in this analysis. Paired statistical comparison between the
average intramedullary pressure and the corresponding axial force was conducted to
assess the correlation between the two variables. In this study, the mean of concurrent
pressures recorded by each pressures transducer #1, 2 and 3 was used to represent the

average intramedullary pressure within the bone (ie., P, =P +P,+P, for each

avg

sample collected during each run). The axial force corresponding to each P,,; was paired
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to create paired samples. Refer to Appendix D (Table D.1 to D.44) for graphs presenting
the axial forces used in this study.

Since a large number of data points was recorded during each run (20000 samples
per second), it was required to reduce the number of sampled pairs (Pae and
corresponding axial force) used for the correlation analysis. For this reason, the paired
sample corresponding to every 10 blocks of data (5120 data points) were collected from
each run. The reason data were collected from every 10 blocks, as opposed to any other
number (e.g., every 5 blocks) was simply because it was more manageable to fit the data
on an Excel sheet in order to run a correlation analysis. Taking RPM and advancement
speed as constant factors, all the experiments (including reamer size 11-16mm) were
grouped together for the purpose of analysis, thus creating 900-2500 pairs of data

depending on the advancement speed of the reamer (Table 6.1).

6.3.2- Results and Discussion

Results from correlation analysis among all variables (Puvg, P, Po, P3, Fy, F), F:
and torque) are presented in Appendix C (Table C.1 to C.12). Results from correlation
analysis between P,,, and axial force are summarized in Table 6.1.

Based on Table 6.1, no correlation was observed between P,,, and the axial force while

reaming at 50 rpm and 50 M advancement speed (H, can be accepted with p=80%,
sec

hence R=0). However, a very small correlation (R‘7=1.17%, 11% and 0.6%) was observed
between P, and the axial force at other RPM and speeds (respectively for 200/10,
200/50, 50/10) by rejecting H, with p<0.004. These results showed that, even though

there was a statistically significant correlation between P, and the axial force, it is quite
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small. This is consistent with the results in the literature by Johnson et al.%, in 1995, who
reported a statistically small correlation between the distal canal pressure and applied

axial force (R’=19.1%, p-value<0.048).

RPM, Speed Feed #of
Bone # [ mm 1 [ mm 1 Sampled R R (%) p-value
sec rev Pairs
1 200,10 3 728 0.1084 1.17 0.0034
2 50,10 12 818 0.3320 11.02 0
3 200,50 15 1367 -0.0775 0.60 0.0042
4 50,50 60 2464 -0.0049 0.0024 0.8092

Table 6.1- Summary of results from correlation analysis between the average
intramedullary pressure and axial force at different reaming parameters

Figure 6-6 shows the average axial forces detected at different reaming
conditions. Average axial force represents the mean of all the axial forces detected by
dynamometer while reaming the bone using eleven reamers at constant RPM and
advancement speed. It was observed that the average axial force was higher in the case
with lower RPM (50 rpm) compared to the cases with higher RPM (200 rpm). This could
be explained by higher fluid compression (due to less marrow escape through the walls of
the bone) towards the end of the bone at lower RPM, which created more compression
force in the z-direction. At higher RPM, more marrow could escape through the porous
walls and open end hence causing less fluid compression at the end of the bone, creating

lower axial force.
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Figure 6-6-Average axial force at different reaming conditions. Each column represents
the average axial force, which is the mean of axial forces detected while reaming the
synthetic cylinder using eleven reamers. The vertical lines represent the range of axial
forces detected during each reaming condition.

The horizontal bars in Figure 6-6 represent the maximum and minimum axial
forces. Based on this figure, it was observed that the maximum axial forces ranged
between 48 to 83 N while reaming the synthetic bone analogue. These results match well
with the range of 59 to 107 N, reported by Muller et al.?°, who studied the variation of

compression forces (axial forces) during reaming of five cadaveric human femurs.

6.4 Correlation between the Torque and Intramedullary Pressure

6.4.1 Methodology

The torque applied to the reamer was measured using a torque transducer, as
explained in Section 4.4.7. Paired statistical analysis was employed to establish possible

correlation between the torque and intramedullary pressure. The same methodology
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described in Section 6.3.1 was applied to make paired samples between the torque and

Pavg.

6.4.2 Results and Discussion

Table 6.2, shows the summary of correlation analysis between the torque and P,,,

at the different reaming parameters.

RPM, Speed Feed Rate
Bone # [ mm ] [ mm ] R R? (%) p-value
sec rev
1 200,10 3 -0.095 0.90 0.01
2 50,10 12 0.4813 23.16 0
3 200,50 15 -0.1253 1.57 0
4 50,50 60 -0.2119 4.49 0

Table 6.2- Summary of results from correlation analysis between the reaming torque and
Pavg, at different reaming conditions

Based on Table 6.2, it was evident that no large correlation could be established.

The highest correlation between the torque and P,,, was observed to be R?=23.16% with

p-value[D at 50 rpm and 1022 advancement speed.
sec

Figure 6-7 shows the average reaming torque applied to the reamer at different
reaming conditions. The average torque represents the mean of torques detected while
reaming the bone using eleven reamers at the corresponding reaming RPM and
advancement speed. The maximum torque applied to the reamer during reaming of the
synthetic cylinder ranged from 560 to 1264 N mm. To the knowledge of author, there is

no literature reporting the torque measurements during orthopaedic reaming.
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Figure 6-7- Average torque at different reaming conditions. Each column shows the
average torque at the corresponding reaming parameters. The vertical lines represent the
range of measured torques.

It is evident from Figure 6-7 that the average torque remained relatively constant,
irrespective of reaming conditions. In this figure, the horizontal bars at the end of the
vertical lines represent the maximum and minimum reaming torques. Comparing reaming

conditions 50/10 and 50/50 (or 200/10 and 200/50), it is evident that the maximum torque
was higher at the higher advancement speed (10m). This could be due to the fact that

at higher advancement speed, the reamers encounter more resistance due to more rapid

removal of cancellous material, which may cause higher torque on the reamer.
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7 Conclusions

7.1 Summary

The development of intramedullary reaming techniques in 1942 gave rise to
various studies of the reaming process which led to investigation of problems associated
with fat embolism during intramedullary reaming.'* In this thesis, an experimental
procedure for the analysis of factors leading to intramedullary pressure elevations, and
thus . potential development of fat embolism syndrome during reaming of femoral
intramedullary canal, was proposed. The experimental model employed a controlled
reaming system to assess the effect of these factors while reaming a synthetic bone
analogue model. In contrast to previously used bone analogues, this is the first work
employing a two layer open cell structure, simulating both the cortical and cancellous
structures of the bone. The outer layer, a porous open cell plastic tube, had similar porous
properties to human cortical bone. The inner layer, an open cell porous carbon foam tube,
had similar porous and mechanical properties to human cancellous bone. To reproduce
the bone marrow within the medullary canal, a petroleum jelly/paraffin mixture was used.
This bone analogue was used in an experimental set up to conduct parametric studies to
examine the effect of parameters such as reamer RPM, reamer advancement speed,
reamer diameter, bone marrow viscosity and clogging of the reamers on simulated
intramedullary pressure.

The most important conclusions from this thesis are summarized below:
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I. A two layer open cell porous structure synthetic bone analogue was used to
simulate the femoral behavior during reaming experiments. Simulated intramedullary
pressure elevations were within the reported range in the literature for cadaver bones..

II. In cases where there were no complications such as a high viscosity marrow
or a clogged reamer, the maximum intramedullary pressure was 132 mmHg. However,
introduction of these complications resulted in a higher maximum pressure of 409
mmHg. This is more than 8 times the critical pressure to allow passage of bone marrow
into the capillaries, and twice as much as the pressure that can cause configured emboli.

III. Changes in the reamer size displayed no significant effect on intramedullary
pressure compared to the effect of marrow viscosity and clogged reamer. However,
compared to the effect of RPM and advancement speed, the reamer diameter significantly
influenced the medullary pressure at the closed end of the bone (~p<0.02), but no
significant effect was observed in any other locations.

IV. Reamer RPM had a statistically significant influence on the pressure increase
within the bone, particularly in the mid-shaft and end of the bone (~p <0.001).

V. The advancement speed of the reamer was found to be the most significant
factor affecting the intramedullary pressure (p = 0).

V1. Variation in bone marrow viscosity was found to have a significant effect on
pressure elevations within the bone cavity (~ p <0.01).

VII. Clogging of the reamer had a significant effect on intramedullary pressure

elevations (~p<0.02).
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VIII. A very small statistically significant correlation could be established between
the intramedullary pressure and axial force (with the highest correlation found as R’=11%
with p=0).

IX. A small statistically significant correlation was found between the
intramedullary and torque (with the highest correlation of R’=23.16% with p~0)
X. It was observed that in the vicinity of the reamer entrance (transducer#1), the
pressure elevation is mainly and significantly created by the effect of reamer
advancement speed (p=0), but not by the reamer size or RPM (p = 0.0196 and p = 0.0079

respectively).

7.2 Use of a Synthetic Bone Analogue

The advantage of using a synthetic bone analogue to examine the effect of
reaming parameters on the intramedullary pressure instead of those based on human or
animal studies is evident:

I. Use of the proposed synthetic model eliminates the need for cadaver bone
storage.

II. The porosity and pore size of the proposed bone structure is constant
throughout the bone, which can greatly reduce the specimen to specimen variability
associated with cadaveric bones and allow more controlled repeatable results.

III. The analogue, because it is of a regular geometry and constant properties,
allows for verification of numerical models aimed at comparative assessment of the effect
of changes in operative procedure.

IV. The analogue can fairly easily be modified to accommodate changes in

geometry, porosity, pore size and mechanical properties, as the manufacturer can change
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these parameters on demand. This would allow for parametric studies which aim to
establish, for example, the effect of aging on the resulting pressures generated in the
intramedullary canal during reaming

There are three advantages to the bone analogue model proposed in this thesis
compared to those previously proposed in the literature:

I. The model has a two layer structure representing both cortical bone and
cancellous bone as opposed to most other models that only incorporate the cortical layer.
This provided a more realistic response to cancellous bone reaming.

II. The current model has an open cell porous structure unlike those proposed in
the literature, which have a closed structure. The present model thus is the first to allow
fluid flow through the simulated bone walls.

II. Compared to closed cell structured bone analogues, this model gave more

comparable results to those reported in the literature using cadaveric bones.

7.3 Limitations of Approach

The experimental approach employed in this thesis was based on the following
assumptions:

I. The proposed axi-symmetric synthetic bone analogue, designed based on a
constant porosity and pore size throughout the bone, did not incorporate the variation of
porosity and pore size observed in cadaveric bone (depending on age, bone composition
and health).

II. A constant viscosity bone marrow was used throughout the bone which did

not incorporate the variation of marrow viscosity between the distal and proximal regions

of real femur.
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II. A constant RPM and advancement speed was used during the experiments,
using a controlled reaming system, to allow interpretation of the effect of reaming
parameters. In fact, during orthopaedic reaming, surgeons actually apply a variety of
RPM and penetration speeds, depending on a number of factors including the fact that
different surgeons use different procedures.

IV. In the current set-up, the bone analogue cavity was refilled before every
experiment to simulate the lack of backflow of the blood stream. However, in the actual
surgeries, the blood fills up the bone cavity as the reamer advances through the bone,
whic':h could not be incorporated into this design.

V. The diastolic blood pressure of 30-50 mmHg, a typical intramedullary
pressure range prior to orthopaedic complications, was not considered in this study while
reaming the synthetic bone analogue.

VI. The simplified cylindrical geometry of the proposed bone analogue did not
consider the diameter variation in the distal cavity of the real bone. This may have
affected the results in terms of not considering tﬁe reamer contact with the cortical bone
in the areas with smaller distal canal, which could have slowed down the advancement
speed and resulted in elevation of intramedullary pressure.

VII. Debris from the cancellous analogue (carbon foam debris) did not properly
clog the reamers, as seen in the real surgeries. The reason was speculated to be due to the
fact that fracture mechanics properties of the synthetic cancellous material did not match
that of real bone even though the modulus of elasticity and strength of this material were
closely matched with real bone. Instead, to simulate clogging of the reamers by bone

debris, the reamer flutes were fully covered by silicon sealant. This could have resulted in
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higher pressure elevations as the reamers were fully clogged, whereas in real surgeries
the reamer may be partially clogged.

VIII. The reamers used in this study were long shaft solid straight fluted reamers.
These reamers, while commonly used, occupy a higher volume compared to the more
recently designed reamers with hollow flexible thin drives, and thus potentially created
more pressure elevations in the synthetic bone cavity.

Nevertheless, the results of the parametric studies conducted in this thesis were

useful for the comparative studies to assess the effect of reaming parameters.

7.4 Recommendations for Surgeons

Based on the present studies, a number of techniques to minimize the
intramedullary pressure during orthopaedic procedures can be suggested:

I. The RPM should be kept as high as possible, but not exceeding 500 rpm,
which may cause chatter.

II. A low advancement speed should be used during reaming. It should be noted
that in the cases where the advancement speed is too low, the operation time is increased,
which is not recommended by surgeons.

III. The surgeon should be conscious of the possibility of the reamer clogging, as
this can lead to significantly higher intramedullary pressures. Therefore, it is
recommended that the reamer flutes be cleaned as many times as possible during
orthopaedic surgeries.

IV. Based on comparison to the literature, it was found that reamers with thin
flexible drives, in which the flexible drive is not fluted, are less likely to become clogged

than the solid straight fluted reamers used in this study.
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V. It is highly recommended to evacuate the high viscosity marrow from the
proximal regions of the femur by diluting the marrow with injecting physiological serums
into the intramedullary canal or by using suction techniques. This is important as the

higher viscosity marrow can create higher pressure elevations within the bone.

7.5 Recommendations for Future Work

A possible enhanced model for the reaming experiments would involve a
combination of aluminum and RVC foam for cortical and cancellous bone replacement,
respectively. The advantage is a much higher friction between the two layers, which
lowers the chance of slippage during simulated reaming. In this case, the manufacture of
the inner and outer cylinder could be done simultaneously, making the final product more
rigid and precise. A further improvement would be to mould synthetic bones of more
realistic shape, allowing for study of the effects of bone size and shape on the pressures
generated during orthopaedic procedures. To simulate a more realistic clogging behavior,
it is recommended to also match the fracture mechanics properties of the synthetic
cancellous material to those of real bone (in additional to Young’s modulus and strength).
Future bone analogue designs could also incorporate a better seal between reamer and
bone for simulation of this higher pressure case.

As a continuation of this work, it is also highly recommended to conduct a
parametric study on the effect of variation in structural properties of the bone (porosity
and pore size) to establish the significance of patient age, activity, etc., on the likelihood

of developing FES.
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Appendix C

Correlation Analysis
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Rj‘g alh(;e P | P; Fy Fy F, Torque P 4,
P, 1.0000
P, 0.7446 1.0000
P; 0.5851 0.8423 1.0000
Fx 0.1433 04016 0.4222 1.0000
Fy 0.0234 0.0192 -0.0863 0.1175 1.0000
F, 0.0785 0.3771 0.3687 0.6290 0.1139 1.0000
Torque | 0.2882 0.4901 04817 0.6133 0.0065 0.7954 1.0000
P, | 0.8090 0.9568 0.9318 0.3831 -0.0275 0.3320 0.4813 1.0000

Table C.1- Correlation coefficients for bone #1 (Reamed at 50 RPM and 10 2%

advancement speed)

seC

50 10 P; P, Ps Fy Fy F, Torque P,
P, 100.00
P, 5544 100.00
P; 34.23 70.95 100.00
Fx 2.05 16.13 17.83  100.00
Fy 0.05 0.04 0.74 1.38 100.00
F, 0.62 14.22 13.59  39.56 1.30 100.00
Torque | 8.31 2402 2320 37.61 0.00 63.27 100.00
P ave 65.45 91.55 86.83 14.68 0.08 11.02 23.16 100.00

Table C.2- Coefficients of determination for bone #1 (Reamed at 50 RPM and 10 mm

advancement speed)

sec

P_value

50 10 P P, P; Fy Fy F, Torque P gy,
P, 1.0000
P, 0 1.0000
P; 0 0 1.0000
Fy 0 0 0 1.0000
Fy 0.5042 0.5845 0.0136 0.0008 1.0000
F, 0.0249 0 0 0 0.0011 1.0000

Torque 0 0 0 0 0.8536 0 1.0000

Pavg 0 0 0 0 0.4317 0 0 1.0000

Table C.3- p-values, Probability of error involved with accepting/rejecting the Null

Hypothesis for bone #1 (Reamed at 50 RPM and 10 MM advancement speed)

187
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R_value
5050 Py P, Ps Fx Fy F, Torque P,y
P; 1.0000
P, 0.7919 1.0000
P; 0.3469 0.6573 1.0000
Fx -0.2828 -0.0868 0.1433 1.0000
Fy -0.2407 -0.2116 -0.0172 0.1288 1.0000
F, -0.0556 -0.0141 0.0340 -0.2010 0.0479 1.0000
Torque | -0.3375 -0.1994 -0.0770 0.3384 -0.0261 0.4741 1.0000
P.. | 07660 0.9412 0.8436 -0.0451 -0.1609 -0.0049 -0.2119 1.0000

Table C.4-Correlation coefficients for bone #2 (Reamed at 50 RPM and 50 mm

s€cC

advancement speed)
50 50 P] Pz P3 Fx Fy Fz Torque P avg
Py 100.00
P, 62.71 100.00
P; 12.03  43.20 100.00
Fy 8.00 0.75 2.05 100.00
Fy 5.79 4.48 0.03 1.66  100.00
F, 0.31 0.02 0.12 4.04 0.23 100.00
Torque | 11.39 3.98 0.59 11.45 0.07 2248 100.00
P vy 58.68 88.59  71.17 0.20 2.59 0.00 4.49 100.00

Table C.5-Coefficients of determination for bone #2 (Reamed at 50 RPM and 50 mn

advancement speed)

s€cC

P 5—5’ “é‘ée P P, P Fy F, F, Torque Py
P, | 1.0000
P, 0  1.0000
P; 0 0  1.0000
Fy 0 0 0  1.0000
F, 0 0 03932 0  1.0000
F, | 00057 04836 00913 0 00175 1.0000
Torque | O 0O 00001 O 01951 0  1.0000
P v 0 0 0 0023 0 0809 0 10000

Table C.6-p-values, Probability of error involved with accepting/rejecting the Null

Hypothesis for bone #2 (Reamed at 50 RPM and 50 == advancement speed)

188
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Ryawe! v P, P K F F, Torque Po
P, | 1.0000

P, | 07005 1.0000

P, |07335 08260 1.0000

F, |00393 03403 02258 1.0000

F, | 013 -0181 -0.107 -0.524 1.0000

F, |-0076 02275 0.917 06026 -0.235 1.0000

Torque | 0.094 -0.151 00095 0.281 -0.24 02388 1.0000

Po | 09060 09180 09144 02111 -0.156 0.1084 -0.095 1.0000

Table C.7- Correlation coefficients for bone #3

advancement speed)

(Reamed at 200 RPM and 10 7%

sec

ZROZO( W1 m P B K F, F  Torque Py
P, | 100.00

P, | 4907 100.00

P, | 5380 6823 100.00

F, | 015 1158 510 100.00

F, | 1690 328 114 2746 100.00

F, | 058 518 367 3631 552  100.00

Torque | 0.88 228 001 164 576 570  100.00

P.. | 8208 8427 8361 446 243 118 090  100.00

Table C.8- Coefficients of determination for bone #3 (Reamed at 200 RPM and 10 mm

advancement speed)

sec

Poalel B B B K F, F, Torque Py
P, | 1.0000

P, 0 1.0000

P, 0 0 1.0000

F, |02894 0 0 1.0000

F, |[00004 0 00039 O  1.0000

F, |00395 0 0 0 0 10000

Torque | 00114 0 07972 00005 0 0  1.0000

Pae | O 0 0 0 0 0.0034 0.0100 1.0000

Table C.9- p-values, Probability of error involved with accepting/rejecting the Null

Hypothesis for bone #3 (Reamed at 200 RPM and 10 T advancement speed)
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20050 Py P, Ps Fy Fy F, Torque P,
P; 1.0000
P, 0.6434 1.0000
P; 0.4003 0.4926 1.0000
Fy -0.1031 -0.1129 -0.1976 1.0000
F, -0.0191 -0.1707 -0.0729 0.1334 1.0000
F, -0.2383 -0.2321 0.1823 0.0375 0.0128 1.0000
Torque | -0.2788 -0.2348 0.1089 -0.0923 -0.0532 0.8714 1.0000
Pay | 0.7487 0.8696 0.8243 -0.1762 -0.1200 -0.0775 -0.1253 1.0000
Table C.10- Correlation coefficients for bone #4 (Reamed at 200 RPM and 50 mm
sec
advanzcement speed)
, og_ sol P P P F F, F, Torque Pauyg
P, 100.00
P, 41.40 100.00
P 16.02 2427 100.00
Fy 1.06 1.27 390 100.00
F, 0.04 291 0.53 1.78 100.00
F, 5.68 5.39 3.32 0.14 0.02  100.00
Torque | 7.77 5.51 1.19 0.85 0.28 75.93 100.00
P av 56.06 75.62 67.95 3.10 1.44 0.60 1.57 100.00
Table C.11- Coefficients of determination for bone #4 (Reamed at 200 RPM and 50 %
advancement speed)
’;EB‘i’;‘o‘f P, » P F F F, Torque P gy
P, 1.0000
P, 0 1.0000
P; 0 0 1.0000
Fy 0 0 0 1.0000
Fy 0.4815 0 0.0070 0.0000 1.0000
F, 0 0 0 0.1657 0.6354 1.0000
Torque 0 0 0.0001 0.0006 0.0491 0 1.0000
P avg 0 0 0 0 0 0.0042 0 1.0000

Table C.12- p-values, Probability of error involved with accepting/rejecting the Null
Hypothesis for bone #4 (Reamed at 200 RPM and 50 T advancement speed)
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Force Profiles

191



c61

"SUONOAIIP Z pue ‘A ‘X Ul 9u0q 3y} Jo pus paso[o ay) 0} parjdde s9010§ 03 papuodsaniod A[aansadsar

. 298
are 3y pue 41 “*J "K)ISOOSIA MOLIBW J1JQYJUAS do 978 pue i 0T ‘INd¥ 06 ‘Towrear ww | Suisn saijord 9210, ‘' (] 2nS1]
s:unu z4 A —— Xd ------
mmﬂoo om“oo mv_”oo ovmoo ; mmwoo omﬂoo mwwoo omwoo S —_”oo o—_“oo mo_uoo
- 00°01L-
./ . VNN Ao n Z_ \‘._v\/.r\ .— \.. /\ V/ 4 2 B
;. ._. n_ ..\__z\:_. n._ \:_ ! ._J\ _z\ .f\ _z\.u../ R o R X - .”...H.
Juowi oy Y T\NT\L\ B LI - 0S°LE
Jaweay unu | | . 00°SY
i R &
% o |
n.:u. M«’C &
< - 0S¢l
+ 00°001L

[N] @2104




ol

*SUONAIIP Z pue ‘A ‘X UL 9uoq 3y} JO pud pasojo 3y} 0} parjdde sa010 01 papuodsarios KjaAansadsas
238

ale % pue ».m *J .bmmoowg MmoLeW JNOYIUAS Jo 9'Z8 pue P 0T ‘INdY 06 ‘1owear ww G 11 Suisn soqijoid 9210,] ‘0" 2In31]
siun . z4 Mg — X4 ------
mm“oo omﬂoo mvwoo ovwoo mm"oo omwoo mN_“oo ON_”oo Sl woo oL _“oo mo”oo
- 00°0}-
- SL°EL
- 0678
Jaweay wWw G°L}
- G2'19
- 00°G8

[N] #0104



v61

"SUONOAIIP Z PuB ‘A ‘X Ul 3uoq aY) JO pua paso[d ay) 03 parjdde s3210) 03 papuodsariod Ajpandadsar

Q98

a1e 2 pue 43 %1 "£11S00S1A MOLIBW ONOYIUAS dO O Nw pue — 9 ‘N 06 ‘Towrear wiwig | Sursn sapjord 9010, */4q 2181
siumu z4 Ay —— Xd —o-oo-
mm"oo om“oo mvﬂoo ovwoo mmwoo omwoo meoo omwoo m_._”oo oJoo mo_”oo
- 00°s-
EAATATAN J.Ir?f TARARR NAVAY ) USRS o]
g To % _11/ \__ A MU .
VAL - 00°S
- 00°S1
Jaweay wWw g| L | R
A
4 L F 00°S2
- 00°se

[N] @2104




Se6l1

"SUONOAIIP Z pue ‘A ‘X Ul 9u0q 9y JO pus paso[o 3y} 0} pardde s90105 03 papuodsaiiod Kjaansadser

298
are 4] pue £ % *£11S00S1A mOLIBW d1OYIUAS o 9'Z8 pue 01 ‘INdY 06 ‘Jowrear wiw 67 Sursn safijoid 9010 '8 ([ SIS
s:uw z4 MH— e
mm_noo 0S:00 m.v_“oo o.vwoo mmwoo omwoo meoo ON_“oo Si _“oo (0] 8 _noo moﬂoo
- 00°0L-
VAVAY) ] - 00°0
- 00°0L

Jaluesy ww g'gi

- 00°02

- 00°0€
[N] @2104




961

"SUONOAIIP Z pue ‘A ‘x UI JUOq Y} JO pud paso[o oy} 03 parjdde sao10§ 03 papuodsa1iod A[oAnoadsal
995
are % pue 41 % *A11s00s1A moLIeW S12YIUAS o 98 puE — 01 ‘NdY 06 ‘1owrear wwig] Suisn saqyord 9010 “6' 9InSL]

s:u

zd
mmwoo 0S:00 S¥:00 0v:00 Se:00 0€:00 §2:00 0c:00 S1:00

Ay —— T

01:00 S0:00
I | | I I l | | I I

1 521

| \ b - 0521

Jaweay ww g

- SL'€C

- 00°SE
[N] @2104



L6l

"suonoaIIp z pue ‘A ‘x ur auoq 3y} Jo pus paso[d ay 0) parjdde sa0103 0) papuodsaLiod A[eanjoadsar
295

are 2] pue 4 % *A)1S09SIA MOLIBW J1OYIUAS JO 9°Z8 pue i 01 ‘INdY 06 ‘1owear ww ¢'¢ 1 Sursn sayoid 9010, *0G"( InSL]
s:uw zq H — Xd ------
1] “oo oS ﬂoo mv_“oo ovwoo mmﬂoo omwoo 14 _“co om_noo St Hoo 08 woo S0 _“oo
- 00°01-
e SC'I
- 0S¢l
Jeweay UL G'E| d T Rl T
iy - GL°€2
00°se

[N] @2104



861 .

"SUONOAIIP Z pue ‘A ‘X UI 3U0q 3y JO pud paso[o ay) 03 parjdde seo10§ 03 papuodsarios A[aanoadsar

995
are % pue £ % *A11S00S1A MoLTeW SHAIPUAS Jo 0'Z8 pue i 01 ‘INdY 06 “Tourear wiw 41 Suisn sa[yoid 9010 ‘16" 2IndL]

N — X ------

23} _”oo omwoo mv_”oo ovm.oo mm_“oo omwoo mN_“oo ONwoo St _”oo ol woo mo_“oo

AN NG i

R
"

s:uw Z4

N
]
Y
»

"
X

[

i

X

k '
! |
l '
1 '

' )

Yoo

'

1

1

1

1
1
1
I

1
1
_>_ __

__ __
(I} 1
! !
vt v
-—. 1
vl V!
u

Jaweay ww | y

-

- 00°Se
[N] @2104




661

"SUOT}ORIIP Z pue ‘A ‘X U 9UOq 3} JO Pua Paso[d 9y} 03 parjdde s9010] 03 papuodsariod A[oanosadsal

298
are 2] pue £ % *A11S00SIA MOLIeW d1OYIUAS IO 978 PuB i 01 NI 0 “1owrear wiw 647 Juisn so[yoid 90104 ‘z¢'( AIn3L]

s:u z4 H— Xd ------
SS woo 0S woo mv_“oo ov_“oo mm_noo om_ﬂoo mm_“oo omwoo Sl _”oo ol woo mowoo

- 00°€-

::,:a,:, / RAAN \7,\.) l_,\, R IEITIER, =~ 0s’t

- 00°9

Jaesd ww Gy

& ) . - 0S°0l
- 00°St

[N] @2104



00T

"SUONOAIIp Z pue ‘A ‘X ur auoq ayj Jo pua paso[d ay) o) pardde sao10§ 03 papuodsarios ApAndadsar

298
aIe 2 pue 4 g "A11S09s1A molrew oN_YIUAS g9 9°Z8 pue T 0T ‘INdY 0§ ‘Tewrear wiw ¢ Sursn sa[yoid 9010, *€6° a3y

Siuru

z4 H— e
SS:00  0S:00  S¥I00  OF00  SE:00  OE:00  S2:00 0200  §L:00  0LOO 000

- 00°G-

- 000

- 00°S

laweayd ww G|

000l

- 00°GlL
[N] @2104



R s e ARG m s R A L R ol A T e e ke e . M

10T

"SUOnoAIIp Z pue ‘A ‘X UI au0q 9y} JO pus paso[o ay o} parjdde s9010] 01 papuodsarios A[eandadsar
098
are 7 pue £ % *A1IS00SIA MOLIBWI ONOYIUAS g0 978 puE Zm 01 ‘Y 06 “1owrear w ¢*¢1 Jursn sa[goid 2010, "p6'q 281

siu . o xn_------
S9:00 0800 K00 0vi00 SE.00  0BI00  SZI00 0200 SL:00  0LOD  50:00
- 00°s-
N - 00°0
- 00°S
leweey W GGl T
- 00701
T
Y toOOSlt

[N] @2104



(414

"SUOOAMIP Z pue ‘A ‘X UI 9U0q 3y} JO Pus paso[d ayy 03 parjdde s3010] 0} papuodsarIod A1oAnoadsar
298
ale % pue 4] g "A11S0051A MOLrBW SNOYIUAS IO 978 puE 7o 01 ‘N 06 ‘3ourear urw 9T ursn sojyoid 90104 *56°q NSy

s:u Z4 Aq ——— b I

mm_”oo omﬂoo mjoo ov_uoo mmwoo 8_”8 mm_”oo om_“oo m__“oo o:oo mowoo
i .. L 00°G-

A TN-NsmSaNe-mo-s---~ 3 €970

0 U

a...\./‘ 4 \_t, v N VYV o Pealifietanammenys e
fM... =V Y\ .\ _g. .4. -
'q 2

o V4 ..<.m L & \.V... .uuu“.

ST 4 & 4 - 62’9
4 | =l
Jaweasy ww 9| T

- 88°L1L

e . A ¢
[N] @92104




€£0¢

*SUOT)OAIIP Z pue ‘A ‘X Ul auoq 3y} JO pua paso[d ay} 03 parjdde s9010] 03 papuodsarr0d A[oAanoadsar
998

a1 4] pue 41 X1 "AIISOOSIA MOLIeW ONIYIUAS 0 9°Z8 pue 08 ‘INd Y 06 ‘Towrear wiwt [T Sutsn saq1joId 9210 ‘96" 2InS1]

z4 A4 - X ------
m._N_. O._O_. m_.m. O_.m m_.N
- 00°g-
....... P ELLESL LTSty
\ / \\r/ \\//z \1// \\\\ / \\\ /rl \\\ ///l|\\\ <. __- 4

\\ z/ \\ // \\ // \\ /ll\\ rl(\\ -
L gz€l
)\ L 0528
) \ K 4 i N - 62°1S

Jaweay wwy | - - N A N

F 00°04

[N] e0104



14\[4

*SUONOAIIP Z PUE ‘A ‘X UI 3U0q 3y} JO pus paso[o ay} 03 pardde sa0103 03 papuodsariod A[pAndadsal
298

aIe 7] pue 4 % "K1ISOOSIA MOLIBW JNSYIUAS dO 9'Z8 pue v 0S ‘INdY 06 ‘Jowreas wu ' Suisn sa[yyoid 90104 'LS°A a3

s z4 Ay —— X4 ------
m._ww o.wp mm o_m mmm

- 00°01-

- 00°0L

Jawesy ww G°L L - 00°0€

- 00°0S

00°0L
[N] @2104




s0c

"SUONAIIP Z pue ‘A ‘X UI 9u0q 3y} JO pud paso[d ayj 03 parjdde s3010] 03 papuodsariod A1eAanoadsar
995

oIe 2 pue 4 % *A)1s09S1A moLrew onayIuAs Jo 9'zg pue T 05 WY 0 “1owrear wuwr 1 Suisn soyoid 9010 'g6"q 2151y

s z4 Aq —— X ------
m._Nv o.mw m_N o_.m m_.N

00°s-

- 00°0}

- 00°Se

Jewesy wwg|

- 00°0¥

- 00°SS

[N] e2104



90T

SUONOAIIP Z PUB ‘A “X Ul 9U0q dY) JO pud paso[d ay} 01 parjdde sa010j 0] papuodsariod A[aAnoadsal
298
aIe 3] pue £ % A11S00S1A moLeW oNOYIULS o 9'78 pue o 0§ ‘N Y 06 ‘1owear ww ¢z Suisn sof1joid 90104 "65° (@ 2131y
s z4 A —— Xd ------
m._N_. O._O_. mmh omm mmN
- 00°0L-
iy / - ‘ ’ \\\ \ \\)// \\\.. o oo.m
Jaweay Ww §°g| \ ,,, \ ) - 00°02
A oX L 00°sE
- 00°0S

[N] @2104




"SUOROAIIP Z pue ‘A ‘X ur auoq 9y Jo pus pasoo aiy) 03 pardde sa010§ 03 papuodsarios A[eAnoadsar

095
ore 4 pue 41 %7 *£)1s00S1A Morrew onoyuks 4o 9°zg pue i 0S ‘NG 06 ‘Yowrear wrw ¢ Suisn sofijoid 9010, (09" (] 9InSL]

s z4 M Xd ------

m._Nr o.mr mmh o_.m m_.N
- 00°G-
———io - G2°9
- 0S°LL
Jaweay ww g}
- §.°8¢2
- 00°0Y

[N] @2104



80T

*SUOTIOAIIP Z pue ‘A ‘X Ur 9U0q 9y} JO pus paso[d ayy 03 parjdde s2010] 03 papuodsariod A[aandadsar
098

aIe 7 pue £ % "KIISO0SIA MOLIBW O1AYIUAS JO 978 pue v 0S ‘INdY 0 ‘Jourear wiwt ¢ T Suisn so[ijoId 92104 '19°( In31]
s zdq N — X4 ------
m._mv o.mr mw. omm mmm
- 00°S-
-G8
Jaweay ww G'gl - 0G¢cc
- G2'9€
- 00°0S

[N] 82104



60¢

"SUOTOQIIP Z pue ‘A ‘X Uf 9U0q 3y} JO PuS Pasod ay) o3 parjdde s9010§ 0 papuodsar1od A[pansadsar

995
are 27 pue 4 %] *A)IS00SIA MOLIBW ONIYIUAS O 978 pue i 05 ‘NI 0§ ‘1ourear wu 41 Sursn sa[yoxd 9010, *79"( 2InSL,]
A A X ------

m._N— o.m_. m_.h omm m_.N
N - 00°s-
- 000}
- 00°S¢e
Jewesy uw {|

- 00°0Y
- 00°SS

[N] e2104



01¢

*SUONORIIP Z PUR ‘A “X UI 9U0q 9Y) JO pud pasoo dy} o3 parjdde sa010§ 0) papuodsariod A[aanoadsar
998
aIe %] pue £, % "K11SO0SIA MOLIEW JNAYIUAS JO 9°78 pue o 05 ‘N 0S “Yourea: ur 4] Sursn sa[joid 90104 "€9°( N3]

S z] A4 Xd ------
m._NF o.m— mm omm mmw
- 00°G-
- 00°Gl
lawesy ww Gyl - 00°SE
- 00°SS
00°'SL

[N] @2104



11¢

"SUOTOAIIP Z pue ‘A ‘X U 9U0q 3Y) JO pus paso[o ay 0} parjdde sao10§ 0) papuodsarios A[oAnoadsar
098
are 7 pue 43 % "A11S00S1A MoLrew on_YIUAS Jo 9°78 pue T 0S ‘INdY 0¢ ‘1ourear urux G Sursn sayoid 9010, *$9"( InS1]

2
sl 00l G'L 0's S'c

- SL'EL

- 0S°ce

- G2lS

- 00°04
[N] @2104




(444

*SUOI}ORIIP Z PUE ‘A X U 9U0q 9Y) JO pud paso[d ayj 03 parjdde sa010] 0) papuodsariod A[oanoadsar

29S
QIe Z] pue f %1 *K3ISOOSIA MOLIBW ONAYJUAS O 9'Z8 pue T 0S ‘INd¥ 06 ‘Iowear w GG Suisn soq1yoad 90104 '69°A a3y
s zd N — X4
m._N_, 00t mmh 0's mmN
il - 00°G-
" ) [ S e PPy
‘n =’ RS \ 1 = x, | N ) R ) A —aaea-
" ,,, \\ ,., ! \ ! .__ ! / \ ..\ KA 7 L 0s°2L
\_ X //«\\ _/ \ /# < -
) - 00°0e
Jewresy WW GGl -
7 L 052
00°99
[N] @0104




€lc

"SuOnoaIIp Z pue ‘A ‘X ur auoq 9y Jo pus paso[o ay o3 parjdde sa010§ 03 papuodsornios A[eandadsar

098
ale 2y pue »..m *q .%ummOowT/ MOIIeuwr oﬂoﬁﬁ%m dd9°'C8 pue mm 0S ‘INdY 0S ‘Touwrear ww 91 mEmﬁ moﬁmo.a 92104 '99°'d O.Swmnm
s z4 A4 . &
m._Nw o._ow m_.\. o_.m m_.N
‘o 1\ %\ \\ ,_
//\ —.

Jeweay ww g|

- G.'8

- 0S°¢¢

- S2'9€

- 00°0S
[N] @2104



14 14

"SUONOAIIP Z pue ‘A ‘X ur su0q 3y JO pus paso[d 3y 01 parjdde s3210] 03 papuodsarios A[aanoadsar
998
. 01

are 21 pue 4 *J *A11509s1A moLrew oIAYIUAS g0 9'7g pue ‘INd¥ 00T “Iourear ww| | Sursn saqyoid 2010, * L9 2131y

s:uw

z4 A — Xqd ----m-
mm_“oo omwoo m.—u_”oo vaoo mm_uoo Omwoo mN_”oo ONMOO St _“oo (0] 8 _noo S0:00

00°S

- 00°02

Jawesy wwu ||

- 00°S€E

. _fooos
[N] @2104-



SIcC

"SuUOndaIIp Z pue ‘f ‘x ur 9uo0q 3y} Jo pud pasold 3y 0 parjdde sa010§ 03 papuodsariod A[aanoadsal
938

oéﬂmvcuf;m.baoom?BomeouoE:»mmoo.chcm o 01 ‘JY 00T “Jowrear wiw ¢'[ Suisn saqjoid 9010, *g9°(q 2131

s:um z4 A — Xd ------

GS Moo 0s _”oo mv_“oo ov“oo mmwoo omwoo mN_”oo ONMOO St woo ol _”oo mo_“oo

Jawead U G° || [

- §g'Le

- 00°8€
[N] @2104




91¢

"SUONYAIIP Z pue ‘A ‘X UI 9U0q Y1 JO pud Paso[d ay) 0} parjdde sa010) 01 papuodsariod A[aandsadsal

098
a1e 2] pue 41 % *K11S00SIA MOLIBW ONAYIUAS IO 9'78 pue i 01 ‘NdY 007 “oweas wiwt Z 3uisn safijod 9010 ‘69° (] 2InS1]
s:u Z4 A ——— Xd ------

mm_uoo omwoo mv“oo ovwoo mmﬂoo om_“oo mNMoo ON_uoo St woo (08 ﬂoo mo_”oo

- 00°G-
A LAANIY i - 0S¢
! \;.\l .)I..\ \INea e T
SR e, VL, o o)
’ R -~ ._—h- ==
Lr.— R R, o a.n M..“\nnu'»t
P - 00°01
=~/
Jawesy um Z| W
9
- 0S°LI
o o Oo.mN

[N] @2104



L1T

'suondalIp Z pue ‘£ ‘x ur auoq ay1 Jo pus paso[d ay) 0) parjdde sa3010§ 03 papuodsaLiod Kjeanoadsar

29§
ore 4 pue £ %] *£)IS00SIA MOLIBW dHAYIUAS g0 9'78 pue T 0T N 00€ ‘“3owea: wi ¢z Sutsn sayoid 20104 0" 281

N — Xd ------

mm _noo om“oo mjoo o¢_“oo mm"oo om"oo mN_“oo ON_noo mw _noo o_, woo mowoo

s:u r A

- GL°¢C

h
AL AR I
PR TR T A TR VARV
4 v \ v ‘i

- 06°8

Jaweasy ww G|

- Sevi

- 00°02
[N] @2104




81¢C

*SUONAIIP Z pue ‘A X UI 9UOq 3y} JO pus paso[d ay} o3 pardde sa010§ 0) papuodsariod A[9A10adsal
938

ale Nm pue »nﬁ .x..m .%HmmOow; MoLreuwa oﬁOEC%w do 9°'C] pue ﬂal:ﬂ 01 .Emm 00T ‘Joureal wui ¢ mcmmz wo:.wo.a 2210 1L Ousm_..m
Siulu zq >n_ - X ------
mmﬂoo omﬂoo mﬂoo ovﬂoo Ge woo omﬂoo meoo (074 ﬂoo Sl Moo (0] 8 Moo mowoo

- 00°€-

- 00"V

- 00°LE

jauwesy wu g

- 00°'8L
- 00°S2

[N] @2104



61¢

"SUOLIOAIIP Z PUE ‘A ‘X Ul 9uoq 3y} JO Pud paso[d ay) o3 parjdde seo105 03 papuodsarios Aanoadsar
095
are 4] pue 4 %] *K)IS00SIA MOLIBW J1OYIUAS g0 9'Z8 PuUe i 01 ‘INdY 00T ‘Yowrear wiw ¢ ¢ Suisn soqijoad 9010 "7/ ( 9IS

s:uw z4

o — X4 ------

mm_“oo os _noo mﬁoo ovwoo mmﬂoo om_“oo mN_”oo om_noo Sl ﬂoo ol noo mo_“oo

00°¢e-

- 00

T

00°LL

Jawesy ww g'gl

00°'8t

- 00°G2
[N] @2104




0ce

"SUOnoaIIp Z pue ‘A ‘X Ul SU0q Y} JO pua pPaso[d 3y 0) pardde s3010§ 01 papuodsariod K[pansadsar
995

a1e % pue 41 % *£11s0081A moLreW O1OYIUAS O 9'78 puE o 01 ‘¥ 00T ‘“Jouwrear wiu 7 Sursn saqryoxd 2010 ¢/ @ 9ISy

S:u zq rH ———— Xd ------

mm_“oo omwoo m¢_”oo ov_"oo mm“oo om_”oo mN_“oo ow_noo St Moo (0] “oo mo_”oo

- GL°0L

Jaweay wuw |

- 00°St
[N] @2104




Ice

"SUONOAIIp Z pue ‘A ‘X ur 9uoq 3y} Jo pua paso[d ay) 03 parjdde sa010§ 03 papuodsariod A[aansadsar
098
are 77 pue £ % "K)IS00SIA MOLIBW ONOYIUAS gO 978 pue 7 01 N 00€ ‘3owear wux ¢+ Suisn sa[yoid 2010 2" SMSL]

s:u ZH cocooee A — X ------
mm_”oo ommoo mv“oo ov_“oo mmwoo omﬂoo mm_“oo ownoo St Hoo (o] 8 woo mo_“oo
- 00°¢e-
g L= 0G°}
- 00°9
Jeweay ww Gy W
| - 0S°0L
1]
"
1]
\
!
- 00°GL

[N] e2104



(444

"SUONOAIIP Z pue ‘A ‘X UI 9u0q 3Y) JO pus Paso[o 3y o} parjdde $9010] 03 papuodsa1109 A[oAn0adsar

298

ore 7 pue 43 X *A11509s1A moLIRW onaYIuks go 9'zZg pue i 01 ‘INdY 00T ‘1eurear wrw G Sursn saqyord 90104 ‘5L Sy

Ss:unu z4 N — Xd ------

mm_”oo om“oo mv_”oo ovwoo mm_uoo om_uoo mm_ﬂoo om_noo m_.woo o_.“oo mo_uoo
- 00°0
TR u\.N.J.m.,thu .Moﬂku.\ywku P.vufr..

i - 00°S

- 00°0}
AL oot

‘ AR RRVA) v
:

- 00°02

[N] @2104



£CC

"SuOnoaIIp Z pue ‘f ‘X ur auoq 3y} Jo pus paso[d ay) 03 pardde sao10y 03 papuodsarios A[eAnoadsar

o9s

ore % pue 41 %] *A)ISO9SIA MOLIBUI OOYIUAS g0 978 Pue 2. 01 NN 00C “3ourear wwt 661 Sursn so[yord 9010, "9/ 21nSig

s:uw Z] ccccoee NH — X4 -
mmwoo om“oo mvwoo oJoo mm“oo om”oo mm_noo omwoo mJoo omoo mowoo
”m-wu..u...._w.mw,).ﬂ.. .
Py
S L 00°S
Jaweay WW G'Gl - 000}
- 00°S1
- 00°02

[N] @2104




L (44

"SUOTJO2IIP Z PUe ‘A ‘X UI 9U0q 3Y) JO pus paso[d ay) 0) parjdde s9010§ 03 papuodsarios A[oAnoadsal
295

are 2] pue 4 % A)ISOOSIA MOLIBW O1OYIUAS O 978 pue 7z 01 ‘INdd 007 “Iourear wiwx 9 Sursn sopyoid 9010 */ /(9IS

s:umu zdq
mm"oo omﬂoo mvﬂoo ov_”oo mmwoo omwoo mmwoo owwoo St woo

Ay —— TP
(0] 8 woo mo_“oo

Jawesy ww| |

Jalueay ww 9}

- 0S5Vl

- 00°02
[N] 22104



TR AR s s e - R s .

Y44

"SUONOAIIP Z pue ‘A ‘X U 9U0q 3y} JO pus paso[d ay) 0} parjdde s9010§ 01 papuodsanios A[pAanoadsar

298
oIe %] pue A % "A)ISOISIA MOLEW o1aYIuAs do 9°Z8 pue T 0S ‘INdY 007 “Towrear wiur| 1 Suisn sorjoid 9010,1°g/ ([ 9InSL]
s pA| A — X ------
m._t o._mr m._NF o._9 m_N o_.m mmm
- 00°G-
- 0070t
Jeweey wwi||

- 00°se
- 00°0¥
- 00°SS

[N] e2104



9¢t

*SUOT}ORIIP Z PUE ‘A ‘X UI 2U0Q 3Y) JO pus paso[d 3y} 0} parjdde sao10§ 01 papuodsariod A[oanoadsal

235
oIe %] pue £ g "A11S00SIA MOLIBW ONQYIUAS JO 9'Z8 pue “mi 05 ‘“INdY 00T ‘Iowrear wut ¢ 1 Sursn saqjord 9010 "6, InS1g
s z4 A —— X4 ------

m._h_. o._mr m._NP o._or mmh oym mMN
- T T - o - Jl Oo.mv
- SL°€
- 0S¢l
Jaweay ww G°L}
- gg'le
- 00°0€

[N] @2104



LTT

"SUONOAIIP Z pue ‘A ‘X Ul 3U0q 9Y) JO pua paso[o ay} 0} parjdde s9010] 03 papuodsaiios AjpAanoadsal
098

a1k 7 pue 4] X "A1ISO0SIA MOLIEW ONJAYIUAS O 9°Z8 pue —— 0 ‘Nd¥ 00T ‘Joureal unu Sursn so[ryoxd 90104 *08'( InS1L]
s z24 A —— X ------
524 05t 52k 001 5L 0 52

L 00°s-
Fosz

- 00°0L

- 05°LL

- loos2

[N] @2104



8¢C

‘SUOTIOAIIP Z PUE ‘A *X UI 3U0q 3Y) JO Pus Paso[d oy o3 parjdde sa010§ 01 papuodsarios A[aanoadsal
098

aIe 4] pue £ % "K11S00S1A MOLIBW DIIOYIUAS IO 9'78 pue 08 ‘N 007 ‘1oweal ww ¢'71 Suisn sajijord 99104 *18°( 931

s z4 A —— X ------
m._h_. O.Wv m._Nv O._O_, mmN Ohm mmN

- 00°s-
- 00°0
- 00°S

Jaweay WW G2 - 00°0t

00°'St

[N] @0104



T T TRTeErIETREeSLEE ml T VAR IR STV TN (RGN NN 24 SRR - W 6. NS - S VI =t eat v S

6¢C

"SUONJAIIP Z pue ‘A ‘X Ul 9U0q 9y} JO pu? paso[d ay) 0} pardde s9010§ 01 papuodsariod Ajoanoadsal

298
a1e 2] pue A1 %] "A1IS00SIA MOLIBW ONOYIUAS O 9'Z8 pue T 0S ‘INd¥ 007 ‘Iowrear ww ¢ Suisn sajijoid 9010, 78" IS
s z4 A — X ------
m._t o._mr m._NF o._e mT omm mmm

- 00°¢-

- S¢'¢

Jawesy unu g L 059
- S0l
- 00°St

[N] @2104



0eC

*SUOI}OAIIP Z PUE ‘A ‘X UI 9U0q dY)} JO pud paso[d ayj 03 parjdde sa010§ 03 papuodsariod A[aanoadsal
295
are 4] pue 4] %, "A11S00S1A moLrew d1oyuks Jo 9'z8 pue " 0S ‘NdY 00T “Jowrear ww G ¢1 Suisn saqijoid 9010, *¢8' 281
s Z4 A —— p & [
m._hw o.mw m._N_. o._ow mm\. omm mmN
- 00°€-
llllllllllllllllllllllllll r T -7 | om- —-
f
- 00°9
- 0501

JaWweey WW §gl

- 00°St
[N] @0104




1€C

"SUONOAIIP Z puUE ‘A ‘X Ul 3U0q Y} JO Pua paso[d ay} 03 parjdde s9o10) 01 papuodsariod A[oanoadsal

095
are 4] pue 41 % "AIISO0SIA MOLIBW ONAYIUAS JO 9°Z8 pue TR ‘INDY 00T ‘1owrear wiwt 41 Sursn soq1joxd 9910, *$8°( InSL]

s r A —— Xg ------
S'L 0'Sl scl 00t S'L 0's s'¢

Jawesy ua $|

- 0G0l

- 00°SL
[N] eo104




(A%

“SUONIOAIIP Z PUE ‘A X UI 9U0q 9y} JO PUS paso[d 3y} 0} paridde sa010§ 01 papuodsariod A[aanoadsar
238

are 4] pue 43 % *A11S00SIA MOLIRWI O1OYIUAS 4O 9'78 pue T 0S ‘N 00T “1ourear i 641 Sursn saijoid 9010, "68°( 9IN31y

s zd = X4 ------
m._h—. O._m_. m._Nr o._o_. mmh Omm mmN
- 00°¢-
- GL'¢C
- 0S'8
Jawesy WW Gyl

- SSvl
- 00°0C

[N] @2104



£eqe

"SUOTIOAIIP Z Pue ‘A ‘X Ul 9u0q 3y} JO pua paso[d ay) 03 parjdde s9010] 03 papuodsariod A[oAn0adsal
995
are %] pue 41 % "K)ISOOSIA MOLIBUI O1}OYIUAS O 978 pue T 0S ‘INd ¥ 00¢ “Iowear ww G Sursn saf1joxd 9010, 98" 2InS1]

s z4 AHq ——— X ------
52 oS 52 00 5L o's 5z
. 00°g-
oo L ost
L 009
Joweay URu G|
L 05701
L 00°S1

[N] @2104



1474

*SUOTIOIIP Z PUE ‘A X UT 9UOq 9y} JO pus pasopd sy 03 parjdde sa010] 0) papuodsariod A[pandadsar

oIe % pue 4 % *A1ISOOSIA MOLIEW ONOYIUAS O 9°Z8 PUB —— S ‘A 00T “Iourear wur ¢*GT Suisn sa[yoid 90104 *£8"( 23Ty
s z4 Ay — X4 ------
L sz 0 s
- 00°e-
e . A . o .--._fo0so
VA VA v I BN \ _ Ragomoos
Mo YO\ - 00y
- 052
Jawesy WW GGl
00°L}

[N] @0104



AT el s b Rt R WAy e e VRPN e e S e dadih SN A e Dk bt s . A

R R T TR SRR e e S SR e RS e d SOt SRR DA W Saeetib e s Ay v s o ITRATE SEYR ATMARL TR T WS T Tant el Tl &

Sece

*SUOTIORIIP Z PUB ‘A ‘X UI 9U0q Y} JO pua paso[d 9y} 0} parjdde sa010] 01 papuodsar1od A[oAnoadsax

098
are %] pue 41 % "K)ISOOSIA MOIIBW OISYIUAS O 9'78 pue o 05 WY 00T “Jowreal wwigy Sursn soqryoid 9010, *gg8" (T 2InS1]

z4 N — X4 ------
gLt o'st sl 00t SL 0'S S2

|||||||| l\lll\!lll//\llllllll = - s """ -~--4
D = N - iﬁ‘l,ﬂ ~ \.h ' = R ! - .
B S o ) __ - 0S°L
(R S = l/ll = Y
\ [
\ S f
\ o [
\ 1 \ ) R . 1
Vo \ = > A A )
v ! \ \ &b = i \ |
’ [N RN r 1 N
_.\ VN = TR \/t \
' \ ’, P 5 \ \ - *
’ _. \ \_‘ R N \ ,\ OO@
.- X V. N &
\ '
\ 5 b PN
. [
/) ! )
’ I\
\ . N »l\\\ —__
=Ny
Jaweesy ww 9| e VAR
\ /, f [
\ ™\ /\
\ AV - 0S°0}
Vv

- 00°S}

[N] @2104



Appendix E

Reamer Specifications

236



LET

APUIDTY PAIN] XIS

“pauonuaW 9s1MISYI0 3dooxa ‘Sayour Uur oIe SUOISUSUWIP [[V 910N

80 70 0£9°0 o1
80 120 019°0 C'Sl
. 80 8020 0650 9
£00° *u¥u 80 1020 1LS0 SHl
L0 Y610 1550 b1
L0 810 1€S0 CEl
L0 0810 1150 €l
L0 €L10 Z6v°0 STl
90 991°0 Y0 1
, [wua]
d 4 v 9ZIS Joweay

— dda 020" ¥ 90 dq 0co" xZr 200°F 65" @
0€0' Y \\I%e.m ,P
@ _ E=sss=====c —=—TEe
_ da 0z0° ¥ I |I‘ TT: a
~ _0[ p6E°
_» S0°F00'6 | .
0€¢ —o= (-——o0 10°¥
- 20" 8,001 -
- €O FELTI




	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0157
	0158
	0159
	0160
	0161
	0162
	0163
	0164
	0165
	0166
	0167
	0168
	0169
	0170
	0171
	0172
	0173
	0174
	0175
	0176
	0177
	0178
	0179
	0180
	0181
	0182
	0183
	0184
	0185
	0186
	0187
	0188
	0189
	0190
	0191
	0192
	0193
	0194
	0195
	0196
	0197
	0198
	0199
	0200
	0201
	0202
	0203
	0204
	0205
	0206
	0207
	0208
	0209
	0210
	0211
	0212
	0213
	0214
	0215
	0216
	0217
	0218
	0219
	0220
	0221
	0222
	0223
	0224
	0225
	0226
	0227
	0228
	0229
	0230
	0231
	0232
	0233
	0234
	0235
	0236
	0237
	0238
	0239
	0240
	0241
	0242
	0243
	0244
	0245
	0246
	0247
	0248
	0249
	0250
	0251

