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Abstract
Osseointegrated transfemoral implants have been introduced as an alternative to conventional,
socket-based prostheses for above knee amputees. This method is showing great promise;
however, the frequency of device failure is of concern. As a means to understand some of these
failures, this study investigates the mechanical behaviour of three osseointegrated transfemoral
implant systems; an in-house prototype design and two assemblies comprised of implant-grade
parts provided by Integrum AB, Sweden. A series of mechanical tests were administered to
evaluate the effects of tightening specifications and connection geometry on the material
response, and mechanical behaviour of the assemblies. The tests included torque-elongation
measurements, torque to failure tests, and strain analyses during loading.
This research was carried out in an attempt to better understand the behaviour of components
under loading, in order to optimize the assembly specifications and improve the useful life of the
system.
The results obtained confirm that the Integrum assemblies exhibit improved performance when
tightened to a level beyond the current specified tightening torque of 12 Nm. Increased tightening
torque provides an improved connection between components, leading to increased torque
retention, decreased peak tensile strain values and a more gradual, primarily compressive
distribution of strains throughout the assembly.
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Glossary
Biomaterial: a synthetic material used to make devices to replace part of a living sustem or to
function in intimate contact with living tissue (Bronzino, 2000).
Bilateral: amputation of the same limb on both sides
Osseointegration: a direct structural and functional connection between ordered living bone and
the surface of a load-carrying implant (Brånemark et al., 1977).
Osseoperception: the patient-reported feeling of heightened environmental awareness, or
mechanosensibility, associated with the direct skeletal attachment method (Klineberg et al.,
2005).
Proprioception: the detection of body position and movements
Prostheses: the plural of prosthesis
Prosthesis: an artificial replacement for a missing body part
Prosthetics: the branch of medicine dealing with the production and use of artificial body parts
Unilateral: amputation on only one side
Residual limb/ Residuum: The remaining part of the limb after amputation (the stump)
Transdermal: Across/through the skin
Transfemoral: Trans-femur, above the knee, below the hip
Transtibial: Trans-tibia, below the knee, above the ankle
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Abbreviations
3D: Three dimensional
ADL: Activities of daily living
ANOVA: Analysis of variance
AP: Anterior/posterior axis
ASME: American Society of Mechanical Engineers
ASTM: American Society for Testing and Materials
BS: British Standards Institution
DIC: Digital image correlation
Dir: Direct test method
DOF: Degrees of freedom
E: Young’s modulus
Inc: Incremental test method
Integrum: Integrum AB, Gothenburg, Sweden
ISO: International Organization for Standardization
L: Long axis
MCL: McLaughlin Hall prototype parts
ML: Medial/lateral axis
NASA: National Aeronautics and Space Administration
NRC: National Research Council of Canada, Ottawa
UTS: Ultimate tensile strength
UTorS: Ultimate torsional strength
V1: Currently implanted Integrum design, uses a hex-based connection
V2: New, proposed Integrum design, uses a Morse taper connection
YS: Yield Strength
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Nomenclature
A: Area
As: Cross sectional area of the smooth shank of the bolt
At: Cross sectional area of the threaded section of the bolt
Am: Cross sectional area of the minimum threaded diameter of the bolt
ATH: Shear stress area (when Le=D)
ATH’: Modified shear stress area (when Le>D)
ATS: Tensile stress area
dp: Pitch diameter
D: Bolt diameter
ΔL: Change in length, elongation
lo: Original length
ls: Length of the smooth shank of the bolt
lt: Length of the threaded section of the bolt
Le: Length of thread engagement
E: Modulus of elasticity
ε: Strain
ε yy: Directional strain, in the longitudinal direction
F: Force
Fi: Preload force
FT: Tensile force
FTH: Thread stripping force
k: Spring constant
K: Torque coefficient
p: Thread pitch
σ: Stress
SP: Proof strength
Su: Ultimate shear strength
UTS: Ultimate tensile strength
x: Spring extension
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Chapter 1
Introduction
This thesis presents the work that was completed to investigate the mechanical behaviour of three
different osseointegrated transfemoral implant system designs. The broad aim of this research
was to investigate the mechanical behaviour of these designs during loading. This led to
investigation and analysis of the interactions of individual components as well as looking at the
behaviour of each assembly. Using an in-house prototype design, as well as two designs provided
by Integrum AB, Sweden, the systems were tested to evaluate the effectiveness of the
manufacturer’s specified tightening torque, the locations and magnitude of induced stress during
loading, and the systems’ resistance to bending. This work was carried out in an attempt to
improve the current Integrum V.1 implant system (V1), and to evaluate whether the proposed
Integrum V.2 implant system (V2) exhibits improved behaviour and mechanical characteristics.
The in-house design was manufactured prior to receiving the Integrum samples and was used for
preliminary testing of each experimental protocol.
This research was carried out in an attempt to better understand the behaviour of components
under loading, in order to optimize the assembly specifications and improve the useful life of the
system.

1.1 Background
This section is intended to provide the background information required to understand the work
presented in this thesis. Topics including anatomical terminology, transfemoral amputees, current
prosthetic technology and amputee gait will be covered. Topics that directly pertain to the scope
of this project will be covered in more detail in the literature review.

1

1.1.1 Terminology and Definitions of Anatomical Terms
The human body is generally described using three orthogonal planes (as shown in Figure 1-1);
(1) the frontal plane, a longitudinal plane which cuts the body front to back, (2) the saggital plane,
a longitudinal plane which separates the body bilaterally from left to right, and (3) the transverse
plane, a horizontal plane that runs through the midsection of a body, dividing it into upper and
lower portions.

Figure 1-1: Planes used to describe the human body (1: frontal, 2: saggital, 3: transverse
plane) (from (Bontrager, 2001)).
To further identify body parts, anatomical landmarks and directions are used. Anterior/posterior
implies in-front-of, or front; versus behind, toward the rear. Distal/proximal is away from, or
farther from the origin; versus near, or closer to the origin. Superior/inferior indicates above, or
over; versus below, or under. Medial/lateral suggests towards the mid-line, away from the side
versus towards the side, away from the mid-line. These concepts are depicted in Figure 1-2.
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Figure 1-2: Directions used to describe the human body (from (Todd, 2006)).
1.1.2 Transfemoral Amputees
Evidence suggests that amputations were first practiced before medicine was an established craft;
origins are linked to ritualistic activities, a means of severe punishment, and eventually became a
solution to medical emergencies (Sellegren, 1982). Amputation continues to be a part of the
human experience as a result of conflict, accident, disease and judicial punishment.
Amputation is a surgical procedure to remove all or part of a limb in an attempt to address
trauma, or control pain and disease in the affected area. It is used to improve circulation above the
limb, to increase the chances of primary healing (Smith, 2004a). This thesis focuses on the
implications and presence of transfemoral, or above knee amputations. Historically, transfemoral
amputations were used for most individuals exhibiting impaired circulation and gangrene of the
foot and toes (May, 2002). However, in the past 30 years, research has shown that amputations at
the transtibial level lead to faster healing, and increased success with prosthetic rehabilitation
(Smith, 2004b). In the United States, there are approximately 2.5 transtibial amputations to every
transfemoral amputation (May, 2002).

3

In 2002, it was reported that from 1988 to 1996 (the most recent data available), there were
approximately 29,600 transfemoral amputations per year in the United States (Dillingham,
Pezzin, & MacKenzie, 2002, Smith, 2004b). Most of these amputations occurred as a result of
severe vascular and diabetic disease, individuals that were unlikely to heal a lower level
amputation. Other etiologies include trauma, causing severe soft tissue, vascular, neurological or
bone injury, as well as severe infection or tumor. When performing a transfemoral amputation, a
surgeon’s success depends on the balance between the successful removal of the damaged portion
of the limb, and the successful reconstruction of the residual limb (Smith, 2004a). It is important
to maintain a residual limb with as much length as possible; the longer the residual limb, the
easier it is to suspend and align a prosthesis and the better the functional ability of the patient
(Gottschalk, 2004). Figure 1-3 illustrates the different levels of transfemoral amputation.

Figure 1-3: Levels of upper leg amputation (adapted from (Seymour, 2002)).
When an amputee is a candidate for a prosthesis, a more technical procedure must be carried out
in order to provide the patient with the best chance of prosthetic rehabilitative success (Shurr and
Michael, 2000). This requires the creation of a dynamically balanced residual limb with good
motor control and sensation (Gottschalk and Jaegers, 1996). This is achieved by leaving as much
residual limb as possible, preserving the adductor magnus, and effective suturing of the remaining
4

soft tissue. Preservation of the adductor magnus helps maintain the muscle balance between
adductors and abductors while allowing close to normal muscle power and a better mechanical
advantage for holding the femur in the normal anatomical position (Gottschalk, 2004). Figure 1-4
illustrates the result of a transfemoral amputation, showing the residual limb with the reattached
adductor magnus muscle.

Figure 1-4: Amputation procedure (left) pre-operation, (right) post-operation, with the
adductor magnus attached to the lateral part of the femur (from (Smith, 2004c)).
1.1.3 Transfemoral Prostheses
Conventional prostheses for lower limb amputees use a socket that requires suction to create a
secure attachment between the prosthesis and the residual limb. This technology was first
patented in 1863 by American Dubois D. Parmelee (Bowker and Pritham, 2004), following the
American Civil War, to provide mobility to lower limb amputees. The World Wars were then
impetus for improvements in artificial limb developments (Bowker and Pritham, 2004, Sanders,
5

1986). Plastics replaced wood as the material of choice, socket designs followed physiological
principles of function, lighter weight components were developed, and more cosmetic alternatives
were fabricated (May, 2002). Since then, technology has allowed further improvements to create
custom fitting prostheses, smart materials and more dynamic, life-like components. These
improvements have created very successful prostheses; however, there remain several
disadvantages that continue to decrease (some) users’ health-related quality of life. These
disadvantages include (but are not limited to) discomfort related to heat/perspiration or sores/skin
irritation on the residual limb, an inability to walk on uneven ground due to decreased limb
control (Hagberg, 2006), decreased hip range of motion (Hagberg et al., 2005), and complications
due to the length of the residual limb.
During the evolution of lower limb prosthetic devices, many new technologies have come to
market. Since the early 1990s, there have been rapid advances in prosthetic technologies (Zahedi,
2004). Advanced research and development teams are now testing concepts that are showing
significant improvement in patient mobility, comfort and confidence. One of these technologies
involves the direct anchorage of an implant into the patient’s bone. This technique
(osseointegration) was first discovered by Per-Ingvar Brånemark in the 1950s and applied to
dental applications by 1965 (Branemark et al., 2001). The procedure introduced prosthetic
solutions to patients with major facial damage due to trauma, congenital defect, or tumor. The
concept has now been expanded into many orthopaedic applications, including an adaptation for
transfemoral amputees.
1.1.4 Amputee Gait
Prosthetic devices have been designed and fabricated in an attempt to best replicate the look and
function of the missing limb. The ultimate goal is to produce a product that will enable its user to
function with the control and precision that you would expect from the natural limb.
6

Unfortunately, the industry’s best efforts are still lagging behind the sophistication, function, and
efficiency of the human body. Lower limb prosthetics are no exception to this, as the lower limbs
are integral to human locomotion. Amputations through the femur are particularly demanding; the
patient is deprived of the limb segments that contain and control the knee and foot, and the
musculature that controls the hip is weakened (Perry, 2004). The surgical division of tendons and
muscles allows the residual muscle fibers to retract, and shorten, which results in a loss in muscle
force (Gottschalk, 1999). This loss in musculature and muscle force requires the majority of
transfemoral amputees to walk more slowly, using a less-efficient, asymmetrical gait (James and
Oberg, 1973, Waters et al., 1976). Amputation length also affects amputee gait, more proximal
amputations exacerbate these physiological and mechanical complications (Gottschalk and
Jaegers, 1996, Waters et al., 1976). Transfemoral amputees typically exhibit a reduction in
walking speed of approximately 1/3 of normal, healthy individuals (Gupta, Caiozzo, & Skinner,
1995, James and Oberg, 1973, Perry, 2004). Net oxygen cost is generally 66-110% greater than
normal, healthy subjects (Gupta, Caiozzo, & Skinner, 1995, Kaplan, 2005). These values exclude
the dysvascular population (individuals with vascular disease), as they generally walk at a much
slower speed, and require much more energy to walk. Because of these added challenges, most
dysvascular transfemoral amputees do not regain the ability to walk.

1.2 Research Outline
The main goal of this study was to investigate the mechanical behaviour of the osseointegrated
transfemoral implant system, during loading. The object of this was to expand our understanding
of the interaction behaviour of the osseointegrated transfemoral implant system in an effort to
better understand the current, common modes of failure. This led to investigation and analysis of
the interactions of individual components as well as looking at the behaviour of each assembly.
An in-house prototype design was constructed and tested, as well as two assemblies comprised of
7

implant-grade parts provided by Integrum AB, Sweden (Integrum). The systems were tested to
evaluate the effectiveness of the manufacturer’s specified tightening torque, the locations and
magnitude of induced stress during loading, and the systems’ resistance to bending. These
evaluations reveal the implications of the different internal connection geometries.
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Chapter 2
Literature Review
This literature review presents an overview of the current research pertaining to osseointegration,
the load mechanics on the osseointegrated transfemoral implant, the use of titanium in the human
body, general bolt theory, and techniques for strain measurement in biomechanics.
After the scientific discovery and evaluation of osseointegration, the concept was applied to
dental reconstruction for patients who had lost teeth. This application was amply researched,
demonstrated, and clinically tested, and has been widely accepted by the dental community
(Brånemark et al., 2001). With this success, the capabilities of osseointegration continued to be
investigated in order to better understand its applicability to other medical dilemmas. To date, the
technique has demonstrated opportunity for skeletal reconstruction of joints and limbs, with
applications in facial prostheses, hearing aids, finger and thumb joint prostheses and most
recently, transfemoral prostheses (Brånemark et al., 2001). Published literature directly related to
the investigation and evaluation of the osseointegrated transfemoral implant system is scarce. In
order to best understand the procedure, design evolution, and mechanical response during
loading, it is necessary to look at the various applications of osseointegration.

2.1 Osseointegration for Transfemoral Amputees
Osseointegration is the direct structural and functional connection between ordered living bone,
and the surface of a load-carrying implant (Brånemark et al., 1977). It is the phenomenon that
naturally occurs when the anchorage of a titanium implant is created by the formation of bony
tissue around the implant, without the growth of fibrous tissue at the bone-implant interface
(Sanders, 1994). It allows a continuing structural and functional coexistence between the
remodeled biological tissue and the titanium component, providing lasting, specific clinical
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functions without initiating rejection mechanisms (Worthington, 1997).Figure 2-1 illustrates an
artist’s interpretation of the biological response and inherent interactions between implanted
titanium and its neighbouring soft tissues. This is discussed further in section 2.3.1: Desirable
Chemical Properties for Osseointegration.

Figure 2-1: An artist’s view of the titanium/tissue interface (from (Bjursten, 1991)).
The osseointegrated transfemoral system consists of three components (as shown in Figure 2-2).
The implant (1) is a long tubular component with a surface self tapping thread that is screwed into
the patient’s residual femur to provide a rigid, direct skeletal fixation. The abutment (2) is a transdermal component that is connected to the distal end of the implant and protrudes the skin at the
distal end of the residual thigh. This provides an attachment point for a conventional prosthesis.
The retention bolt (3) connects through the abutment and threads into the implant, providing a
screw-tightened clamp to maintain a secure attachment of the three pieces.
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Figure 2-2: Cross section of the osseointegration setup
In addition to the three-piece implant construction, the Rotasafe (Integrum AB, Gothenburg,
Sweden), a mechanical fail-safe device, is recommended for use with the system. It is attached
directly to the abutment to protect the abutment and internal fixation from abnormal trauma that
could be experienced from a fall or impact. This device clamps onto the protruding square-end
section of the abutment and provides a mechanical clutch that acts as a rotational fail-safe
mechanism, disengaging in the event of excessive torsion. Below this, sits an alignment device to
control angular and axial adjustments, followed by the standard adaptor for the attachment of
conventional prosthetic components (Figure 2-3) (Robinson, Brånemark, & Ward, 2004). The
Rotasafe and attached prosthesis can be connected and removed with a simple Allen wrench.

Figure 2-3: Attaching the Rotasafe with standard prosthetic components to the protruding
abutment (left). A top clamp, shown in white, that is used to conceal the abutment during
use (right) (from (Robinson, Brånemark, & Ward, 2004)).
Osseointegrated prosthetics have been used with transfemoral amputees since the initial clinical
cases in the 1990s (Brånemark et al., 2001). Today, there are over 100 amputees using this
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technology worldwide. Surgeries are performed in Sweden, United Kingdom, Germany, and
Australia
2.1.1 Advantages of the Osseointegrated Transfemoral Implant System
Osseointegration was adapted for transfemoral amputees in an attempt to alleviate some of the
disadvantages of conventional prostheses and to provide a more functional device to the user.
Figure 2-4 depicts the osseointegrated transfemoral implant in use.

Figure 2-4: X- ray image of the osseointegrated implant in the patient’s femur (left).
Photograph of the osseointegrated transfemoral implant with attached prosthesis (right)
(from (MonashTech, 2008)).
Amputees that benefit most from this procedure are those that are unable to tolerate conventional
prostheses, including those with short residual limbs, as well as bilateral transfemoral amputees.
A quality of life questionnaire of transfemoral amputees suggests that patients experience
improved sitting comfort, and enjoy unrestricted hip range of motion (Hagberg, 2006) when using
the osseointegrated system. These amputees also report less feeling of weight, more control over
the prosthesis, no perspiration, pain, or tissue breakdown from an external socket, easier donning
and doffing, and the presence of osseoperception (Fairley, 2006). Osseoperception is the patient-
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reported feeling of heightened environmental awareness, or mechanosensibility, associated with
the direct skeletal (osseointegrated) attachment method (Klineberg et al., 2005).
2.1.2 Patient Eligibility
The osseointegrated transfemoral implant remains in the clinical trial phase of its development.
For this reason, there are stringent criteria that must be met before a patient is considered for this
procedure. Participant exclusions include people with identified risk factors, including:
•

interference with bone healing (steroid medication, immuo-suppresion, anti-tumor
chemotherapy, neoplastic disease)

•

increased risk of bone sepsis (due to heavy smoking, Diabetes or Peripheral Vascular
Disease)

•

age in excess of 70 years, or age below full bone maturity

•

body weight in excess of 100kg (actual or predicted)

•

personality or psychiatric disorders that would lead to failure to accept or follow
management protocol

•

local factors in the existing limb (osteopenia, residual bone infection, identified bone
disease)

•

medical conditions that may add to the risk of surgery or anesthesia

Published material suggests this exclusion criteria has remained fairly consistent since the initial
cases (Michael, 2000, Ward and Robinson, 2005). In 2000, it was noted that based on these
criteria, less than 7% of all new amputees in Sweden could be potential candidates for an
osseointegrated implant system (Michael, 2000).
2.1.3 Device Limitations
Osseointegrated transfemoral implants are beginning to prove themselves as an excellent
alternative for patients experiencing complications with conventional techniques; however, the
frequency of device failures and revision surgery is relatively high. In 2000, R. Brånemark
presented a 3-yr follow up report on the initial 16 transfemoral patients who first received the
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implants. Five mechanical complications were observed during this period; failures of the
abutments, abutment screw, and the failure of one fixture after a fall. Fourteen superficial
infections were noted, as well as seven deep infections. Five subjects experienced loosening of
the abutment, three of these were resolved by repeating the surgery and inserting a new implant
(Michael, 2000). In 2003, a journal article was published to share the results of the clinical trials
taking place in the United Kingdom. Out of nine participants, five of these have had their
abutments replaced due to mechanical deformation after a fall. In two cases, the abutment
fractured. No implant damage was observed (Sullivan et al., 2003). In 2004, Robinson et al.
reported on the status of all participants in the clinical trial. At this time, there were 16 Swedish
patients, several of which had required abutment replacements due to damage from falls. With
eleven patients from the UK, active lifestyles resulted in the replacement of eleven abutments.
One patient has also observed a black discharge indicating micromotion in the titanium
attachment of the abutment. Of the two Australian patients, one patient had his abutment changed
(Robinson, Brånemark, & Ward, 2004). By 2005, 74 surgical procedures had been completed
worldwide. Of these, 58 were in Sweden, 14 in the UK, and the remaining 2 in Australia.
Abutment replacement was necessary on 36 occasions within the Swedish group (22 deformed
and 14 exhibited crack failures). In the UK group, 23 abutments required replacement after
trauma (Ward and Robinson, 2005). There is currently no public knowledge relating to the
location of failure and the way in which each of these components failed, however personal
communication with the company has provided samples and descriptions. These samples exhibit
failure of the abutment in the form of significant component bending, and catastrophic failure at
the proximal transition site when it exits the implant, as well as distally at the shoulder where the
abutment shaft expands to become the square attachment point, and on the bolt, proximally, at the
exit site of the implant on the first thread (Photos available in Appendix A). There are also no
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published data regarding the number of recurring failures within individuals. The only available
data is the number of failures in general. Personal interviews suggest the majority of these
abutment failures occurred due to individuals that are not compliant with the recommendations
set forth. This includes individuals that experienced substantial weight gain after implantation and
therefore load the device in excess of the recommendations, individuals that lead active lifestyles
and expect more from the device, and individuals that carry out activities the general design
cannot accommodate (Brånemark, R., personal communication, 2009). The abutment has
historically been designed as a fail-safe mechanism to ensure failures occur outside of the body.
This concept is appropriate, and valid however, there is interest in improving the design to ensure
there is no inherent concern regarding the failure of the device during walking and regular
activities of daily living. The design should be strong and safe, providing confidence in the
titanium components, and if possible, allow use with a larger inclusion population (Brånemark,
R., personal communication, 2009).
At present, the only assembly specification for the osseointgrated transfemoral system is the
application of a tightening torque on the retention bolt of the assembly. This torque creates a
screw tightened clamp of the three components providing a preload to the assembly (and tension
within the bolt). The manufacturer’s specified tightening torque is currently 12 Nm. Proper joint
preload is essential to minimize several mechanisms of failure, therefore knowledge of the
dynamics and behaviour of this bolted assembly is important.

2.2 Measurement of Loading on an Osseointegrated Transfemoral Implant
In order to understand the biomechanics of the osseointegrated transfemoral implant, researchers
have been investigating the loads that are expected at the abutment and in the implant, when
walking and performing several activities of daily living (ADL). This information has been used
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to establish, and improve, the initial loading protocol for post-implant rehabilitation, to determine
the areas of high stress, and to evaluate design features of the system. Researchers have
approached these problems using both physical experimentation and finite element modeling
techniques.
2.2.1 Experimental Load Measurement
Experimental load measurement has been used in an attempt to physically quantify the actual
loads on the osseointegrated implant. This information has been instrumental in the evolution of
the rehabilitation protocol and it has also been used as an input variable in finite element analyses
(Lee et al., 2007a). Direct loading has been measured using a wireless system with a six-degree of
freedom load transducer that attaches directly to the abutment of the osseointegrated implant (in a
similar manner that a prosthesis would be attached) (Lee et al., 2006, Lee et al., 2008). The output
variables represent the forces and moments in three orthogonal directions (antero-posterior (AP),
medio-lateral (ML), and long-axis (L)). The measurement setup is displayed in Figure 2-5.

Figure 2-5 Example of experimental setup required to measures the forces and moments
experienced by the osseointegreated setup. The commercial transducer (A) is mounted to
custom plates (B) positioned between the adaptor (C) to connect with the fixation (D) and
the knee mechanism (F) (from (Lee et al., 2007b)).
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Lee et al. found that loading magnitudes remained relatively consistent whether the subject was
performing activities of daily living (walking up and down ramps and stairs, and walking in a
circle) or walking in a straight line (Lee et al., 2007b). This information suggests that although
some activities may be considered to be more physically demanding, they do not necessarily
induce higher demands on the structural integrity of the fixation system. Additional work
indicates that there appears to be insignificant trial to trial variation during ADLs, but significant
subject to subject variation (Lee et al., 2006, Lee et al., 2008). This scientific finding supports the
observed behaviour during use. Personal communication with Integrum suggests that failures do
not occur on a random basis, but rather on a repeat basis with specific patients (Brånemark, R.,
personal communication, 2009). Loading variations between individuals helps explain why some
individuals experience component failures while others do not. This raises a significant challenge
for the device designer as considerable changes in loading magnitude and loading patterns require
a device that can accommodate these differences.
Another research group attempted to estimate the same forces and moments experienced by the
osseointegrated transfemoral device. Stephenson and Seedholm did not have access to a subject
group of osseointegrated transfemoral implantees. Instead, they looked at a subject group of
conventional amputees by means of a floor-mounted force plate and then employed a femoral
reference frame to evaluate the forces and moments at the desired location (Stephenson and
Seedhom, 2002). The work of these research groups is summarized in Table 2-1.
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Table 2-1: Loading forces reported for transfemoral amputees. All values are reported in
Newtons
Walking
FAP
FML
FL1

1

-74 to 101
89
675

Downslope1
-93 to 87
79
699

1

Upslope

-53 to 90
93
704

Downstairs1
-137 to n/a
53
649

Upstairs1

Circle1

n/a to 74
76
769

-69 to 84
93
706

Continuous
Recording2
-181.3 to 157.4
-170.3 to 40.4
-83.7 to 1005.4

Walking 3
-246.0 to 283.1
0 to 50.3
0 to 777.3

1

Mean forces acting on the osseointegrated abutment across nine subjects. Maximum and minimum in AP direction, maximum in ML
and L direction. “n/a” indicates there were no consistent peaks/valleys in that activity (from (Lee et al., 2007b)).
2
Peak forces acting on the osseointegrated abutment, one subject (from (Frossard and Stevenson, 2004)).
3
Peak forces acting on the stump in the femoral reference frame, twelve subjects (from (Stephenson and Seedhom, 2002)).

When evaluating Table 2-1, it is important to consider that results presented by the first study
represent the mean data across all subjects, whereas the second and third studies represent the
peak observed loads.
The first and second studies (led by Lee and Frossard) were both carried out using the same
equipment and laboratory faculties. A comparison of these results with those reported by
Stephenson et al. indicates significant variation between the observed loads. It is acknowledged
that Lee et al. have reported significant differences between subjects; therefore, the use of
different subject pools could inherently contribute to the variation between studies, however, the
differences are likely more sensitive to the different testing protocol, the processing and
presentation of data, as well as the use of conventional prosthetic amputees versus
osseointegrated amputees. In addition, it is believed Stephenson’s use of inverse dynamics with a
simplified model of the leg could be a significant contributor. It can also be noted that the
measurement of forces at the implant connection point creates a situation unique from the
measurement of typical kinetic gait parameters. The weight of the implant applies a negative
longitudinal force during swing phase, this is not apparent in the summary of results in Table 2-1,
study one, but it can be seen in their display of graphical results (Lee et al., 2007b). This is
reported with regards to study two, however the mathematical model and estimation in study
three does not account for this.
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The work of Lee et al. and Frossard et al. used an osseointegrated transfemoral population,
maintained their prosthetic set up and measured the forces as experienced at the distal end of the
abutment. This preservation of a realistic setup, and ultimately the amputee’s natural
biomechanics, is believed to be integral in the proper assessment of in vivo force measurement.
The forces experienced in the ML and AP directions contribute to the bending loads experienced
by the implanted system. Based on the failures explained in the literature, and by Integrum, it is
believed that these loads are of significant interest when investigating the behaviour of the system
during use. The measurements summarized in Table 2-1, study two ((Frossard and Stevenson,
2004)) reflect a continuous recording in which wireless data acquisition enabled the collection of
5 hours of loading data while the amputee carried out his normal daily life. Although this data set
is based on only a single subject, the loading is comparable to the laboratory collection of
multiple subjects completing ADLs ((Lee et al., 2007b)), therefore, it is believed this continuous
recording provides a realistic assessment of expected loads during use. The largest variation of
bending load is seen in the AP direction. For this reason, the maxima and minima forces in this
direction will be used as input parameters for typical loading during the ensuing study.
A recent study by Frossard et al. captured the loading dynamics of an osseointegrated
transfemoral amputee during a fall. Preliminary reports suggest the peak impact loading
experienced by the individual were 562N, 269N and 1145N in the AP, ML and L directions,
respectively (Frossard et al., 2009). This corresponds to approximately 62%, 29% and 132% body
weight (BW). The peak loading from the continuous recording data was measured to be 22%,
20%, and 121%BW, in the AP, ML, and L directions. The most significant change in force
component between the natural fall and the continuous recording is observed in the anteriorposterior direction. Reports suggests falls are a significant contributor to the bending and/or
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catastrophic failure of abutments therefore, this increase in AP force in response to impact from a
fall supports the use of AP data for the evaluation of the system in bending.
2.2.2 Finite Element Modeling
Several researchers have used finite element (FE) modeling software packages to model the
femur, the titanium implant, and the interactions between them. The results of this work can be
used to reveal the location and magnitude of stress in the bone surrounding the implant, to
determine the effect of certain design features of the implant (implant diameter, length and thread
pitch) (Xu, Crocombe, & Hughes, 2000, Xu, Xu, & Crocombe, 2006, Zhang, Dong, & Fan,
2005), as well as to refine aspects of the rehabilitation process (Lee et al., 2008). Lee et al.
provides evidence of a significant change in stress concentrations depending on the loading
conditions of the implant. It is suggested that the current protocol of monitoring only the long
axis during the application of load in the rehabilitation protocol provides insufficient information,
and has the potential to cause side effects over time due to the presence of bending forces that are
unaccounted for (Lee et al., 2008).
There is no evidence of finite element modeling being applied to the osseointegrated system to
determine stresses and behaviour between components. It is believed that the reason for this is
that the three part system introduces several complications when creating a representative model
due to complex surface interactions (threading on the outside of the implant as well as on the
inside, between titanium surfaces, press-fits and/or tapers between titanium components, the
presence of natural lubricants that cannot be accurately quantified, and the interactions created by
osseointegration), a combination of materials (two commercially pure titanium components as
well as one made from a titanium alloy), and the presence of complex forces and moments acting
on the four square surfaces of the abutment throughout the gait cycle. In the FE models to date,
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the three-component assembly has not been considered, yet significant simplifications have still
been required when using reduced models. For instance, all have simplified the implant to a
cylindrical shape without the perforations that allow the flow of bodily fluids (Helgason et al.,
2009, Helgason et al., 2009, Lee et al., 2008, Xu, Crocombe, & Hughes, 2000, Zhang, Dong, &
Fan, 2005, Zheng et al., 2005). Lee et al. and Xu et al. simplified the implant and abutment to a
single part. Lee et al. simplified the implant further by using parallel concentric rings instead of a
helical thread (Lee et al., 2008). Xu et al. applied all forces as a point load on one location of the
simplified abutment (Xu, Crocombe, & Hughes, 2000). Helgason et al. simplified the model and
applied the load as a point force at the height of the femoral head, keeping the model fixed at the
distal end of the abutment (Helgason et al., 2009). Therefore, despite the redeeming qualities of
computational modeling, the challenges associated with three component assembly used in the
transfemoral system appears to limit the present ability to accurately assess material behaviour
and component response to loading.

2.3 Titanium in Medicine
Synthetic materials are commonly used to replace organic tissues, and organs, in the human body.
These materials are used in the form of prosthetic devices, designed to replace broken or
deteriorating body parts. Today, there are increasing demands and expectations of these devices,
resulting in the need for advanced designs made from reliable materials. Doctors and engineers
work together in the field of biomaterials science to physically and biologically study materials
and their interaction with the biological environment. At present, the most intense developments
and

investigations

have

been

directed

towards

biomaterials

synthesis,

optimization,

characterization, testing, and the biology of host-material interactions (Ratner et al., 2004).
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Metals have been used to replace structural components of the human body for over a century.
Early metals used for these applications include stainless steels (in the early 1900s), cobaltchromium alloys (in the 1930s), and titanium towards the late 1940s. Titanium and its alloys are
increasingly being used in preference to cobalt-chromium alloys, and are being applied to a
growing number of biomedical applications (Ratner et al., 2004).
There are a number of factors that are of the utmost importance in the selection of a material for
an osseointegrated implant, including: long term biocompatibility, corrosion resistance,
bioadhesion (bone ingrowth), biofunctionality (appropriate mechanical properties), availability,
and, the component must be able to be machined and manufactured. The features that make
titanium a strong candidate for prosthetic applications are its excellent corrosion resistance in the
biological environment, and its exceptional degree of biocompatibility, which it shares with few
other materials.
2.3.1 Desirable Chemical Properties for Osseointegration
The most acclaimed chemical property of titanium is its excellent resistance to corrosion. In a
37°C environment (body temperature), titanium and titanium alloys show corrosion rates that are
extremely low and difficult to measure experimentally (Schenk, 2001). Titanium continues to
exhibit negligible corrosion rates in seawater to temperatures as high as 260°C (Schutz, 2005).
One of the means of achieving this resistance to corrosion is titanium’s natural ability to form a
passive, protective oxide coating. The coating is an extremely thin (5-20nm thick), hard, adherent,
protective titanium-oxide film that is principally TiO2 (Freese, Volas, & Wood, 2001). It is
believed that this coating essentially deactivates inflammatory cells, thus reducing the ‘foreign
body reaction’, the body typically has in response to foreign materials within the body
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(Brånemark et al., 2001). This coating can be seen in an artist’s rendering of the titanium-bone
interface shown in Figure 2-1.
Another important characteristic is that titanium readily absorbs proteins from biological fluids,
and can support cell growth and differentiation (Ratner et al., 2004). This allows bone to grow so
close to the surface of the implant that the titanium is in virtual contact with the bone. Since the
bone will actually grow into any spaces on the surface of the implant, it becomes firmly
embedded in the bone, providing an extremely rigid, permanent fixation for the implant (Noort,
1987) (Figure 2-1, Figure 2-6).

Figure 2-6: Scanning electron micrograph of bone growing into the titanium surface (left)
(from (Brånemark)) and photomicrograph showing threads of titanium implant in direct
contact with bone (right), which has remodeled to occupy the thread space (from (Sullivan,
2001)).
In addition, titanium is a non-ferromagnetic material. This means that titanium is compatible with
magnetic resonance imaging (MRI) and computed tomography (CT) imaging procedures. This is
an asset, as the implant will not interfere with these imaging procedures if the patient requires
them after the implant is positioned. In addition, there is no danger to implanted electronic
devices due to magnetic interference.
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Lastly, it is interesting to note that approximately 10% of the population suffers from metal
allergies (Hallab, Merritt, & Jacobs, 2001); however, the prevalence of titanium allergies is very
low. This trait can be optimized even further by using beta type titanium alloys. These are
generally composed of nontoxic and allergy-free elements making them a common choice for
human implants (Niinomi, 2008).
Overall, titanium is well tolerated by the biological environment. It is well documented and
accepted by both bone and soft tissues, as opposed to being isolated as an unwanted foreign body
(Noort, 1987). This makes it an ideal material for osseointegrated devices.
2.3.2 Desirable Mechanical Properties for Osseointegration
Material properties that have been identified as the most crucial to biomaterials science include
composition, high fatigue strength, low density, and a Young’s Modulus as close to bone as
possible. Significant materials science research has gone into the investigation of biomaterials in
an attempt to optimize the desired mechanical properties for each biomechanical device.
Titanium is a silver-grey metallic element that is recognized for its high strength-to-weight ratio,
it provides good strength at a relatively low density (4.5g/cm3 ). Its commercially pure grades
have an ultimate tensile strength equal to several steel alloys (550MPa); however titanium is
approximately 45-50% lighter weight. In contrast, titanium is 60% heavier than aluminum, yet it
remains about twice as strong. Titanium alloys can achieve a tensile strength approaching
1400MPa while maintaining a modulus of elasticity and density similar to commercially pure
titanium (100-110MPa and 4.5g/cm3) (Reklam, 2006). There are twelve primary formulations of
titanium. Grades 1 through 4 are unalloyed commercially pure (CP) titanium, with minute
differences of oxygen and iron content, which can drastically affect the physical properties (this is
demonstrated in Table 2-2). Grades 5 through 12 are alloyed with varying percentages of
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aluminum, vanadium, tin, palladium, molybdenum, zirconium and nickel. Other alloys may
include silicon, niobium and ruthenium (ASTM International, 2009).
Table 2-2: Material Properties of Commercially Pure Titanium (Grades 1-4)

Grade 1 CP
Titanium2
Grade 2 CP
Titanium2
Grade 3 CP
Titanium2
Grade 4 CP
Titanium2

Ultimate
Tensile
Strength
(MPa)
240

Yield Strength
(0.2% offset)
(MPa)

Elongation Modulus of
(%)
Elasticity
(GPa)

Max O2
content
(%)

Max Fe
content
(%)

170

24

~96

0.18

0.20

345

275

20

~96

0.25

0.30

450

380

18

~96

0.35

0.30

550

483

15

~96

0.40

0.50

From (ASTM International, 2006, ASTM International, 2009)

The material choice for the osseointegrated transfemoral implant is a combination of CP titanium
(for the implant and the abutment) and a titanium alloy (for the retention screw) (Ward and
Robinson, 2005). Commercially pure titanium was chosen for the components in contact with the
biologic environment in order to avoid electrolytic corrosion (Robinson, Brånemark, & Ward,
2004), while the bolt is made from an alloy in order to provide additional tensile strength (Ward
and Robinson, 2005). There is no published record identifying what alloy or grade of CP titanium
is actually used, however personal communication with Integrum has identified CP grade 4 and
Ti6Al4V (grade 5) as the current materials in production (Brånemark, R., personal
communication, 2009).
One of the easiest ways to objectively evaluate biomaterials is to perform a comparison of
material properties (biofunctionality). Table 2-3 provides a summary of this information for
cortical bone (the ‘ideal’), stainless steel 316, a cobalt chromium alloy, as well as commercially
pure and alloyed titanium.
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Table 2-3: Material Properties of Commonly Used Implant Materials
Ultimate
Tensile
Strength
(MPa)
Corticle bone1
CP Titanium
(Grade 4)2
Ti6Al4V
(Grade 5 Ti)2
SS 3163
Co-Cr1

Elongation
(%)

Modulus of
Elasticity
(GPa)

Density
(g/cm3)

Endurance
Limit
(MPa)

80-150
550

Yield
Strength
(0.2%
offset)
(MPa)
45-175
483

1
15

4-27
~96

1.8-2.2
4.5

30
250-280

895

825

10

105-117

4.5

400-440

520-620
896

250-330
650-1400

40
2-5

196
195

8
8.8

245-300
400-600

1

(Callister, 2003)From (Wyss, 2007)
From (ASTM International, 2006, ASTM International, 2009)
3
From (Callister, 2003)
2

Based on the information in Table 2-3, several conclusions can be drawn. Titanium achieves a
Young’s modulus closest to that of cortical bone. It is acknowledged that there is still a
significant difference between bone and titanium, but it is believed the closer these values are to
each other, the less stress shielding will occur. Titanium also boasts the lowest density in
comparison with bone, while exhibiting a high endurance limit, with high yield and ultimate
tensile strengths. The lightweight, high strength material is desired in a lower limb situation as
cyclic weight bearing is inevitable, and the material must be able to withstand this, while
affecting the user as little as possible. Material cost of titanium is significantly higher than the
other materials (Wyss, 2007), however, it is noted that this cost is approximately the same for
super alloys, and is incurred due to the extensive extraction and fabrication process.
Wear resistance is of concern with respect to titanium alloys, as it is generally inferior to that of
the other biomaterials such as cobalt chromium alloys (Niinomi, 2008). This is of concern as in
situ degradation of metal-alloy implants can decrease the structural integrity of an implant,
and the presence of wear or degradation particles may elicit an adverse biological reaction
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(Jacobs, Gilbert, & Urban, 1998). Fortunately, the wear resistance of biomedical titanium alloys
is dependent on the kind of alloy, and its microstructure (Niinomi, 2008), therefore, wear can be
minimized by choosing the optimal material composition for a specific application (high friction /
low friction applications). In the case of osseointegration, an ideal assembly is secure and rigid.
There should be no motion between components or the bone-implant interface, therefore a secure
attachment of the three components is very important.
The evidence presented suggests that titanium and its alloys are well tolerated by the biological
environment and have material properties suitable for biomechanical applications. Their
corrosion resistance ranks them among the best metallic materials for clinical use (Noort, 1987),
and most specifically, the interactions between titanium and the body tissues facilitate
osseointegration when placed in contact with bone (Noort, 1987). The use of commercially pure
titanium for the implant and abutment provides a high resistance to corrosions while keeping the
Young’s modulus and yield strength closer to that of bone. The use of the titanium alloy for the
retention bolt provides increased structural rigidity, strength and fatigue properties as it provides
the backbone to the three-component system.

2.4 Bolted Joints
The purpose of a bolt (or group of bolts) is to provide a clamping force between two or more
components. This clamping force must be large enough to resist separation or leaking between
parts, while minimizing self-loosening, and protecting the life of the joint.
Bolted joints are generally divided into two categories, depending on the external loads or forces
that are exerted on the joint. A joint is loaded in tension when the line of action of the forces runs
parallel to the axis of the bolt. A joint is loaded in shear when the forces act perpendicularly to the
axis of the bolt. Combination loads are also possible; however, the joint is generally labeled based
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on the direction of the dominant force. This literature review will focus on tensile joints, as the
primary force exerted on the osseointegrated transfemoral system is in the long direction, parallel
to the axis of the bolt.
There are three basic factors that determine the reliability of a bolted connection; joint design,
bolt/components quality, and achieving design bolt tension on installation (Corbett, 1998).
2.4.1 Joint Design
The connection between the implant and abutment currently uses a hex-based protrusion on the
proximal end of the abutment, which is inserted into the mating hex cutout on the distal end of the
implant with a cylindrical press-fit connection (Figure 2-7). This geometry provides a simple
connection facilitating alignment with a secure fixation (English, 1992). It ensures there is no
rotational movement between the implant and abutment, and provides ‘fail-safe’ protection,
encouraging any failures to occur outside of the body. This allows the bolt and abutment to be
changed without disturbing the implant (Robinson, Brånemark, & Ward, 2004). The three piece
design also facilitates the abandonment of the osseointegrated system. Only the abutment and
retention bolt need to be removed. The implant can remain in the bone and the penetration site is
expected to heal rapidly without later side effects (Robinson, Brånemark, & Ward, 2004). A
limitation of this assembly construction is that the internal connection and geometry of the
currently implanted components cannot be changed. The hex-based connection and bolt
dimensions are fixed, therefore most design iterations and improvements cannot be applied to the
current osseointegrated transfemoral population. This may be a disadvantage, however it is
similar to conventional orthopaedic implants (hip, knee, etc.) as they are generally composed of a
single component that is permanently cemented or osseointegrated into the bone.
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Dental implants were first introduced with a similar hex-based connection geometry but have
seen a more progressive design evolution including alterations to the implant length, diameter,
shape, and surface characteristics. Implant shapes used have been hollow and solid cylinders or
screws, with butt joint connections as well as internal (between implant and abutment) and
external (between bone and implant) tapers. Some designs use a two-piece construction,
eliminating the retention bolt, while others use a similar three piece design. Each design strives to
maximize the potential area for osseointegration and provide good initial stability (Palmer, 1999).
There has been significant research in the field of dental implants comparing designs, fixation and
success rates. In the case of dental implants, research indicates that an internal Morse taper
provides a stable mechanical friction grip with a rotation-free connection that is able to reduce
loading on the screw portion, preventing loosening (Merz, Hunenbart, & Belser, 2000). Studies
indicate the taper improves the ability to resist bending forces (Norton, 1997) and offers higher
strength and security during use (Merz, Hunenbart, & Belser, 2000, Yang, Vang, & Jo, 2004). It
has been postulated that this design might be clinically superior to that of a butt-joint or flat
coupling design (Sutter et al., 1993).
A new design that uses a self-locking Morse taper connection between the implant and the
abutment of the transfemoral assembly has been proposed by Integrum (Figure 2-7). Preliminary
in-house tests have been performed in Sweden but the results have not been disclosed. Integrum
has created this design in an effort to improve the assembly’s strength and behaviour during
loading, and hopes the taper will accept additional torsion during assembly (Branemark, personal
communication, 2009). The creation of a stronger device aims to decrease the prevalence of
component failures, and potentially increase the inclusion criteria by increasing the weight
restrictions imposed on the current system.
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Figure 2-7: Schematics of two osseointegrated transfemoral implant system connection
methods; hex-based (left) and Morse taper (right)
At present, the only assembly specification for the osseointgrated transfemoral system is the
application of a tightening torque on the retention bolt that travels through the assembly. This
torque creates a screw tightened clamp of the three components providing a preload to the
assembly (and tension within the bolt). The manufacturer’s specified tightening torque is
currently 12 Nm. It is unknown whether a more appropriate specification exists, and whether the
two connection designs warrant individual specifications in order to optimize assembly
performance.
There are many factors to take into account when designing and implementing a successful
osseointegrated implant solution: material, length, diameter, thread geometry, surface treatments,
and the geometry between components are among the most obvious, but the loading conditions
during use are paramount. Under functional loading conditions, the osseointegrated transfemoral
implants are subjected to highly complex loads of different durations, directions, and magnitudes.
The device must be designed to accommodate the transmission of forces at the bone-implant
interface as well as the individual component interfaces. Attention must be paid to all areas of the
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design in order to identify and optimize the most appropriate design attributes. Failure to do so
will result in higher failure rates and unnecessary complications (Palmer, 1999).
2.4.2 Stress and Strength Considerations in Bolt Design
A bolt must be designed to be able to clamp a joint together firmly enough to prevent slip,
separation, or leakage, yet strong enough to sustain the maximum preload in the assembly, plus
any additional loads it will experience in service. For this reason, when designing a bolt, the
intended use for the bolt must always be considered, followed by a thorough evaluation of
material properties and the effect of different component dimensions.
The osseointegrated transfemoral assembly is made from commercially pure titanium with a
titanium alloy for the bolt (Ward and Robinson, 2005). This design choice was made in an effort
to maximize biocompatibility while providing a strong, stiff backbone through the alloyed
material.
Figure 2-8 presents the room temperature stress-strain curves for different titanium compositions.
It can be seen that the alloyed titanium exhibits comparable stiffness with increased strength and
that Grade 3, the second strongest CP titanium, is much weaker (a curve for CP Grade 4 was not
available). Having a bolt that is composed of a strong, stiff material connected with mating
threads made of a softer, weaker material can be a challenge in the design of bolted connections.
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Figure 2-8: The stress strain curves of two titanium compositions based on annealed
titanium sheet at room temperature (digitized from (ASM International, 2002)).
A common goal during assembly is to tighten the bolt as close to yield as possible, however, with
soft mating threads, thread stripping is of concern. The amount of tension a bolt can withstand not
only depends on the tensile strength of the bolt body, but also on the shear strength of the threads
(Bickford, 2008). The strength of a joint is similar, as it is limited by the weakest link, be it the
strength of the bolt and its threads, or the threads of the mating material. Equations 2.1-2.4 are
used to evaluate the strength of the bolt and the mating threads when considering the design
specifications and requirements of a bolted connection.
When the length of thread engagement, Le, is equal to the bolt diameter, D, we use ATH as the
thread shear area. If the length of engagement does not equal the diameter, Equation 2.1
(Bickford, 2008) is used to evaluate the corrected ATH, denoted as ATH’. With this information,
the force required to strip the length of engaged threads can be computed using Equation 2.2
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(Bickford, 2008), this equation is applied to evaluate the thread striping force for both the bolt
and the mating threads. Su represents the ultimate shear strength of the bolt or mating material.

'L $
ATH ' = % e " ! ATH
&D#

(2.1)

FTH = S u ! ATH '

(2.2)

ATH can be computed using equation 2.3 (FED, 1991), where p is the thread pitch, and dp is the
pitch diameter.

ATH = 0.5 ! p ! d p ! Le

(2.3)

Next, the tensile force, FT, required to break the bolt, is computed using equation 2.4 (Bickford,
2008), where UTS is the ultimate tensile strength of the material, and ATS is the tensile stress area.
ATS is commonly found in tables regarding bolt theory.

FT = UTS ! ATS

(2.4)

Once FTH(Bolt), FTH(Mating), and FTS have been solved for, they are compared to one another to
determine the first component to fail.
Generally, the first three threads carry most of the load in a threaded assembly (Bickford, 2008),
but Figure 2-9 shows that the inclusion of additional threads can decrease the stress concentration
on the first thread and distribute the load more evenly over the entire engaged surface. The
osseointegrated assembly makes use of this concept, as it engages over three times the minimum,
with up to eleven threads engaged in the implant. This is of utmost importance as it can be seen
that the nut, or mating threads, experience larger stress concentrations in comparison to the shank,
and the osseointegrated nut, or implant, is made of a softer material, and is more susceptible to
stripping, which must be avoided. A broken bolt is easier to detect than a stripped bolt (or interior
thread) so the design should minimize this probability (Bickford, 2008). As it stands, the bolt has
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offered added protection. It travels through the abutment and threads into a blind hole, therefore
the presence of shear components will not produce the same stress concentrations that may be
seen with a nut and bolt combination, as there will not be a significant change in radius.

Figure 2-9: Peak stress as seen with different number of teeth engaged (from (Bickford,
2008)).
Tensile and shear stripping loads are important with static or slowly changing loads which may
be present when the individual is standing or sitting, and applying a constant load (which will be
primarily tensile). But in the case of a lower limb prosthesis, the osseointegrated assembly is
expected to undergo cyclic loading due to the cyclic nature of walking. Current osseointegrated
amputees load the device approximately 8 times a minute (Frossard et al., 2008), therefore, the
fatigue strength of the device is important. CP grade 4 demonstrates a fatigue strength of 250MPa
at 1 x 107 cycles and a stress concentration of 2.7, grade 5 demonstrates inferior qualities with a
fatigue strength of 140MPa at 1 x 107 cycles and a stress concentration of 3.1 (or 300MPa
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unnotched) (MatWeb, 2009). This is expected, as it is generally believed that a bolt that is
designed to perform better in tensile (static) situations can actually be weaker under cyclic
loading (Bickford, 2008). 1 x 107 cycles is approximately 10.2 years of use based on the current
expectations for transfemoral amputees (Stepien et al., 2007).
2.4.3 Importance of Correct Preload
Proper joint preload is necessary to minimize several mechanisms of failure, but most
importantly, bolt loosening and failure by fatigue. It has been reported that ninety percent of all
bolted joint failures are caused by incorrect clamping force through bolt tightening (Bickford and
Nassar, 1998). Bolt preload must be high enough to withstand the external loads experienced by
the assembly and maintain compressive contact between joint members. If the external forces are
larger than the preload, this leads to a loss of compression, separation of components, and
disengagement, allowing the bolt to loosen, lowering the preload further. There are two primary
factors involved in keeping implant screws tight: maximizing the clamping force and minimizing
the joint separating force. The joint separating force can be affected by loading in tension or
compression. In this case, tension is created during swing phase, due to the weight of the artificial
limb and attached shoe, which is ultimately a relatively low, fixed load. Compression is more
common, with greater, more variable, magnitudes of force. It is created by the loading of the
individual, and changes with respect to the acceleration of the body. Since the tensile forces are
relatively constant, and it is unlikely all osseointegrated transfemoral amputees would lose
weight, it is improbable that we are going to be able to lower the joint separating force; therefore
it is of the utmost importance that the clamping force is optimized.
Current bolt theory appears to be relatively limited; there are only theoretical data to suggest an
optimal preload. Tables and equations are available on many websites (BoltScience, 2009,
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FUTEK, 2009) and in machinery handbooks and guides (Bickford, 2008, Oberg et al., 2008).
These provide an opportunity to estimate a recommended preload based on several assumptions
and simplifications. Equations 2.5 and 2.6 (Oberg et al., 2008) provide one method based on the
tensile stress area of the bolt, ATS, the proof strength of the material, SP (where SP is 85% of the
material yield stress), the diameter of the bolt, d, and K, the torque coefficient. All of these
parameters are accessible with material property information; however K is most accurate when
determined experimentally, from the torque-tension slope, due to its sensitivity to joint materials,
thread dimensions and lubrication. A general estimate for this assembly is K = 0.376 (Oberg et
al., 2008) based on an approximate coefficient of friction of 0.30 for two dry titanium surfaces
(Beardmore, 2009, Nasurf, 2004). Oberg et al. acknowledge that these equations can provide only
a rough estimate of the torque necessary to properly tension a bolt.

Fi = 0.9 * ATS ! S P

(2.5)

T = K * Fi ! D

(2.6)

Published works, like Bickford’s (Bickford and Nassar, 1998, Bickford, 2008) equate proper
tensioning to the material specifications of the bolt. He suggests that the clamping force must
induce a minimum stress equal to 30% of the material ultimate tensile strength (UTS), but
encourages a preload stress of 40-60% UTS in order to prevent failure modes such as self
loosening and fatigue (Bickford and Nassar, 1998). Others commonly suggest preloads as large as
75% of the bolt materials’ minimum UTS are appropriate (Oberg et al., 2008). Many of the
sources that reference these types of suggestions equate these values to an equivalent yield
strength criterion (as provided by Bickford), but fail to acknowledge that approximations are
generally based on materials that yield at 80% of their ultimate tensile strength value, a criterion
that is common with several steels, but is not true for titanium. Titanium generally yields at
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approximately 93% of its ultimate tensile strength. Using the guidelines presented by Bickford,
this suggests that the clamping force between titanium components must induce a minimum stress
equal to 37% of the material yield strength (YS) of the bolt, but encourages a preload stress of at
least 60% YS. The concern with stipulations based on general tensile yield properties is that the
process of tightening with a torque tool not only applies tensile stress over the length of the bolt,
but also applies torsional stresses during the torquing process. The addition of torsion forces
lowers the ultimate strength of the material; this can be seen in Figure 2-10.

Figure 2-10: A bolt loaded in tension and torsion (i.e. when tightened by torque) (A) will
yield before a bolt loaded in pure tension (B) (from (Bickford, 2008)).
Case studies indicate that the closer the bolt stress is to the yield point, the better the behavior of
the joint (SKF, 2001). If the joint does not fail during tightening it is not likely to fail during use
(Bickford and Nassar, 1998, Curven, 2004, Gill, 1976). One way to identify what torque might
induce failure is to torque several bolts to failure. According to Trilling, ultimate tightening
torque can be calculated using 75% of the ultimate torque failure value (Trilling, 1988); English
and Oberg both use this parameter to recommend a tightening regime equivalent to 50 to 60% of
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the fracture torque (English, 1992, Oberg et al., 2008). English acknowledged that this does not
simply translate to 50-60% UTS, and that tightening to this level is below the yield strength range
for optimum clinical performance (English, 1992). Optimum tightening does not appear to be
clearly identified. Typically recommendations are based on a range; the differences between
recommendations are likely present due to the many variables that affect the proper tautness level
of retaining screws. In addition, the belief that maximum pre-failure tightening achieves the
strongest joint may be applicable to machinery situations, but it remains unclear as to whether this
relates to biological joints as well. When osseointegration and other biological relationships are
involved, it is believed that a safe upper limit (other than the occurrence of failure) must be
established. Additional research is necessary in this area.
2.4.4 Torque vs. Preload
Using bolt elongation as a means to characterize bolt preload is one of the most accurate methods,
with an accuracy rating of ±3-5%. This is significantly more accurate than a torque wrench
without elongation measurements (±25-40% error), preload indicating washers (±10% error) and
computer controlled systems (±8-15% error). Only strain gauges and ultrasonic sensing provide
higher accuracy (±1% error) (SKF, 2001), however these were not suitable in this case given the
size of the components, close tolerance between the bolt and abutment shaft, and orientation of
the experimental set up.
Over all, it must be understood that torque does not equal preload. Torque is generally the
specified method of monitoring bolt tightening, however torque is simply the tendency of a force
to rotate an object about an axis, in this case, to spin a nut along the threads of a bolt (or a bolt to
spin into a blind hole) (Curven, 2004). Tension is the stretch or elongation in a bolt that provides
the clamping force on a joint. Torque and tension generally do not have a perfectly linear
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relationship between samples because the tension a specific torque is capable of creating is
sensitive to the friction between mating surfaces; this includes factors such as lubrication, thread
condition, heat, moisture, and deterioration caused by corrosion or contaminants. Even before a
bolt is introduced to dirt, dust and other outside influences, new bolts can have ±40% variation in
the torque to achieve a given amount of tension (Curven, 2004). Tension is what we are actually
interested in, as it is the actual load caused by stretching the bolt that clamps the joint together
(Curven, 2004). At the present time, torque is much easier to apply and quantify over a range of
bolts and applications, therefore most discussions about bolting refer to torque rather than
tension.

2.5 Strain Measurement in Biomechanics
The introduction of new materials and manufacturing methods encourages ongoing research and
continual improvements in the design of implant systems. Measuring strain during the use of a
component or part provides a mechanism to evaluate the associated stress seen by the part. This
data is important when developing and optimizing the design of a part or component.
2.5.1 Mathematical Approach
Stress and strain are common topics in the field of mechanics. Mathematical relationships provide
an opportunity to estimate these parameters based on known relationships and accepted laws of
dynamics. Hooke's law of elasticity is an approximation that states that the extension of a spring
is in direct proportion with the load applied to it as long as this load does not exceed the elastic
limit. This law is expressed by equation 2.7

F = !kx

(2.7)

where an extension, x, is directly proportional to the load, F, by some force constant, k. This
concept can be a useful approximation for materials that exhibit linear-elastic behaviour. Metals
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possess this trait before they are stressed to their yield stress limit, where they begin to plastically
deform. In this case, Hooke’s law is used to assess extension when it is linearly proportional to
tensile stress by a constant factor based on the material’s modulus of elasticity. This is expressed
by equation 2.8.

! = E"
"
E=
!

(2.8)

In the case of a bolted joint involving metallic components, the behaviour during loading can be
approximated by considering the assembly as a two-spring mechanism. As a bolt is tightened,
tension is experienced by the bolt, and acts as a spring extending. As this tension applies a
clamping force on the joint components, the joint acts as a second spring, being compressed. This
concept is illustrated in Figure 2-11.

Figure 2-11: Bolted joint (left) simplified to a double spring mechanism (right) (from
(Edwards and McKee, 1991)).
Similar to simple material samples, if the stress experienced by a bolt and its mating materials
remains within the elastic region of the material, a joint can be assessed using Hookes law.
Knowing bolt elongation enables the calculation of the associated force, or tension, within the
bolt, as well as the associated net stress along the length of the bolt. This is demonstrated by
equations 2.9- 2.12
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(2.9)

where E is the elastic modulus of the bolt, σ is stress, defined as tensile force, FT, per cross
sectional area, A, and ε is strain, the change in length, ∆L, over original length, lo. In equation 7
we can see the relationship between stress, force and bolt dimensions and material properties can
be measured. If a bolt is not threaded over its entire length, the smooth shank and threaded
portion of the bolt must be considered separately, where At is the mean threaded diameter and As
is the diameter of the shank:

E=

FT As
F At
and E = T
!Ls l o
!Lt l o

!Ls =

FT l o
FT lo
and !Lt =
EAs
EAt

With this, the overall change in bolt length is equal to the sum of the change in length of each
section:
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Rearranging equation 2.10 allows one to solve for the tensile force or stress as experienced by the
bolt, where Am is the minimum threaded diameter.

FT =

'L * E
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l
$$
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% As At
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Equations 2.11 and 2.12 allow the approximation of the net force and stress over the length of the
bolt. These equations do not quantify or acknowledge the presence of stress concentrations that
are likely present at specific threads within the assembly. Therefore, Hooke’s Law offers an
approximation method and it is advised that experimental measurement or computational strain
estimation be carried out in order to validate material behaviour before design modifications are
proposed or applied.
2.5.2 Discrete Strain Analysis
Some of the most common methods of strain measurement provide localized information
regarding the observed strain at a given point. The most common method of measurement is the
use of strain gauges. A strain gauge is a small device whose electrical resistance varies in
proportion to the amount of strain in the part. The gauge is constructed based on a grid of very
fine wires or metallic foil that is bonded to a thin backing. The gauge is then mounted onto a test
specimen such that the strain experienced by the part is transferred directly to the strain gauge.
Strain gauges provide discrete measurements at the site of each gauge, therefore, in order to
determine strains in several directions (axial, bending, torsion), multiple gauges must be used,
wired, and properly aligned. Electric resistance strain gauges are the most accurate instruments to
measure surface strain (Dally and Riley, 1991), however, they are easily misused, resulting in
data that either do not reflect the true state of strain at the point being analyzed, or that are
significantly biased due to experimental technique (Little, 1992). Proper use requires previous
knowledge of the part’s distribution of stress during loading in order to choose appropriate
mounting locations to acquire high quality data. Specimen geometry can limit the placement of
strain gauges, as a proper bondable surface must be available. Cehreli and Clelland both led
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studies that used strain gauges to identify stresses surrounding oral implants (Cehreli et al., 2004,
Clelland et al., 1993). The gauges were mounted on a surface perpendicular to the implant,
simulating the gum and biological tissue that an oral prosthesis would be implanted into (Figure
2-12).

Figure 2-12: Rosette strain-gauges bonded to a plexiglass block with a mounted dental
screw (from (Cehreli et al., 2004)).
Cehreli et al. were able to quantify the principal stresses around the implants and identified that in
general, machined surface implants provided lower strains than their rough-surface counter parts
(Cehreli et al., 2004). However, the dimensions of current miniature rosette strain gauges did not
allow placement of their measurement grid next to the implant collar (location of choice).
Therefore, they had to mount their gauges 2mm away, close to the measurement location of
interest, but not at the actual site.
When attempting to measure strain within the bolt of an assembled joint, surface mounted strain
gauges are very difficult to use. This is because complications arise due to tight tolerances
between the bolt and assembly, the dimensions of the bolt, and the information of interest as a
secure bonding surface is often difficult to achieve (Kyowa Electronic Instruments, 2007). As an
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alternative, small uniaxial gauges are often bored into the top head of the bolt. These allow for
ease of mounting and removal for repeated use without concern of sensor damage. However, they
generally require a 2mm hole (minimum) (Kyowa Electronic Instruments, 2007), therefore, this
method is only appropriate for large diameter bolts; otherwise the natural behaviour of the bolt is
jeopardized.
Recognizing that the motivation to measure strain is often in an effort to evaluate the associated
stress, or tightening tension, an alternative, prefabricated measurement approach is to use a digital
tension indicator (DTI). There are two primary designs, a small washer-like component that is fit
over the bolt, like a collar, or small strain-based gauges that are fit into the shaft of the bolt. The
former uses small, calibrated protrusions that compress, identifying optimal tension when the
appropriate feeler gauge does not fit between the protrusions (TurnaSure LLC, 2008). The latter
displays tension as a function of colour, bright red indicates an assembly that is loose, but it
gradually darkens to a deep black as the bolt is tightened (Stress Indicators Inc, 2009). Operation
of either design is completely reversible; the devices can be tightened and loosened thousands of
times without any degradation or loss of accuracy. These accessories offer a simple method of
measuring bolt tension, however their application is limited. This method only provides
information related to the clamping force experienced through the bolt. Stress concentrations and
variations over the length of the bolt (or between assembly components) cannot be quantified. In
the case of the TurnaSure DTI (TurnaSure LLC, Langhorne, PA), the bolted material must be
made of a stronger material than the DTI so that the small dimples do not dig in, but compress
and provide an accurate reading. In both cases, the DTIs are only available in large bolt sizes,
M12-M36 (TurnaSure LLC, 2008), and M12, M20, M24 (Stress Indicators Inc, 2009). Another
limitation is that the standard tension accuracy is specified to be 10% for the Smartbolt (Stress
Indicators, Inc., Bethesda, MD). TurnaSure advertises a 1% error, but no proof or scientific
44

evidence was found to support this. In addition, some DTI systems are not designed to show an
over-tension condition. With the color-change scheme, once design tension is achieved, the
indicator will remain black for any further tightening, thus giving no indication of over-tension.
In a machinery situation, it is arguable as to how much of a concern over tension is, however, in
osseointegration and other biological relationships; it is believed that there is a safe upper limit
other than the occurrence of failure.
Overall, the use of discrete strain (or tension) measurement provides limited information with
regards to the mechanical behaviour and response of the entire bolt and joint components.
2.5.3 Full Field Strain Analysis
Full field strain analysis provides the ability to measure surface strains over the entire field of
view of a structure or part to determine the corresponding stresses during static or dynamic
loading. Measurements can be taken on components of varying material composition under live
loads providing much more information regarding the in-use material response.
Photoelasticity is one such method. It requires a strain-sensitive plastic coating to be bonded to
each part. When the part is tested under load, the coating is illuminated with polarized light,
displaying strains in colourful ‘rainbow-like’ patterns that correspond to strain levels, and can be
calibrated to identify the strain distribution and points of concentration over the surface of a part.
This technique has been employed to compare the behaviour of several different osseointegrated
dental implants, primarily looking at the strain distribution in the implant-bone interface (Cehreli
et al., 2004, Clelland et al., 1993). Cehreli et al. mounted hex-based butt-joint and internal taper
oral implants in a Plexiglas block and loaded the specimens to identify and compare the
distribution of loads on the bone simulant. They concluded that butt-joint and internal-cone oral
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implants have similar force distribution characteristics with respect to the force transfer between
the implant and the bone (Figure 2-13) (Cehreli et al., 2004).

Figure 2-13: A sample of the isochromatic fringe orders observed around conical (a) and
cylindrical (b) Branemark dental implants (from (Cehreli et al., 2004)).
Fernandes et al. introduced phototelasticity as a method for in vivo strain monitoring of oral
implants. Implants were coated with a photoelastic resin and observed during standardized in vivo
loading. They conclude that photoelasticity is a valid, reliable and accurate technique to be used
for in vivo studies on biomechanical behaviour of prosthetic devices (Fernandes et al., 2003). One
side effect of this technique is the potential measurement error due to less effective force transfer
to surrounding resin in the presence of debonding of the photoelastic resin during loading
(Cehreli et al., 2004). Findings suggest this risk may be increased when the implant surface is left
as a smooth, turned finish as there is not enough surface roughness to achieve a proper bond
during loading (Cehreli et al., 2004).
Three dimensional digital image correlation provides a similar opportunity for full field strain
measurement. Digital image correlation is an optical method to measure strain and out-of-plane
displacements by tracking the movement of a random speckle pattern applied to the surface of a
test sample during testing (the speckle pattern may not be required if the material possesses
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identifiable natural surface characteristics). Consecutive images are captured as a specimen is
subjected to mechanical stresses during testing. A calibrated mathematical correlation algorithm
gathers the digital image data, tracking the surface characteristic patterns to provide the
associated induced strains on the object (Figure 2-14).

Figure 2-14: Example of the digital image process with successive images showing
deformations during tensile loading (left), yellow X’s showing the measurement points for
this test (right top), and results showing stretch calibration using original undeformed
image for reference (right bottom) (from (Tyson et al., 2005)).
This technology provides a contact-free measurement method, without the concerns of debonding
or damage that can affect the recordings of photoelastic coatings and strain gauges. In addition,
our samples have smooth, machined surfaces, which make this a dependable choice for precision
analysis. This technique has been applied to biological implants to look at adhesion and
micromotion between the metallic implant and bone. In 2008 Holst et al. looked at the
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micromotion of dental implants during loading immediately after implantation (Holst et al.,
2008). Leucht et al. evaluated the effect of osseointegration due to mechanical stimuli from the
beginning stages of healing until complete osseointegration (Leucht et al., 2007). Simões et al.
applied this technology to assess displacements in a hip prosthesis when loaded in a cantilever
orientation (Simões, Monteiro, & Vaz, 2001). Earlier work of Simões used digital image
correlation to measure the deformation within spongy (cancellous) bone, which is typically
difficult to assess using conventional contact measurement techniques due to the highly porous
structure (Simões et al., 1997). Digital image correlation has been shown to be an effective
experimental technique to obtain strain distributions within the most difficult, porous materials, as
well as to evaluate microstructure and material properties of metals and ceramics (Smolej, 2001).
Therefore, its applicability to the examination of mechanical behaviour on a speckled titanium
surface is expected to be appropriate and informative.

2.6 Motivation
Medical device safety is essential to ensure the health and safety of the device user. This factor of
safety must be especially high for any components that are implanted into the user’s body.
In the osseointegrated transfemoral implant system the abutment was designed to act as the ‘fail
safe’ component, making it an integral part of the system. It has been behaving as designed,
failing first, before allowing the failure of the implant, however, the rate of revision surgeries to
replace damaged abutments is cause for concern. In this day and age, individuals are demanding
more of their prosthetic components; therefore, these parts must be designed to withstand these
increasing demands. It is also believed a stronger, more resilient device may be able to
accommodate a larger population.
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There is currently no published material regarding the performance, behaviour and response of
the assembly components under loading. This is of concern, as it is believed that a current
shortcoming to the osseointegrated transfemoral procedure is the occurrence of component
cracking and breaking.
For this reason, the object of this project is to investigate the osseointegrated implant system, to
evaluate the original design compared to a newly, proposed connection design. These designs will
be assessed during loading to identify and evaluate the areas of high stress in an effort to better
understand component mechanical response and behaviour during loading. This research will be
used to better understand the contribution of system design and internal connection geometry in
an effort to evaluate the effectiveness of the current manufacturer’s specified tightening torque,
and determine whether assemblies with different internal connection geometry require different
tightening protocol. This work has been pursued in an effort to improve the abutment’s resistance
to fracture, and to ensure that any failures occur in a safe, predictable fashion.
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Chapter 3
Methodology
In the previous chapter, the shortcomings of the present osseointegrated transfemoral implant
technology have been identified, as well as the significant gap in knowledge and research related
to understanding the mechanical behaviour of these systems. It can be seen that there is a clear
need for testing and research before an improved design can be proposed, promoted and taken to
market. A thorough investigation of the assembly mechanics must be performed before the
tightening torque may be improved and optimized. Analysis of component interactions is required
to understand their contribution to the behaviour of the system. This chapter discusses the steps
that were taken to investigate these issues. Pilot testing was performed with prototype
components in order to understand the assembly and develop testing protocol to ensure the test
parameters were appropriate for the commercial samples. This knowledge was then applied to the
testing of Integrum implant quality components.
Testing was divided into several portions. The first test applied incremental tightening torque (212 Nm in 1 Nm increments) in order to evaluate the torque-elongation relationship of the
assembly, monitor the assembly behaviour, assess the effectiveness of the manufacturer’s
specified tightening torque, and aid in the prediction of an improved recommended tightening
torque. Recognizing that this tightening technique is not employed during implantation, a second
study was carried out to determine the torque-elongation response when tightening directly to the
manufacturer’s specified tightening torque of 12 Nm. Torque to failure tests were completed to
determine the maximum torque each system can withstand. This was done in an attempt to
evaluate an analytically predicted tightening torque. Following the torsion tests, 3D digital image
correlation was used when the assemblies were loaded in bending in order to identify the
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locations, magnitudes and distribution of strain (stress) under loads representative of those
expected during activities of daily living. These tests were carried out to evaluate the contribution
of internal connection geometry and tightening specifications to the distribution of strains within
the assembly. All tests were also carried out with two implant-quality assemblies provided by
Integrum.

3.1 Failure Evaluation of Explanted Components
Four failed osseointegrated transfemoral systems were procured from Integrum and evaluated in
an attempt to determine failure mechanisms and materials information. Each of the four
assemblies was an authentic sample, explanted from a patient, and exhibiting four distinct
locations of failure or points of fracture (images available in Appendix A).
Each specimen was gently press-mounted into plasticine onto a microscope slide to provide a flat
surface for evaluation. The fracture surfaces of the abutment and retention bolt were each
examined and photographed using a stereomicroscope (Olympus SZ-STB1, Center Valley, PA) at
20x magnification using an attached Moticam digital camera (Motic, Hong Kong) with 3.0 mega
pixels resolution. Incident light was set up at a low angle to optimize clarity and resolution of the
image.
This evaluation was carried out in an effort to gain additional insight into the current failure
mechanisms and mechanical response of the in vivo system. The knowledge gained from this
process was used to guide the design and implementation of experimental tests.

3.2 Pilot Testing: MCL Prototype Parts
An osseointegrated transfemoral implant system (implant, abutment and retention bolt –
employing a hex-based connection between the implant and abutment) was designed and
manufactured to scale based on an iterative design approach. Information was gathered by means
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of personal communication (Frossard, L., personal communication, 2007), and published photos,
dimensions and materials information (Robinson, Brånemark, & Ward, 2004, Ward and
Robinson, 2005) (final drawings are available in Appendix B). Stock titanium was ordered based
on the part specifications provided by Ward et al., which stated that the implant and abutment are
composed of commercially pure titanium, whereas the retention bolt is manufactured from a
titanium alloy (Ward and Robinson, 2005). Commercially pure grade 2 titanium was used for the
implant and abutment; grade 5 titanium (Ti6Al4V) was used for the fabrication of the retention
bolt. These compositions of titanium were chosen based on convenience, and availability. The
titanium alloy, Ti6Al4V, was further selected as it is one of the most commonly used titanium
alloys in orthopaedics (García-Alonso et al., 2003). All parts were manufactured from a single
batch of their respective material. Six copies of each part were manufactured in-house at the
McLaughlin Hall machine shop, plus three additional bolts. The implant base was sent out for
electric discharge machining (EDM) of one feature (A-Line, Toronto). Recognizing that
osseointegration provides a rigid fixation, the implant component was modified to simplify the
construction and material requirements. It was cropped to create an ‘implant-base’, sized to
provide only the required useable length, and left with a square exterior to facilitate a secure base
when held by a mechanical vice (Figure 3-1).
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Figure 3-1: The McLaughlin Hall (MCL) prototype parts; abutment (top left), implant-base
(top right), retention bolt (bottom).
In order to monitor bolt elongation, both ends of the bolt must be accessible, therefore a single
implant-base was modified further by removing a window in the proximal portion of one side of
the component (as shown in Figure 3-2). This window exposes the deepest thread of the bolt
(when the retention bolt is engaged), allowing calipers to be inserted for measurements of the
bolt, tip to tip, while maintaining the structural integrity of the component.
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Figure 3-2: Test assembly of the MCL prototype transfemoral system. Cutout on implantbase allows the insertion of calipers to monitor bolt length during tightening.
3.2.1 Incremental Torque Application
Incremental torque-elongation tests followed a protocol proven during tests of dental implants
with a similar assembly (Haack et al., 1995). Eight bolts were tested randomly to a total of five
trials each, at room temperature, without lubrication. A single abutment and modified implant
were used for all of the measurements. Each bolt was fastened through the abutment and into the
modified implant base. Torque was applied with a digital torque wrench (Digi-Master Revolution
250i), gauge resolution of 0.01Nm and a calibrated accuracy of ± 2% tolerance 10-100% of
54

maximum range (range: 2.8-28 Nm). Bolt elongation was measured by electronic digital calipers,
0.0005 inch (0.0127 mm) resolution, 0.001 inch (0.0254 mm) accuracy and 0.0005 inch (0.0127
mm) repeatability (Mastercraft Inc.).
The length of each titanium bolt was measured before applying torque, after 2 Nm applied torque,
and every 1Nm increment up to the specified tightening torque of 12 Nm. Peak loosening torque
was also recorded for each trial.
Preliminary testing utilized an analog ‘click’ type torque wrench. Upon initial pilot tests of this
configuration, the first bolt (Sample ID 6) failed due to improper use of the instrument. A digital
torque wrench was procured for the remainder of the tests.
Testing was completed in two batches, a group of five bolts, followed by a group of three bolts,
separated by two months time. Deficiencies with the repeatability of the testing protocol were
identified therefore several steps were taken to improve the test conditions for the second group
of test specimens. Firstly, all bolts were inspected and modified to ensure both ends of the bolt
were flat and square with respect to each other. A light source was set up behind the measurement
plane to verify that the knife-edge of the caliper was aligned with the square edge of the bolt
head. Rare earth magnets (LeeValley, ON) were used to construct a scaffolding to ensure
consistent, level alignment between all trials/samples (see Figure 3-3). It was difficult to achieve
the target torque to the precision of the wrench, but effort was made to apply torque as close to
the target as possible (with the whole number as a minimum). All applied torque values were
recorded to two decimal places.
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Figure 3-3: Bolt measurement procedure. The calipers are measuring bolt length tip-tip by
means of the ‘window cutout’. The magnetic ‘scaffolding’ ensures repeatable, level
measurements. A light source is set up behind the white backdrop used for this photo.
3.2.2 Direct Torque Application
Direct testing was carried out using a similar protocol to the incremental testing. The same
modified implant and single abutment was used for all of the measurements. The same eight bolts
were tested randomly to a total of five trials each, at room temperature, without lubrication. All
measurements were taken, and recorded by a single assessor. Each bolt was fastened through the
abutment and into the modified implant base. The identical test setup was used; however, for
these tests, assemblies were manually tightened from finger-tight to the prescribed 12 Nm
tightening torque using the same digital torque wrench. The length of each titanium bolt was
measured before applying torque, and after 12 Nm applied by electronic digital calipers. Peak
loosening torque was also recorded for each trial. Torque was applied manually as consistently as
possible over an arc of approximately 50˚ before ratcheting, repeating until 12 Nm was achieved.
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3.2.3 Torque to Failure
Torque to failure tests were carried out on a sample of three MCL prototype bolts. All bolts were
tested in the ‘window cutout’ implant in an effort to take measurements and gain more
information regarding the bolt at failure. The implant and abutment were separated between trials
in order to extract the threaded bolt portion from the internal thread of the implant. Torque was
applied with a digital torque wrench with a larger calibrated range (BMS Ireland A3050), gauge
resolution of 0.01Nm and a calibrated accuracy better than 1% in the left hand direction and 10%
in the right hand direction up until its maximum (range: 5-50 Nm).
Torque was applied manually until failure, in a consistent fashion over an arc of approximately
50° before ratcheting, and repeated until failure. The peak torque at failure was recorded. Several
measurements were taken before and after failure.
3.2.4 Strain Analysis
Strain analysis tests were carried out on two bolts assembled with their own, new, implant and
abutment components (both bolts had previously undergone incremental and direct testing
procedures). The two samples were divided into two groups: MCL assembly #4 was tightened to
12 Nm, and MCL assembly #1 was tightened to 21 Nm. The increased tightening torque value
was determined based on the 75% ultimate torsional strength criteria, using the minimum
observed torque to failure result (rounded to the nearest whole number). These tests were carried
out purely to evaluate the testing protocol and applied loads prior to exposing the Integrum
samples to further testing.
All tests were at the Structures, Materials and Propulsion Laboratory, Institute for Aerospace
Research, National Research Council of Canada, Ottawa, ON, Canada (NRC). Three dimensional
digital image correlation (DIC) was carried out using a two-camera system (Allied Vision
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Technology, Stadtroda, GER) with Schneider-Kreuznach Xenoplan 1.4 17 mm lenses (SchneiderKreuznach, Bad Kreuznach, GER) and two high-powered NERLITE LED lights (Microscan
Systems Inc., USA) (Figure 3-4). This system provides a strain measurement accuracy of 0.025%
with a strain measurement range of 0.05% to >400% (Correlated Solutions, 2009).

Figure 3-4: DIC experimental set-up at NRC.
Before testing, the cameras were calibrated and oriented with respect to one another using a rigid
slide with contrasting dots in a 9x9 orientation, spaced using a 2mm grid. Each bolt was evaluated
to ensure alignment and concentricity of the bolt shaft and the bolt was measured bolt head to bolt
tip. The three components were then assembled, the bolt tightened manually to finger tight. A
random speckle pattern was applied to the assembly surface in order to maximize the capabilities
of the measurement system. This created identifiable surface characteristics on the otherwise
smooth, annealed titanium surface. Specimens were mounted into the custom jig in a cantilever
orientation in order to test the assembly in bending (the fixture is shown in Figure 3-5, an
assembly drawing is provided in Appendix C). The implant was aligned at random such that the
orientation of the internal hex was not controlled. The implant portion was held securely over the
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majority of the surface area of the component in order to maximize grip and eliminate small
artifact movements (clamping seen in the left hand portion of Figure 3-5). The cut away section
was present to make it easier for the camera system to visualize the implant/abutment interface
region.

Figure 3-5: Strain measurement mounting fixture for the MCL prototype assemblies
(designed by NRC).
Once a specimen was mounted in the fixture, the weight hanger attachment was connected (light
and dark grey portion, right side of Figure 3-5), this was designed in an attempt to accurately
portray the in vivo loading experienced by the square end of the abutment (with the current
prosthetic attachment method) by using a four-sided square clamp to distribute the applied loads.
Once mounted, multiple reference images were taken to establish the noise floor for each
specimen and to identify the neutral behaviour of the finger-tightened retention bolt. Next, the
bolt was tightened to the prescribed tightening torque with a digital torque wrench (Digi-Master
Revolution 250i). The bolt was tightened to this torque level as accurately as possible, but with
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the prescribed value as the minimum. Torque was applied in as controlled a motion as possible,
over a maximal arc length (approximately 110º) before ratcheting, until the desired torque was
achieved. An image of the assembly was recorded following tightening. Next, the weight hanger
was attached and loads were applied by mounting calibrated weights onto the hanger, which
affixes to the weight hanger lug, on the lower portion of the weight hanger attachment (dark
grey). The loading conditions were selected based on the maximum observed bending loads as
collected experimentally during activities of daily living, and the maximum bending component
observed during a fall (as shown in Table 2-1). Additional intermediate loading levels were
evaluated to decrease the physical demands of the assessor. Only imperial calibrated weights
were available for use, therefore the loading levels differ slightly from those observed during use.
Table 3-1 provides a summary of the test conditions that were recorded, and outlines the in vivo
loading conditions it attempts to mimic. After the eight test conditions were carried out, and
captured by the DIC system, the assembly was separated and the peak loosening torque was
recorded. Final bolt length was measured by electronic digital calipers.
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Table 3-1: Summary of DIC recordings for the Strain Analysis Tests
Image
#

Tightening
Condition

Mounting
Condition

Loading Condition

Representative
Loading Condition

1

Finger Tightened

Implant mounted
with the weight
hanger attachment

Natural, no
appreciable weight
(approx. 100 g)

Neutral,
untightened,
unloaded

2

Tightened to the
specified
tightening torque

Implant mounted
with the weight
hanger attachment

Natural, no
appreciable weight
(approx. 100 g)

Neutral, tightened
but unloaded

3

Still tightened to
the specified
tightening torque

Fully mounted,
with the weight
attachment portion

Weight hanger plus
40 lbs
(approx. 18.14 kg)

Expected load in
the AP direction
during ADLs

4,5,6

Still tightened to
the specified
tightening torque

Fully mounted,
with the weight
attachment portion

Weight hanger plus
Intermediate
60,80,100 lbs
loading conditions
(approx. 27.21, 36.29,
45.36 kg)

7

Still tightened to
the specified
tightening torque

Fully mounted,
with the weight
attachment portion

Weight hanger plus
120 lbs
(approx. 54.43 kg)

Potential loading in
the AP direction
during a fall

8

Still tightened to
the specified
tightening torque

Implant mounted
with the weight
hanger attachment

Natural, no
appreciable weight
(approx. 100 g)

Neutral, tightened
post- loading

3.3 Actual Testing: Integrum Parts
Ten osseointegrated transfemoral “dummy” systems (implant, abutment and retention bolt) in
both the currently implanted hex-based connection (V1) and the newly proposed Morse taper
connection (V2) were provided by Integrum (Figure 3-6). Recognizing that the focus of these
tests was to identify the interactions between the three components (independent of the implantbone interface), the implant ‘proper’ was modified by Integrum to minimize manufacturing time,
complexity and material requirements. This implant dummy was left as a smooth cylinder
(without the typical external threading) and was cropped to provide only the required useable
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length. All features and processes typically carried out to maximize biocompatibility and
integration with the body were omitted (vents to allow the flow of intermediary fluids,
sterilization processes, etc.).

Figure 3-6: The Integrum implant parts, each assembly contains three parts, an implantbase (top left), abutment (top right), and retention bolt (bottom). Hex-based connection (V1)
(top three parts) and Morse taper connection (V2) (bottom three parts).
Upon receipt, a single implant base (from both the V1 and V2 batches) was modified further by
squaring two edges on opposite sides of the cylinder. This provided two flat edges to create a
secure base when held by a mechanical vice. In addition, these two implant-dummies were
modified by removing a small ‘window cutout’ in the proximal portion of one side of the part.
This window exposes the last thread of the bolt and allows calipers to be inserted to monitor bolt
length during testing (Figure 3-7).
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Figure 3-7: Schematic of the testing set up for the osseointegrated transfemoral implant
systems provided by Integrum.
The overall dimensions of the V1 and V2 assembly components are comparable, however, the V2
abutment is two millimeters shorter, therefore, there is a longer length of engagement (for the bolt
to thread into the implant) once the assembly is put together.
3.3.1 Incremental Torque Application
This testing followed the protocol established during the pilot testing. All bolts were modified
slightly to ensure the bolt head and bolt end were flat and square with respect to each other.
Twenty bolts were tested randomly to a total of five trials each, at room temperature, without
lubrication. All measurements were taken, and recorded by a single assessor. A single V1 and V2
abutment and modified implant were used for all of the measurements; ten bolts were associated
with each design type. Each bolt was fastened through the abutment and into the respective
modified implant base. Torque was applied with the same digital torque wrench; the same
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electronic digital calipers measured bolt elongation. The light source and magnetic scaffolding
were used to ensure consistent and repeatable measurements between samples.
The length of each titanium bolt was measured before applying torque, after 2Nm applied torque,
and every 1Nm increment up to the specified tightening torque of 12 Nm. Peak loosening torque
was also recorded for each trial.
3.3.2 Direct Torque Application
This testing was carried out following the earlier protocol as well.

The same V1 and V2

abutment and modified implant were used for all of the measurements. The same twenty bolts
were tested randomly to a total of five trials each, at room temperature, without lubrication. All
measurements were taken, and recorded by a single assessor. The bolts remained in their original
‘V1’ or ‘V2’ test group (as established during the incremental testing). Each bolt was fastened
through the abutment and into the modified implant base. The identical test setup was used;
assemblies were manually tightened from finger-tight to the prescribed 12 Nm tightening torque
using a digital torque wrench. The length of each titanium bolt was measured before applying
torque, and after 12 Nm applied torque. Peak loosening torque was also recorded for each trial.
3.3.3 Torque to Failure
Torque to failure tests were carried out on a subset of the Integrum test assemblies. Ten bolts
were subjected to this test (five bolts using V1, and five using V2). Six of these bolts were used
during the incremental and direct testing; three associated with the V1 test assembly, and three
associated with V2, as well as four untested bolts; two became associated with each assembly.
The four new bolts were tested using the same V1 and V2 abutment and modified implant from
the torque-elongation tests. The implant and abutment were separated between trials. The six
previously tested bolts were each associated with their own, new, implant and abutment. All
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implant components were modified by squaring two edges on opposite sides of the cylinder. This
ensured the components were held firmly throughout the application of torsion. Each bolt was
fastened through the abutment and into the implant base. Torque was applied with a digital torque
wrench (BMS Ireland A3050), gauge resolution of 0.01Nm and a calibrated accuracy better than
1% in the left hand direction and 10% in the right hand direction up until its maximum (range: 550Nm).
Torque was applied manually until failure. Torque was applied in a consistent fashion over an arc
of approximately 70° before ratcheting, and repeated until failure. Failure torque was defined as
the maximum torque that the screw withstood before breaking. Although this test does not mimic
failure in a clinical situation, it does give a measure of the inherent strength of each bolt.
3.3.4 Strain Analysis
Strain analysis tests were carried out on a subset of the original test assemblies. Twelve
previously tested bolts were coupled with their own, new, implant/abutment components (six
bolts using a V1 connection, and six using the V2 connection). Each design type was then divided
into two groups, resulting in four test conditions; (1) V1, tightened to 12 Nm (samples V1.8,
V1.2, V1.9), (2) V1, tightened to 25 Nm (samples V1.1, v1.10, V1.5), (3) V2, tightened to 12 Nm
(samples V2.4, V2.5, V2.3), and (4) V2, tightened to 25 Nm (V2.8, V2.1, V2.7). The increased
tightening torque values were determined based on the 75% ultimate torsional strength criteria
using the minimum observed torque to failure results (rounded to the nearest whole number) for
the pre-tested experimental group (for each assembly). Three samples were selected at random
and evaluated using each test condition.
All testing was carried out at the same laboratory as the MCL prototype tests and a similar testing
protocol was administered.
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When mounted in the custom jig, an additional ‘shim’ was used with the Integrum specimens
since the implant portion has a cylindrical exterior. This can be seen inside the ‘implant clamp’
portion on the left hand side of Figure 3-8.

Figure 3-8 Strain measurement mounting fixture for the Integrum implant assemblies.
Identical to the MCL mounting, but with the addition of implant ‘shims’ to secure the
cylindrical base (designed by NRC).
Once an assembly was positioned, images were recorded for each specimen as summarized in
Table 3-1. One additional image was recorded for the Integrum samples; a final image of each
assembly following bolt loosening. This was taken to provide a means to evaluate the presence of
residual strain in the assembly post tightening/loading. Similar to the pilot tests, peak applied
torque, peak loosening torque and both initial and final bolt length were recorded for each
sample.
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3.4 Data Analysis
For the osseointegrated transfemoral system to become more widely accepted and applicable in
the transfemoral amputee market, confidence in its strength and longevity must be achieved.
Analysis of the experimental results was carried out in order to understand the implications of
design changes and tightening specifications. All data analysis was carried out using MATLAB
(The Mathworks Inc., Natick, MA) and Excel (Microsoft, Redmond, WA). All statistical analysis
was performed using SPSS 17.0 (SPSS Inc., Chicago, IL). All of the images from the 3D DIC
tests were processed using Vic3D (Correlated Solutions, Columbia, SC).
3.4.1 Incremental Testing
One of the most important aspects of this study was to determine whether the current
manufacturer’s specified tightening torque is appropriate for either the V1 or V2 connection
geometry. To do this, the incremental testing data was used to evaluate the linearity of the torqueelongation relationship. Applying Hooke’s law enabled the evaluation of tension and stress within
the bolt and provided a means to estimate the recommended tightening torque by extrapolation of
the data. This also allowed the calculation of each assembly’s K-factor, the torque coefficient
between the bolt and receptacle, which represents the material frictional characteristics. These
methods of analysis were chosen based on published works evaluating similar characteristics in
osseointegrated oral implants, and general bolting situations ((Haack et al., 1995, Merz,
Hunenbart, & Belser, 2000). A one-way analysis of variance (ANOVA) with Tukey posthoc test
was applied to ensure there was no significant difference between sample behaviour of each
design group. An analysis of covariance compared the elongation response of the V1 and V2
assemblies in an effort to understand whether the connection design induced a significant
difference in the incremental test results.
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3.4.2 Direct Testing
This testing was also important in determining the effectiveness of the manufacturer’s specified
tightening torque. The data was evaluated with respect to the incremental testing results in order
to assess the validity of an incremental torque application protocol. For the purpose of data
analysis, the data from each trial was truncated to best represent the responsive testing range. This
was performed in order to prevent a substantial bias caused by the delay in elongation response.
The zero change in elongation measurement immediately preceding the initial material response
(and it’s corresponding torque) marked the first data points of the trial. The last datum being the
elongation at 12 Nm. Tightening directly to the manufacturer’s specified tightening torque had
not been evaluated in the past; therefore, the validity of incremental tightening was of interest. A
one-way ANOVA with Tukey posthoc test was applied to ensure there was no significant
difference between sample behaviour within each design group. A two-way ANOVA with
repeated measures of one variable was performed to evaluate any trends between the test groups
when looking at the final observed elongation at 12 Nm. Loading type was taken as the repeated
measure and connection method was considered as the second factor.
For the MCL assemblies, a one-way ANOVA was applied to evaluate the consistency of the
elongation behaviour between the eight prototype samples. An independent-samples T-test was
then used to evaluate the differences between incremental and direct tightening.
3.4.3 Loosening Torque
Peak loosening torque was recorded after tightening to the manufactuerer’s specified tightening
torque during the incremental and direct tightening methods. Because the peak tightening torque
introduced some variation between trials, the loosening torque value was normalized as percent
tightening torque and expressed as torque retention. A one-way ANOVA with Tukey posthoc test
was applied to the incremental and direct results of the V1 and V2 test groups to ensure there was
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no significant difference between sample behaviour of each design group. A two-way ANOVA
with repeated measures of one variable was performed to evaluate any trends between the test
groups. Loading type was taken as the repeated measure and connection method was considered
as the second factor.

3.4.4 Torque to Failure
The results of these tests were integral in validating the previous torque-elongation conclusions
by determining whether the osseointegrated assemblies can actually accept additional torsion
during tightening. This test procedure is commonly used in many bolted connection applications
(Glauser et al., 2004). The resulting data was plotted and visually evaluated, as the limited sample
size prohibited the use of a statistical evaluation.
3.4.5 Strain Analysis
These tests were carried out as an opportunity to objectively evaluate the behaviour and
mechanical response of the osseointegrated assemblies. 3D image correlation was chosen as the
measurement method as it provided the ability to measure 3D displacements and the true surface
strains in a full field view without specimen contact. The results of the different test conditions
were visually evaluated to determine the effect of tightening torque and connection design on the
location, magnitude and distribution of strains within the loaded assembly. The analysis focused
on the longitudinal strain component, εxx, as it provided a measure of assembly behaviour with
the lowest measured noise floor.

3.5 Summary
The Integrum V1 and V2 osseointegrated transfemoral implant designs were investigated using
the methods described herein with the ultimate goal of optimizing the tightening torque
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specification. The incremental torque tests indicated whether or not the current specifications
achieve appropriate joint preload stresses, and offers an estimate regarding an improved
recommended tightening torque. Direct testing investigated the validity of incremental torque
testing while assessing the components using a protocol that more accurately mimics the in vivo
surgical tightening procedure. Failure tests quantified the maximum torque at failure, while 3D
strain analysis provided an objective measure of strain response within the components during
loading. The resulting data provides a preliminary glimpse of the mechanical behaviour of the
osseointegrated transfemoral designs. This information will guide future studies that will
ultimately aid in design decisions and lead to an understanding of which factors influence the
strength and longevity of the osseointegrated transfemoral system.
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Chapter 4
Results
Using the methodology presented in the previous chapter, it is found that the current
manufacturer’s specified tightening torque is unable to induce proper joint preload to the implantabutment-retention bolt assembly of both the MCL prototype assembly and the two Integrum
connection designs. With increased tightening torque all three designs exhibited decreased stress
concentrations within the assembly by more broadly distributing the induced strains when
experiencing high loads in bending.
The results provided in this chapter indicate that both the V1 and V2 designs accept increased
tightening torque while exhibiting improved response to loading.

4.1 Failure Evaluations of Explanted components
A visual analysis of authentic implant samples that failed during use was carried out in order to
determine the most appropriate experimental protocol to gain information regarding the
behaviour and mechanical response of the osseointegrated components. The explanted samples
(that used a hex-based implant connection) exhibited four distinct locations of failure or points of
fracture (images available in Appendix A). Failure was observed as: (1) permanent deformation
of the abutment and retention bolt; as well as (2) catastrophic failure at the distal shoulder of the
abutment (where the shaft turns into the square attachment portion); (3) catastrophic failure at the
proximal end of the abutment (where the shaft exits the implant); and, (4) on the retention bolt, at
the beginning of the threaded region (also the interface between the implant and abutment).
The permanent deformation, or bend, of the abutment was likely caused by a fall or direct impact
on the distal end of the abutment. Darkened sections were seen on the shaft of the abutment that
is engaged in the press fit with the implant, and on the square distal portion of the abutment. This
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discolouration suggests micro-motion or rubbing between the two titanium surfaces in that area.
The images of the fracture surfaces showed no clear evidence of fatigue being the cause of failure
It was difficult to discern information regarding crack initiation or propagation due to damage of
the fracture surfaces. Damage of the abutment fracture surface was seen as ‘scuffing’ or ‘rub’
marks, that were likely caused because the retention bolt remained intact after the abutment
failed, maintaining the three-part assembly, causing the abutment fracture surfaces to rub together
until the affected parts were removed. Figure 4-1 provides an example of the stereo microscope
images that were analyzed.

Figure 4-1: Stereo microscope images of the fracture surface of two osseointegrated
abutment samples (20x magnification).
The threads of the failed retention bolts did not appear to have any damage due to overtensioning, as indicated by damaged, or striped threads, instead, the bolts failed at the first thread,
a failure mechanism suggesting the first thread was overloaded. There also appeared to be
darkened portions of the retention bolt shaft which would suggest fretting, a form of wear caused
by micro-motion or rubbing between the two contact surfaces.
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4.2 Analytical Calculations
Analytical calculations were carried out to evaluate material parameters and anticipate component
behaviour and life expectancy. These calculations were performed based on general bolt theory,
often necessitating simplifications due to complex loading conditions and the surface interactions
between components.
4.2.1 Component Strength
In order to best understand the strength and potential contribution of each bolted component,
basic calculations were carried out to evaluate the strength of each component in the
osseointegrated assembly, to identify the weakest part. This was done by evaluating the tensile
strength of the bolt, and the thread stripping force of both the bolt and the mating threads (within
the implant) using equations 2.1-2.4 with the design characteristics of the two assemblies, as
provided in Table 4-1. The V2 (Morse taper) design utilizes an abutment that is 2mm shorter;
therefore increasing its bolt thread engagement length by 2mm, altering the component strength
between the two designs.
Table 4-1: Specimen measurements and materials
information

Le (V1)
Le (V2)
D
ATH
ATH’ (V1)
ATH’ (V2)
ATS (V1)
ATS (V2)
Su (min)1
UTS (min)1
dp
1

Bolt
(Grade 5 Ti)
10.25
12.25
6
20.12
34.38
41.08
27.42
32.77
480
896
5.35

mm
mm
mm
mm2
mm2
mm2
mm2
mm2
MPa
MPa
mm

Implant
(Grade 4 Ti)
10.25
12.25
6
20.12
34.38
41.08
n/a
n/a
290
550
5.35

From (ASTM International, 2006, ASTM International, 2009)
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mm
mm
mm
mm2
mm2
mm2
mm2
mm2
MPa
MPa
mm

Table 4-2 provides a summary of the tensile and shear strength calculations that were performed
on the components of the Integrum assemblies. The results suggest that the internal thread of the
implant is likely to fail due to thread stripping prior to the failure of the threads or shaft of the
bolt. It can also be seen that the V2 design increases component strength by increasing the bolt’s
length of thread engagement (due to the decreased length of the abutment). These are important
considerations for the design of future components.
Table 4-2: Predicted Component Strength

Thread Strength
Tensile Strength

V1 Bolt
(Grade 5 Ti)
(kN)
16.50
24.57

V1 Implant
(Grade 4 Ti)
(kN)
9.97
n/a

V2 Bolt
(Grade 5 Ti)
(kN)
19.72
29.36

V2 Implant
(Grade 4 Ti)
(kN)
11.91
n/a

4.2.2 Tightening Torque Predictions
Equations 2.5 and 2.6 have been applied to analytically predict the recommended tightening
torque for the Integrum assembly based on the material properties of the retention bolt. The
estimated preload force, Fi, for a permanent connection, was predicted to be 12.7kN. Using this
value, the appropriate tightening torque is believed to be 15.28Nm. This prediction suggests the
assembly should be tightened beyond the current manufacturer’s stipulated tightening torque,
however, it can be seen that the predicted preload force, Fi, exceeds the expected component
strength limitations predicted and displayed in Table 4-2. Table 4-3 provides a summary of the
analytically estimated tightening torque values. These are based on the generic prediction (from
Equations 2.5 and 2.6), as well as using the component strength predictions from Table 4-2. All
torque estimates assume K = 0.376 (for a dry titanium connection) using the table provided by
Oberg (Oberg et al., 2008).
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Table 4-3: Predicted Tightening Torque

Fi (kN)
Recommended Tightening
Torque (Nm)

Analytical
Prediction
12.7
28.7

V1 Design
Limitation
9.97
22.5

V2 Design
Limitation
11.91
26.9

Based on the current geometry and material properties of the osseointegrated transfemoral
implant components, Table 4-3 suggests that both the V1 and V2 designs are presently being
tightened below their recommended tightening torque levels.

4.3 Pilot Testing: MCL Prototype Parts
Pilot tests were carried out with the MCL prototype parts in an effort to better understand the
assembly mechanics and further develop the testing protocol to ensure all test parameters were
appropriate for the commercial samples. Observing the tests and analyzing the resulting data
identified several findings that encouraged the study of the Integrum samples.
4.3.1 Incremental and Direct Torque Application
The incremental torque elongation tests provided a measurement of bolt length for each level of
torque application. Elongation, ∆L, was then calculated as the difference between a given
measurement and the original (unstressed) bolt length, up until the maximum (measured at 12
Nm). The elongation results from all trials of all samples are plotted against applied torque in
Figure 4-2. A linear model was fit to the ensemble average of all truncated individual trials giving
an R2 value of 0.9825 (as shown in Figure 4-2).
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Figure 4-2: Bolt elongation for 2 to 12 Nm applied torque.
The length of each bolt was measured prior to assembly, and upon removal (at the beginning and
end of each trial) to assess whether a residual change in bolt length existed. Results of these
measurements confirmed no measurable change in length was present; therefore, the applied
torque and preload stress are assumed to remain within the elastic range of the material, allowing
the calculation of tensile force, and preload stress to be determined using Hooke’s Law. Applying
equations 2.11 and 2.12 permits the calculation of preload force and stress over the length of the
bolt. Percent yield strength was calculated using the ASTM material test specification for the bolt,
where yield stress, YS, is 828MPa and the Young’s Modulus, E, is 114 GPa. Other component
specifications include:
ls
As
lt
At
Am

=
=
=
=
=

71 mm
28.3 mm2
11 mm
20.1 mm2
17.9 mm2
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Table 4-4 provides the ensemble average (standard deviation) of the measurements and
calculations for each of the eight MCL prototype samples (five trials per sample) when tightened
to 12 Nm.
Table 4-4: Summarized results of the incremental torque-elongation tests; mean
over five trials per sample (±SD)
Sample
ID
Bolt 1
Bolt 2
Bolt 3
Bolt 4
Bolt 5
Bolt 7
Bolt 8
Bolt 9

Torque
(Nm)
12.21 (0.22)
12.12 (0.08)
12.07 (0.03)
12.17 (0.20)
12.16 (0.11)
12.05 (0.02)
12.05 (0.04)
12.06 (0.03)

Elongation
(µm)
94.0 (30.5)
91.4 (16.6)
96.5 (14.5)
73.7 (20.9)
88.9 (28.4)
106.7 (19.3)
81.3 (6.9)
101.6 (0)

Force
(N)
3503.7 (1140.3)
3409.1 (617.3)
3598.5 (539.8)
2746.2 (778.0)
3314.4 (1058.7)
3977.2 (718.1)
3030.3 (259.3)
3787.8 (0)

Stress
(MPa)
195.8 (63.7)
190.5 (34.5)
201.1 (30.2)
153.5 (43.5)
185.2 (59.2)
222.3 (40.1)
169.3 (14.5)
211.7 (0)

% Yield
Strength
23.7 (7.7)
23.0 (4.2)
24.3 (3.6)
18.5 (5.25)
22.4 (7.15)
26.9 (4.8)
20.5 (1.8)
25.6 (0)

Bolt ID 6 was tested first, but failed due to improper test conditions. Improvements to the
instrumentation and protocol facilitated the testing of bolts 1-5 in one batch. Bolts 7-9 were
manufactured and tested two months later with additional improvements to the testing protocol. It
can be seen that Bolt ID 7-9 generally demonstrate increased elongation with decreased standard
deviations between trials. It is believed this is in response to the improvements made to increase
the repeatability of measurements during the second batch of testing. When the MCL titanium
bolt was tightened to 12 Nm, the mean preload stress of all tests was found to be 191.2 ± 22.17
MPa. This corresponds to approximately 23.1 ± 2.7% of the material yield strength. In
comparison, the direct tests achieved a mean preload stress of 274.5 ±32.3 MPa, which
corresponds to 33.2 ± 3.9% YS. A one-way analysis of variance (ANOVA) suggested that there
were no significant differences between test samples. An independent t-test indicated that test
method (incremental vs. direct) appears to have a significant effect on the mean preload stress
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achieved during tightening (p<0.05). Both tests were carried out with the Integrum test samples,
but direct testing is believed to more accurately mimic the in vivo tightening procedure for the
implant system.
Peak loosening torque was measured, and recorded, after each incremental and direct trial was
tightened to 12 Nm. A one-way ANOVA confirmed there was no significant difference between
test samples. An independent t-test indicated that the tightening method did not appear to
influence the resulting torque retention.
4.3.2 Torque to Failure
Figure 4-3 illustrates the results of the preliminary torque to failure tests of the three MCL
prototype parts. All bolts had previously been tested during the incremental and direct torqueelongation evaluations. It can be seen that there is considerable spread between the three test
samples. It is hypothesized that the apparent trend, or slope between samples could be related to a
trained, or anticipatory reaction by the assessor, leading to variations between torque application
force and speed. In an effort to provide a more controlled, consistent, torque to failure test of the
Integrum parts, a longer, more regulated torque application arc was used to apply torque in the
most continual fashion possible (given the space constraints of the test location). The minimum
torque to induce failure was measured to be 28.38Nm. Assuming this pilot test is representative
of the entire sample, this suggests the MCL prototype bolts can accept a considerable amount of
additional torque prior to fracture. However, based on the current osseointegrated population, and
present test sample size, this would suggest a confidence interval of approximately 56%. In order
to decrease this to a confidence interval of 5%, 92 samples should be tested, therefore, additional
work must be completed before a recommendation is made (MaCorr Research, 2009)
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Figure 4-3: Torque to Failure tests of three MCL prototype parts

Geometric measurements were taken of the MCL test assemblies prior to torque application, and
just following bolt failure. This was done in an effort to gain additional knowledge regarding the
torque elongation behaviour of the bolt after 12 Nm and to evaluate the response at fracture.
Unfortunately, the results were deemed inconclusive due to difficulties finding appropriate
measurement surfaces.
4.3.3 Strain Testing
Strain testing of two MCL prototype parts was completed to evaluate, and improve, the proposed
experimental protocol, and to determine the most valuable outcome measures of the DIC tests.
These tests were vital to determine an accurate, repeatable method to later test the Integrum
samples as well as to determine the most appropriate lenses, lighting conditions, and reference
images to capture the complex geometry of the osseointegrated assembly, calibrate the equipment
and determine the ambient noise floor.
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For the pilot tests of the MCL parts, the noise floor was found to be approximately 150µm/m. For
this reason, clear, appreciable differences between loading levels were not evident until the parts
were loaded with approximately 40lbs attached weight. Figure 4-4 presents the εxx strain
measurements when MCL sample #4 (tightened to 12 Nm) and sample #1 (tightened to 21Nm)
were loaded with 120lbs attached weight. The images are presented to the same scale, and
illustrate the strain distributions as experienced in the shaft of the abutment. The images illustrate
the cantilever test situation; the left side of each image being the interface of the implant and
abutment with the right side of each image being the more distal portion of the abutment, as the
shaft turns into the square attachment (loaded) portion.

Figure 4-4: Preliminary results of the DIC tests using the MCL prototype parts. MCL
sample #4 tightened to 12 Nm (right) MCL sample #1 tightened to 21Nm (left). Both
samples are loaded with 120lbs.
It can be seen that the difference of tightening torque significantly changes the loading response
of the MCL assemblies. The addition of increased torque introduces significant changes in the
strain distributions of the two assemblies. Increased torque produces higher levels of compression
within the assembly (blues and purple) and drastically decreases the tensile strains (orange and
red) during loading. In addition, it can be seen that the increased compression in the assembly
80

appears to provide the abutment with additional support at the implant/abutment interface as the
widest area of maximum strain is no longer at this location, but more distal. These results
emphasize the difference that a tightening specification can have on the loading response of the
titanium components, therefore supporting the continuation of this study, to determine the
behaviour characteristics of the Integrum samples.

4.4 Integrum Parts
4.4.1 Incremental and Direct Torque Application
Incremental torque elongation tests were performed on the Integrum parts to the same standards
as the second stage of pilot testing. The results from all trials are plotted against applied torque in
Figure 4-5. A linear model was fit to the ensemble average of all truncated individual trials giving
an average R2 value of 0.9956 and 0.9987 for the V1 and V2 test samples, respectively (as shown
in Figure 4-5).

Figure 4-5: Bolt elongation for 2 to 12 Nm applied torque. Hex-based connection (V1) (left)
and tapered connection (V2) (right).
An analysis of covariance evaluated the torque-elongation data for the V1 and V2 test
connections. Results indicate a statistical difference between the elongation behaviour of the two
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connection designs in the overall test of coincidence. Further analysis concluded that the slopes of
the two data trends are not statistically different, however the intercepts are (p<0.05).
Throughout the incremental and direct testing, no measurable change in length was observed
before and after torque application, therefore, the applied torque and preload stress were assumed
to remain within the elastic range of the material, allowing the calculation of tensile force, and
preload stress to be determined using Hooke’s Law.
Using the calculated ∆L values at the manufacturer’s specified tightening torque (12 Nm),
equation 2.11 was implemented to calculate tensile force in the bolt. Bolt tension was calculated
at each point of the torque-elongation tests. Knowing the preload tension, and the applied torque
that induced it, the experimental torque coefficient, K, was calculated, using equation 2.6. Figure
4-6 illustrates the torque coefficient, K, as calculated for the ensemble average of the torqueelongation data for the 10 samples (five trials with each sample) for each connection type. K is a
function sensitive to the geometry and friction characteristics of a joint. This figure illustrates
these relationships with regards the V1 and V2 assemblies. Both connection designs exhibit
decaying behaviour; a high torque coefficient at the initiation of torque application, as all of the
components are assembled, eventually decreasing, and leveling off to a point where the K value is
a measure of only the bolt behaviour within the assembly. Both the V1 and V2 responses show
the K value becoming constant at 11-12 Nm.
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Figure 4-6: Experimentally derived bolt constant, K
The mean K value at 12 Nm tightening torque was measured to be 0.56 and 0.55 for V1
incremental and direct testing and 0.49 and 0.46 for V2 incremental and direct testing,
respectively. It can be seen that on average, the V2, Morse taper, connection decreased the
friction components, and torque requirements, during testing.
Using equation 2.12, the net preload stress within the bolt was estimated. Mean stress calculations
were performed using the minimum cross sectional area (the minor thread diameter) of the bolt.
Percent yield strength was calculated using the ASTM material test specification for the bolt,
where YS = 828MPa and E = 114 GPa. Other component specifications include:
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Table 4-5 provides the ensemble average and standard deviation of the measurements and
calculations of the ten samples (five trials for each sample) of the V1 and V2 test assemblies for
both the incremental (Inc) and direct (Dir) test methods. The mechanical tests reveal that the
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tightening torque specifications produce low preload stress values for all four test conditions. A
two-way repeated measures ANOVA evaluated the relationship between elongation at 12 Nm for
the two test connections, using the two test methods. Results indicated statistical differences
between the elongation response of V1 versus V2 test connections (P<0.05), however there was
no appreciable difference between the results of the incremental versus direct testing methods.
Table 4-5: Summarized results of the torque-elongation tests; mean over 10 samples,
five trials per sample (±SD)
Sample Test Torque
(Nm)
V1
Inc 12.09 (0.07)

Elongation
(µm)
96.5 (15.4)

Force
(N)
3548.6 (567.2)

Stress
(MPa)
198.3 (31.7)

% Yield
Strength
23.96 (3.8)

V1

Dir

12.13 (0.10)

97.8 (9.7)

3595.3 (567.2)

200.9 (20.0)

24.28 (2.4)

V2

Inc

12.13 (0.09)

110.5 (13.2)

4062.2 (484.7)

227.0 (27.1)

27.4 (3.3)

V2

Dir

12.10 (0.09)

115.6 (13.3)

4248.9 (484.7)

237.45 (27.4)

28.7 (3.3)

Loosening torque was also measured after each sample was tightened to the specified tightening
torque (12 Nm). Average loosening torque as percent average tightening torque (or torque
retention) was calculated per design (10 samples, five trials per sample), the results are
summarized in Table 4-6.
Table 4-6: Summarized results of average
loosening torque as percent average tightening
torque (±SD)
Sample
V1
V2

Incremental Torque
(%)
84.91 (2.73)
84.79 (2.23)
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Direct Torque
(%)
86.72 (2.32)
85.31 (1.86)

Results suggest direct testing is able to improve torque retention within the assembly, however
the results of a two-way repeated measures ANOVA showed that neither connection type nor test
method are indicative of a significant effect towards torque retention within the assembly.
4.4.2 Torque to Failure
Torsion was applied manually to the head of each bolt until catastrophic failure occurred. Figure
4-7 displays the peak torque at the time of failure for the four test groups.

Figure 4-7: Summarized results of torque to failure tests
These mechanical failure tests show relatively high torque requirements to cause failure of the
bolts. The values for the V1 and V2 connection types ranged from 32.76-38.47Nm and 33.5941.85Nm respectively. All V1 samples failed after the first thread, all V2 samples failed after the
second thread.
4.4.3 Strain Analysis
Digital image correlation tests measured the strain response of the four Integrum test groups
(Integrum V1 samples tightened to 12 and 25 Nm, and V2 samples tightened to 12 and 25 Nm)
during a series of loading conditions. The following images are presented to the same scale, and
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illustrate the strain distributions as experienced in the shaft of the abutment (supplemental images
and results are available in Appendix D). The images illustrate the cantilever test situation; the
left side of each image being the interface of the implant and abutment with the right side of each
image being the more distal portion of the abutment, as the shaft turns into the square attachment
(loaded) portion. Calibration of the Integrum parts suggested an average noise floor of
approximately 100µm/m in the εxx strain component. Figure 4-8 presents the 9 loading conditions
that were captured for each bolted assembly. These correspond to the descriptions in Table 3-1,
plus condition 9, the final unloaded, untorqued assembly. Figure 4-8 illustrates that condition 1
becomes the baseline, or reference image for the subsequent loading conditions. Condition 2
represents the first stage of assembly loading, tightening the bolt, which introduces a relatively
symmetric strain distribution throughout the assembly. As loads are attached to the hanger
(conditions 3-7), the assembly experiences tensile stress (red and oranges) imposed from the
bending load and compression (blues and green) on opposite sides of the component (top and
bottom respectively). This leads to asymmetric strain distribution and the creation of stress
concentrations throughout the assembly. As the loading conditions increase from 40lbs to 120lbs
of attached weight, the demands of the assembly are increased. Condition 8 illustrates that the
assembly returns to relatively symmetrical loading once the applied loads are removed. Condition
9 confirms that the assembly returns to a relatively uncompressed condition once the tightening
torque is removed.
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1)

2)

3)

4)

5)

6)

7)

8)

9)

Figure 4-8: Representative DIC output for these tests; ε xx response during the 9 loading
conditions, corresponding to Table 3-1, plus condition 9, the final unloaded, untorqued
assembly, 12 Nm tightening torque.
Figure 4-9 presents the εxx strain measurements during 120lb applied load for each of the four test
groups. The left column being the current, manufacturer’s stipulated tightening torque of 12 Nm,
the right being the increased tightening torque of 25 Nm. The top row shows the behaviour of the
V1 samples, the bottom row being the behaviour of the V2 samples. These images illustrate that
increased tightening torque substantially decreases the tensile stress concentrations and increases
the compressive strains experienced by the sample. It can also be seen that the increased
tightening torque raises the neutral axis (yellow/light green) well above the centerline of the shaft
in comparison to the low-torque condition.
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Figure 4-9: DIC results during 120lb applied load. V1, 12 Nm (top left), V1, 25 Nm (top
right), V2, 12 Nm (bottom left), V2, 25 Nm (bottom right).
Figure 4-10 presents the εxx strain measurements for loading conditions 2 (left column), 8 (center
column) and 9 (right column) for each test group. These images show the assembly’s response to
the tightening torque, before and after loading, and after loosening the torque from the assembly.
The presence of a preload torque is apparent in the left and center columns as the assembly
exhibits compression throughout the assembly. It is also apparent that the tightening torque of 25
Nm increases this preload compression. Localized areas of tension and compression are similar
between the pre-loading and post-loading measurement groups for all four test groups. The V1,
12 Nm, 25 Nm and V2 25 Nm specimens exhibited localized tensile strain concentrations at the
outside interface of the implant and abutment. This behaviour was further exhibited in the final,
untorqued condition, as all four assemblies were returned to a relatively neutral, uncompressed
state; however, the V1, 12 Nm, 25 Nm and V2, 25 Nm parts exhibited residual tensile strain
concentrations, and the V2, 12 Nm sample exhibited residual compressive strain concentrations
within the assembly.
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V1, 12 Nm

V1, 25 Nm

V2, 12 Nm

V2, 25 Nm

Figure 4-10: DIC output of ε xx during loading conditions 2 (left), 8 (center), 9 (right) for
each of the four test groups.
After looking at the comparative strain distributions between test groups, the data were analyzed
to evaluate the locations and magnitudes of peak tensile and compressive strains in the assembly.
Figure 4-11 illustrates the locations of peak tensile (square markers) and compressive (triangle
markers) strain for each test group. Peak values are shown for each of the three samples per test
group. This data suggests that increased torque shifts the peak tensile stress location more
distally, away from the implant interface in the case of the V1 design, however it appears to shift
it proximally, closer to the implant interface, in the case of the V2 design. The peak compressive
strain location appears to respond in the opposite fashion.
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Figure 4-11: Locations of peak tensile and compressive strain for each test group (with
120lb applied load). Three samples per test group.
In terms of strain magnitude, Figure 4-12 presents the average peak tensile and compressive
strains per test group (at the locations depicted in Figure 4-11). It can be seen that in the case of
both the V1 and V2 connection designs, increased tightening torque corresponds to decreased
peak tensile strains and increased peak compressive strains throughout the assembly.

Figure 4-12: Average peak tensile and compressive strain as measured by the DIC system
for each test group (with 120lb applied load).
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The last variable that was evaluated during the DIC tests was torque retention for each assembly.
This is displayed in Figure 4-13 as loosening torque as percent tightening torque for each sample
of the four test groups. These results suggest that increasing the initial tightening torque of the
assembly generally increases the torque retention within the assembly for both the V1 and V2
connection geometry.

Figure 4-13: Torque retention of the Integrum samples following the loading conditions
during the DIC tests.
There was no measurable change in bolt length or alignment following the strain analysis testing.

4.5 Summary
The results obtained throughout these tests confirm that the Integrum assemblies exhibit
improved performance when tightened to a level beyond the current recommended tightening
torque. Increased tightening torque appears to provide an improved connection between
components, leading to increased torque retention, decreased peak tensile strain values and a
more gradual, primarily compressive, distribution of strains throughout the assembly.
The results also indicate several differences between the V1 and V2 connections types. The V1
assembly exhibits increased frictional interactions between the components during assembly. For
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a given applied torque, the V2 assembly achieves a higher preload with decreased standard
deviation between samples. V2 assemblies appear to withstand higher levels of torsion, especially
the brand new bolts, however, the torque to failure tests indicated that the Morse taper connection
was very difficult to disengage the implant and abutment components. Further research must be
completed to identify an appropriate separation and removal method.
The next chapter discusses the implications and limitations of these results. Discussion will also
address whether these results are able to evaluate the original test objectives.
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Chapter 5
Discussion
Osseointegrated transfemoral implants exist as an alternative prosthetic solution for individuals
experiencing problems with conventional, socket-based prostheses. The attachment method has
been shown to illicit significant improvements in patient mobility, comfort and confidence (when
compared to socket-based prostheses). At present, the frequency of device failures and revision
surgery is perceived to be a shortcoming of the procedure. For this reason, mechanical testing was
carried out to evaluate three osseointegrated transfemoral assemblies to determine the effect of
the tightening torque used during assembly, as well as the differences between the V1 and V2
designs. Implant-quality components were tested in an effort to best represent the in vivo situation
so that the results are most applicable to the current population.
Inadequate bolt tensioning has been identified as the most common source of joint failures,
causing several modes of failure including self-loosening, and premature fatigue failures
(Bickford and Nassar, 1998), both of which could be responsible for some of the failed
osseointegrated devices (Michael, 2000, Robinson, Brånemark, & Ward, 2004, Sullivan et al.,
2003, Ward and Robinson, 2005). However, at present, there is no published evidence indicating
work that has been carried out to investigate or mitigate these problems. There have been several
studies with recommendations regarding testing protocol and design considerations for dental
implants of a similar assembly (Haack et al., 1995, Merz, Hunenbart, & Belser, 2000, Norton,
1997); however there is nothing to the scale of the osseointegrated components considered here.
This study aimed to work towards determining the optimal tightening torque for implantabutment-retention bolt stability. A prototype design was created to facilitate pilot testing,
followed by testing of implant-quality parts provided by Integrum AB, Sweden. Torque
elongation testing was carried out to determine whether the current, manufacturer’s specified
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tightening torque achieves an appropriate preload tension within the bolt (and corresponding
compression within the assembly). The results from these tests were then used towards the
recommendation of an increased tightening torque for the assemblies. Torque to failure tests were
carried out to determine the maximum permissible torque, based on the ultimate torsional strength
of the bolts. Full field strain visualization provided an opportunity to evaluate the assembly
behaviour and response during loading. This provided knowledge to better assess the contribution
of the tightening torque, as well as the internal connection geometry of the assembly components.
By carrying out these tests, information was gained regarding the strength of the system, and the
contributions of different design criteria. This information is expected to be useful in the future
design and development of the osseointegrated transfemoral implant system.

5.1 Failure Evaluations of Explanted components
The objective of this work was to better understand the most common modes of failure during
use. This information was instrumental in establishing appropriate diagnostic tools and
measurement protocol that best represent the osseointegrated components during testing in a
laboratory setting.
The four failed osseointegrated transfemoral systems procured from Integrum exhibited four
distinct locations of failure, or points of fracture. The permanent deformation, or bend, of the
abutment was likely caused by a fall or direct impact on the distal end of the abutment. Personal
communication has suggested this is a current problem with some of the osseointegrated patients
(Brånemark, R., personal communication, 2009). At present, these failures increase the revision
surgery statistics for the osseointegrated population as any deformed titanium components are
replaced, because there is currently no research regarding the strength or expected life of a bent
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abutment, and it is difficult to establish and maintain proper alignment of an attached prosthesis
once the abutment is bent.
The stereomicroscope images taken of the fracture surfaces of the abutment provided little
information regarding the primary mode of failure due to extensive damage to the fracture
surfaces. Damage was likely a byproduct of the retention bolt remaining intact after the abutment
failed, as this maintained the three-part assembly, and likely caused the abutment fracture
surfaces to rub together, destroying any evidence left on the fracture surfaces. The locations of
catastrophic failure of the abutment both occurred at features that would commonly experience
increased stress concentrations; the shoulder, where the shaft increases in diameter, and the
interface between two mating surfaces (a sharp corner from the implant, and the uniform shaft of
the abutment). In the event of excessive bending loads, the interface between the implant and
abutment is expected to sustain the highest stresses. Darkened sections were seen on the shaft of
the abutment near this location, where the abutment is engaged in a press fit with the implant, as
well as on the square distal portion of the abutment. This discolouration suggests micro-motion or
rubbing between the two titanium surfaces in the area. It is anticipated that there may be micromotion between the attached prosthesis and the abutment; however there should not be motion
between the components of the osseointegrated assembly (implant and abutment). This indicates
the possibility of improper tolerances or press fit characteristics of the implant and abutment, and
the potential presence of self-loosening of the assembly. Either of these issues could be
detrimental to the mating components. Micro-motion or self-loosening could alter the mechanical
response and load distribution between the parts, overloading the retention bolt or loading a weak
portion of the abutment in an unexpected manner. It is not inherently obvious why the shoulder of
the abutment (where it turns into the square distal end) is a common failure location, other than
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the fact that it is weakened by increased stress concentrations. Perhaps an unexpected loading
pattern exacerbates this weakness with some patients.
The location of failure of the retention bolt is also characteristic, occurring at the beginning of the
threaded section, which also coincides with the bolt’s exit from the abutment. The only evidence
of thread damage was the presence of slight flattening of the leading threads, which is probably a
byproduct of the tightening process, in the event that there was any material or debris in the
threads during tightening. It is not expected that this had an impact on the bolt failure. The
absence of thread stripping or damage at the threads close to the interface between the threaded
and smooth shaft suggests tensile forces are not the main cause of failure. This suggests that both
the anchoring of the threaded portion, and any rubbing that could occur as a result of the exit
location could affect the bolt. Darkened sections on the shaft and the first few threads of the
retention bolt support the notion that micro-motion or rubbing could be occurring between the
two titanium surfaces.
Upon evaluation of the failed bolts from the experimental torque to failure tests, it was clear that
the explanted bolts were failing at the same location (when exiting the abutment), with similar
fracture surface characteristics.
This analysis aided in determining and preparing an appropriate experimental protocol for the test
samples. It became evident that micro-motion between components may be an issue, therefore
highlighting the importance of an accurate, correct, initial tightening torque for the assembly. The
locations of failure were also considered during the organization of the strain analysis tests as it
emphasized the most important locations to monitor.
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5.2 Analytical Calculations
Analytical calculations were carried out to evaluate component behaviour and life expectancy by
estimating strength thresholds for individual parts of the assembly. Calculations were performed
using general bolt theory that is accepted throughout the manufacturing industry (Bickford and
Nassar, 1998, Bickford, 2008, Oberg et al., 2008), and endorsed, and regulated by standards
organizations such as ISO, ASME, BS and NASA (ASME, 2001, Barrett, 1990, ISO, 2009). In
many cases, these types of calculations necessitate the use of assumptions or simplifications due
to materials, complex loading conditions or surface interactions between components. This study
is no exception.
5.2.1 Component Strength
Estimating the tensile and shear strength of the bolt and mating threads is an important measure
when dealing with unlike materials within an assembly. In the case of the osseointegrated
transfemoral assembly, Table 4-2 identifies that the threads of the implant are expected to fail
before the threads or shaft of the retention bolt, as the maximum sustainable load is smallest. This
is expected, as the commercially pure titanium that makes up the implant is significantly softer,
and less strong, than the alloyed bolt, making it more susceptible to shear failure. This presents a
design challenge, as it is difficult to monitor, or repair the internal thread (of the osseointegrated
implant) in the event of thread damage or stripping. Therefore it is imperative that the internal
thread strength is maximized. Table 4-2 also identifies that the threads of the V1 implant are
likely to fail prior to the threads of the V2 implant, based on the current design geometry. The V2
abutment was reduced in length, therefore providing the bolt with an additional 2mm of engaged
threading, allowing additional thread contact and increased strength. This appears to be a positive
step in the design evolution of the osseointegrated assembly.
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5.2.2 Tightening Torque Prediction
The torque necessary to tighten and achieve a strong osseointegrated assembly was estimated
using equations 2.5 and 2.6. The recommended joint preload was determined for a permanent
connection, using equation 2.5, which accounts for both static and repeating loads (Oberg et al.,
2008). For this calculation, the proof strength of titanium was estimated as 85% of the material
yield stress value of the bolt material (as suggested by Oberg et al.). It can be seen that this
method has some short-comings, as the recommended preload value exceeds the strength of the
implant threads as indicated in Table 4-2, which suggests the associated tightening torque is not
appropriate. This method cannot account for mating threads of a dissimilar material, and in the
case of a softer, weaker, mating part, this method will over estimate the recommended joint
preload. Using the design constraints from Table 4-2, an estimated tightening torque was
established for each assembly design. Table 4-3 provides the results of these calculations. It can
be seen that the recommended tightening torque values are significantly higher than the current
12 Nm tightening protocol. The calculated values were determined using an assumed K value of
0.376, based on the approximation that the coefficient of friction for dry titanium surfaces is
typically about 0.3 (Beardmore, 2009, Nasurf, 2004) and assuming this is true between the
threads and bearing surfaces of the implant-abutment-bolt assembly. It is acknowledged that
equation 2.6 is sensitive to this K value; therefore the values in Table 4-3 are simply an
estimation based on the information available. This topic is discussed further in section 5.4.2.
5.2.3 Additional Limitations of Analytical Predictions
Bolting standards were created based on typical joints and fastening applications using
mechanical fasteners made of carbon steel and alloy steel with specific geometric attributes. With
the evolution of advanced materials and machining techniques, fasteners are now made from a
wide range of materials, with custom geometry. This includes the retention bolt in the
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osseointegrated transfemoral implant system, which is made from a titanium alloy, with custom
dimensions allowing a long, slender, partially threaded bolt, designed to integrate with the
implant and abutment. The hex bolt head is also oversized compared to the standard dimensions
for an M6 bolt (BS, 2001). These deviations from ‘standard bolts’ raise questions regarding the
reliability and applicability of using standard bolt theory with custom bolt samples; however, it
was not in the scope of this project to investigate this issue further.

5.3 Pilot Tests: MCL Prototype Parts
The MCL Prototype parts were manufactured, and tested, prior to receiving the implant quality
assemblies from Integrum. Testing these parts provided an opportunity to assess and improve the
experimental protocol, data analysis and interpretation of results prior to testing the implant
quality parts. Throughout the MCL tests, several lessons were learned; these are outlined within
this section.
5.3.1 Torque Elongation
Completing the MCL elongation tests in two batches highlighted the importance of accuracy by
means of a consistent, controlled, testing protocol. Following the completion of the initial tests,
additional measures were taken to improve the consistency and repeatability of the torque
elongation measurements. All bolts were closely monitored for permanent deformation or
alterations in alignment, and the experimental equipment and procedures were modified.
Alignment with respect to the measurement surfaces was considered, as the bolt heads of each
bolt were squared with respect to the bolt end to a tolerance of 0.001in (0.025 mm). Furthermore,
a light source was set up behind the experimental plane to ensure measurements were taken when
the knife edge of the caliper end was square with the bolt head surface (and thus square with the
bolt end surface). This was done to ensure the calipers would measure flat to flat in a consistent,
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repeatable manner. To facilitate a stable, level measurement, a magnetic scaffolding was created
using rare earth magnets. This attached to the caliper shaft and rested on the assembly.
Subjectivity was minimized as one assessor took all experimental measurements throughout the
randomized testing.
5.3.2 Torque to Failure
Prior to any torque to failure tests, the failure limit of the MCL bolts was unknown. Analytical
calculations provided an estimate, however, the calculations were based on an assumed K value,
therefore the accuracy was questionable. Initial tests highlighted the need to acquire a torque
wrench with a higher calibrated range. The present wrench was calibrated to 28Nm, which
appeared to be below the failure limit of the first bolt that was tested.
5.3.3 Strain Analysis
The strain analysis pilot tests were the most involved portion of the MCL tests. However, they
were arguably the most valuable and informative. These tests were used to determine the most
appropriate equipment configuration, including camera orientation, and choice of lens and
lighting conditions. They were also integral in determining an accurate method for specimen
mounting to optimize measurements in order to determine accurate baseline noise conditions.
These tests were also important to determine the feasibility of the planned protocol. A gradual
weight application protocol was implemented, to decrease the incremental load levels,
minimizing the physical demands of the assessor and to protect against injury.
5.3.4 Summary
Overall, the MCL tests were an informative means of evaluating the proposed experimental and
data analysis methods. They also provided an opportunity to practice, and establish a realistic,
methodical testing approach for each experiment. This proved to be a valid and vital portion of
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this study. The resulting data followed the behaviour and trends of published literature, and
validated the use of Hooke’s law. This success supported the use of this protocol with the
Integrum specimens.
Since the MCL results were considered pilot tests, used to evaluate test equipment and establish
appropriate testing protocol, a complete discussion of the MCL results will not be carried out in
the body of this chapter. Further information can be found in the IFMBE proceedings, SBEC
2009 (Thompson and Mechefske, 2009).

5.4 Experimental Testing: Integrum Parts
Integrum parts were procured and evaluated in an effort to understand the mechanical behaviour
of the two osseointegrated transfemoral systems. The established protocols were created to best
assess the current manufacturer’s stipulated tightening torque, and the deformation response to
loading. This work was carried out in an effort to determine the most effective connection design
and to quantify an improved tightening specification.
5.4.1 Torque Elongation
Incremental torque elongation tests were carried out using a protocol proven during tests of dental
implants with a similar assembly (Haack et al., 1995). In this protocol, they cut off the coronal
portion of the abutment and the apical portion of the implant in order to expose both ends of the
screw, to monitor bolt length and elongation after bolt tightening (the implant was truncated to
expose the last thread of the bolt during tightening). In an attempt to improve upon this protocol,
and maintain as much structural rigidity and native behaviour of the test assembly, we modified
the implant base by producing a small ‘window cutout’ on one face of the part. This provided
access to both ends of the bolt, allowing calipers to be inserted to measure net elongation, while
maintaining the majority of the material and internal thread of the implant base. Only the last
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thread or two were exposed, leaving up to 10 threads to engage with the implant and to take the
load during testing. This is over three times the number necessary to adequately transfer forces
from the bolt to the implant (Bickford, 2008). Following the protocol of Haack et al., torque was
applied in 1 Nm increments from 2-12 Nm (12 Nm being the current manufacturer’s stipulated
tightening torque). This incremental loading confirmed the linear relationship between torque and
elongation of our metallic material, and provided preliminary insight into the stress response of
the assembly (based on elongation and analytical calculations).
The two Integrum implant assemblies displayed strong linearity during the torque-elongation
testing; results exhibit an average correlation squared, R2, of 0.9956 and 0.9987 for the V1 and
V2 designs, respectively. This linearity is expected from metallic components within their elastic
range, which supports the assumption that these materials remained within their elastic range,
confirming that the use of Hooke’s law to evaluate stress and tension was appropriate. An
analysis of covariance compared the elongation response of the V1 and V2 assemblies. The
results indicate a statistical effect between the elongation behaviour of the two connection designs
based on the intercepts, but not the slopes of the two data sets. This is expected, as the slopes of
the torque-elongation data (which can also be expressed as stress-elongation or stress-strain)
should be directly related to the material properties and geometry of the components through the
Young’s Modulus. In this case, each assembly consisted of parts made from like materials, and
similar dimensions, therefore the stress-strain behaviour of the assemblies should be comparable.
Whereas the intercept is more indicative of the force-elongation relationship, how early the
assembly begins to elongate, which is a function of the frictional characteristics and geometric
interactions of the assembly, both of which differ between the V1 and V2 designs (as seen in
Figure 3-6 and Figure 4-6).
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The data scatter displayed in Figure 4-5 shows a mean peak elongation (following 12 Nm applied
torque) of 96.5 ± 15.4µm and 110.5 ± 13.2µm for the incremental tests of the V1 and V2 designs,
based on one standard deviation. One standard deviation equates to approximately 15.9% and
11.9% error respectively, in regards to a specific torque achieving a particular elongation. This
suggests three standard deviations (representing approximately 99.7% of the expected data)
equates to approximately 47.7% and 39.6% error when torque is used as the tightening
specification. These results follow the same trend as similar studies (Haack et al., 1995) and are
characteristic of bolt testing; however the variation is higher than the normally reported values.
Using a torque wrench without the use of elongation is typically subject to a scatter of ±30-40%
in the corresponding preload due to the unpredictability of dry friction (Curven, 2004, Edwards
and McKee, 1991, Gill, 1976, SKF, 2001). Using bolt elongation as a means to characterize bolt
preload is among the most accurate methods with an accuracy rating of ±3-5%. Other methods
include preload indicating washers (±10%) and computer controlled systems (±8-15%). Strain
gauges and ultrasonic sensing are said to provide higher accuracy (±1%) (SKF, 2001), however
these were not suitable for this testing situation given the size of the components, close tolerance
between the bolt and abutment shaft and orientation of the experimental set up. In comparison to
the incremental testing, the direct testing exhibited variations equating to 29.9% and 35.5% error
for the V1 and V2 assemblies (with respect to three standard deviations). These values are closer
to those predicted in literature.
It can be seen in Table 4-5 that the preload stress experienced by all four test groups at the
manufacturer’s recommended tightening torque are significantly below the minimum encouraged
tightening stress of 60% YS, as well as the absolute minimum of 37% YS. Figure 5-1 illustrates
the mean results (incremental and direct) bounded by one standard deviation with regards to
applied torque, and the associated preload stress and percent yield stress for both the V1 and V2
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assemblies. It can be seen that the behaviour at 12 Nm is comparable between the incremental
and direct testing groups. The mean stress at tightening for the incremental tests was seen to be
198.3 MPa, or 23.9%YS for V1 and 227.0 MPa, or 27.4 %YS for V2. Direct testing achieves a
slightly higher preload stress with equal or smaller standard deviations between samples/trials.
The observed stress for the direct testing was approximately 200.9 MPa, or 24.3% YS for V1 and
237.4 MPa or 28.7 %YS for V2. Based on a two-way repeated measures ANOVA, the mean
difference between incremental and direct testing is not measured to be statistically different,
however, there appears to be a significant effect in mean preload stress achieved by V1 versus V2
(p < 0.05).
It can be seen in Figure 5-1 that the V2 (taper-based) design experiences greater preload stress for
a given torque. There is no clear explanation for this behaviour but friction is expected to be a
contributor, as it is believed to have a direct effect on preload. Bozkaya and Müftü have worked
with taper-based oral implants and have reported that for a given torque value, the preload
reduces as the friction coefficient increases (Bozkaya and Müftü, 2005). This is seen in Figure
4-6 as we see the V1 assembly exhibits a greater torque coefficient for a given applied torque,
while achieving a lower preload stress within the assembly. The K factor is established based on
the thread geometry of the bolted connection, as well as friction coefficients between the threads
and other bearing surfaces. The tightening torque is responsible for achieving tension across the
entire assembly, therefore it is expected that the contribution of surface interactions between
components affects the overall assembly friction. The Morse taper design requires two perfectly
mating, continuous cones to achieve the strong, self-locking characteristics of the taper. In
contrast, the hex-fit is comprised of a flat-edge hex insert and cylindrical press fit surface which
exhibits small amounts of micro-motion, or ‘play’ between the implant and abutment. It is

104

expected that this motion results in increased interactions and friction between surfaces (as
illustrated in Figure 4-6).

Figure 5-1: Mean bolt stress experienced by the application of torque, bounded by one
standard deviation.
Overall, these results indicate that when tightened to the manufacturers stipulated tightening
torque of 12Nm, all cases fail to meet the minimum recommended preload stress, based on
accepted bolt theory. This suggests the samples could accept additional torque to strengthen the
assembly without inducing plastic deformation of the components.
5.4.1.1 Testing Limitations
The reported calculations are estimates based on net elongation. It was not possible to investigate
the elongation of the smooth and threaded shank portions of the bolt separately. Therefore it is
possible (and likely) that unequal or localized elongation did occur, and different stress
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concentrations may have been present. In an attempt to consider the entire bolt, all calculations
were performed based on the geometry of both the smooth shank and minimum thread diameter.
Only the calculations reflecting the minimum thread area are reported here, as the cross-section
area of the bolt is smallest at this point. The worse case scenario, or largest stress, was expected
to occur where the cross-section area of the bolt is smallest.
One perceived shortcoming of this study is that all bolts tested under direct torque application had
previously undergone incremental torque tests. In addition, all bolts were tested using the same
implant/abutment assembly. In an effort to monitor this effect, the length and alignment of each
bolt were routinely monitored for the presence of any plastic deformation during testing, and no
appreciable deformation was observed. A visual data analysis was also carried out, and indicated
that there did not appear to be any trends suggesting deterioration or changing characteristics
between samples, between successive trials, or between connection types throughout the
elongation tests.
In an effort to minimize experimental errors, several precautions were taken to ensure the
precision, repeatability and reliability of all measurements that were taken. However, it is
acknowledged that this data set demonstrates significant standard deviations within samples. It is
believed much of this can be explained by measurement error. Firstly, the resolution of the
calipers was limited to 0.0005in (0.0127mm) with 0.001in (0.0254mm) accuracy. The most
common elongation at 12 Nm was approximately 0.003-0.006in (0.0762-0.1524mm) therefore the
measurements that were observed remained in the sensitive area of the measurement scale. In
addition, although samples were tested randomly to minimize subjectivity and human influence
during testing, it is acknowledged that it is difficult to ensure that identical pressure is exerted on
the calipers, thus ensuring all trials are measured to the same degree of accuracy. The ‘magnetic
scaffolding’ was constructed to improve repeatability; however a stationary indicator or
106

measurement method could potentially decrease some of the variability and further reduce
subjectivity. The potential for subjectivity or measurement error was supported by the results of
the one-way ANOVA with Tukey posthoc tests comparing the behaviour between samples. The
posthoc results suggested a significant effect between the results of V1 sample 5 with respect to
samples 1, 3, 4 and 8 during the incremental tests, however the posthoc results of direct tests
indicated differences between V1 sample 7 with respect to samples 5 and 9. The loosening results
indicated effects between V2 sample 8 with respect to samples 1 and 3. The variation and
inconsistencies of these results suggest the significant difference is not a function of variations
between individual samples, but potentially a function of variations between the measurements of
each sample.
Regardless, perhaps the biggest limitation of this method is that the final recommendation would
be a stipulated tightening torque. However, bolt tightness is measured in tension (stretch) not
torque (twist) since a stipulated torque is limited by its response to friction, lubrication, thread
condition and the calibration of the torque wrench or indicator. Many of these factors cannot be
controlled in the osseointegrated environment. For instance, lubricants are not purposely used in
the assembly procedure, however the body provides natural lubrication through bodily fluids, the
quality and quantity of which cannot be controlled. Torque is not a measurement of bolt tightness;
it is tendency of a force to rotate an object about an axis, in this case, spin the bolt into the threads
of the implant. It is acknowledged that a stipulated tightening torque is common in machinery and
many other bolted situations, and is certainly most straight forward in a surgical suite however it
must be understood that the recommendation of an appropriate tightening torque will possess
inherent variability based on the many uncontrollable joint characteristics. These tests considered
a limited sample size, therefore limiting the statistical power of the results. Further work must be
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carried out in order to properly establish an optimal torque. This could be done by means of an
optimization method in finite element modeling or thorough extensive experimental testing.
Overall, the use of both incremental and direct torque application methods identified several
advantages and disadvantages to each method. The incremental method allows for additional
monitoring of the torque elongation response, and the extraction of the torque coefficient for a
specific assembly. However, it is especially time consuming and not representative of the in vivo
tightening regime of the osseointegrated transfemoral implant system. The direct tightening
method more accurately mimics the typical tightening procedure of the system, and provided
comparable results regarding assembly response. The direct tightening method generally achieved
a slightly higher assembly preload with equal or smaller standard deviation between trials. This
technique also appeared to slightly increase the torque retention of the assembly. Because there
was no statistical difference between tightening methods, neither method is obviously better than
the other. Each method provided important information regarding the material response of the
assembly.
5.4.2 Torque to Failure
Torque to failure tests were carried out on a limited subset of the samples used during the
previous tests. Two new bolts were also tested with each connection type. For these tests, the
modified implant base (with the ‘window cutout’) was used. This was done in an effort to gain
additional knowledge regarding the torque-elongation relationship past the 12 Nm mark.
Unfortunately the size and geometry of the assembly and caliper blades prohibited the collection
of useful, repeatable data.
Upon bolt failure, the implant and abutment were separated to extract the failed bolt portion, in
order to reuse the implant and abutment. This process proved to be quite difficult for the Morse
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taper connection, to the point that a suitable, in vivo separation method has yet to be determined.
Because the window was not able to provide additional information, and the assemblies provided
challenges related to component separation, the modified implant and mating abutment parts were
only used for the two new bolts.
Three pre-tested bolts (bolts that had previously been subject to both incremental and direct
torque-elongation tests) were also tested with each connection type. Each of these bolts was
tested with its own, new, implant/abutment components. Figure 4-7 illustrates the results of these
tests. It can be seen that there is very little variation within test groups for the V2 connection.
There is larger variation within V1; however, the behaviour between tests (new vs. old bolts) is
comparable, where as there was visible separation between the failures of the new and old V2
bolt samples.
All bolts failed well above 30Nm. The small sample size limits the ability to suggest an
‘optimized’ tightening torque specification, but based on the work of Trilling (Trilling, 1988),
75% of the ultimate torsional strength (UTorS) would suggest a potential tightening torque of
24.6Nm for V1 and 25.2Nm for V2 (based on the lowest recorded torque at failure). These values
suggest that the V1 and V2 connection types do not require significantly different tightening
specifications, however, if the results for the lowest recorded torque at failure for the new bolt
were used, there would be a larger separation (25.6Nm vs. 31.3Nm for V1 and V2). For these
purposes, the minimum pre-tested bolt results were used as the UTorS criterion in order to
provide a safety factor, given the variability between sample failures. In comparison, Table 5-1
provides a summary of the previous estimations of appropriate tightening torque, as determined
by extrapolating the linear relationship established during incremental testing to 60% YS, and as
predicted in Table 4-3, using equation 2.6.
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Table 5-1: Summary of predicted tightening torque values

Recommended
Tightening
Torque (Nm)

Experimental,
75% UTorS1

Experimental,
60% YS2

Estimation,
equation 2.6
(assumed K)3

Estimation,
equation 2.6
(derived K)4

Analytical
Prediction5

V1

V2

V1

V2

V1

V2

V1

V2

Generic

24.6

25.2

25.8

23.9

22.5

26.9

33.5

33.6

15.28

1

Using experimental torque to failure data, based on 75% ultimate torsional strength
Using a linear extrapolation of the mean torque to failure to 60% YS
3
Analytical evaluation using equation 2.6 (assuming K=0.376)- from Table 4-3
4
Analytical evaluation using equation 2.6 (using experimentally derived K=0.56 for V1, 0.47 for V2)
5
Analytical estimation using equations 2.5 and 2.6, generic prediction based on Ti6Al4V properties
2

It can be seen that some of the results in Table 5-1 contradict one another. With regards to the
experimental results, the magnitude of these values are comparable, however the ultimate
torsional strength predicts V2 requires a higher recommended tightening torque, yet the yield
strength method predicts V1 requires a higher tightening torque. It is believed that this
inconsistency may indicate that the assumption of a continuous linear response (in extrapolating
the mean torque-elongation data trend to 60% YS) may not be valid during the application of
torque beyond 12 Nm. Further work must be completed to evaluate the material behavior of this
composite assembly throughout a larger range of applied torque values. When comparing the
estimated values to the experimental 75% UTorS evaluation, there are several discrepancies. The
estimation assuming K = 0.376 is comparable to the experimentally determined recommended
torque values, despite K = 0.376 being an underestimate of the torque coefficient evaluated
experimentally. In contrast, the estimation using the K values, as derived, indicates an
overestimate of the recommended torque. It is possible that this was caused by an overestimate of
K if it actually levels off further at higher torque levels. As well, equation 2.6 uses ‘d’, the bolt
diameter, which was taken to be the bolt shaft diameter, which is 6mm, however this is the
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maximum diameter in the bolt, therefore one of the strongest areas of the bolt. If the minimum
threaded diameter had been used as the input diameter, it would decrease these analytical
predictions. Lastly, the 75% UTorS estimation was based on the minimum recorded pre-tested
bolt torque to failure result. This was done to provide a safety factor given the variability within
our limited sample size. However, it is recognized that the V2 assembly would have required a
tightening torque of 31.3Nm if the 75% UTorS criteria was based on the performance of the new
bolts. This value is much more similar to the estimation using the derived K values. The generic
situation is significantly lower because the estimation only considers the material properties of
the bolt and not the increased strength from an extended length of engagement, nor did it evaluate
the joint based on the experimental K factor. The 75% UTorS criterion was used to set the upper
tightening torque specification for the strain analysis as it was not affected by assumed or
estimated constants or geometrical properties. It was limited by the variability between torque to
failure results, however it is believed that it best represents the mechanical behaviour of the
assembly at higher torques.
Inspection of each failed bolt indicated a common mode of failure, suggesting failure of the bolt
threads in shear. There was no evidence of thread stripping on the bolt, and in all cases the
fractured portion of the bolt was simply extracted from the implant by reverse threading,
suggesting there was no appreciable damage to the internal threaded surface engaged with the
bolt. It was observed that all V1 parts failed after the second thread, however all V2 bolts failed
after the first. It is believed this is in direct response to the V1 abutment being 2mm longer than
the V2 abutment. This discrepancy would suggest each bolt is failing at the first engaged thread,
as expected, as it experiences the highest loads (as shown in Figure 2-9) (Bickford, 2008).
The torque to failure tests indicated that the Morse taper connection made it difficult to disengage
the implant and abutment components. The separation method in the laboratory was to use a
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block and mallet and repetitively strike the block towards the shoulder between the parts, in order
to dislodge the connection. This method was difficult, and holds no surgical significance, as the
shoulder we used to strike is not accessible once the assembly is implanted. This suggests
explanting a damaged component may not be possible. Typically, in the workshop, tapered tools
are removed from tapered receptacles in two ways, either by inserting a drift punch axially from
behind, and tapping the tapered shank tool out of the receptacle, or, if the tapered shank tool is so
designed, inserting a wedge shaped block of metal into a cross hole through the shank (similar to
the ‘window cutout’ of the implant), and tapping it. The cross section of the wedge gets larger as
it is pushed in further, therefore bearing against the foremost edge of the tapered insert,
dislodging it from the receptacle. However, due to the biological application of this device, the
tapered receptacle is inaccessible; therefore neither of these conventional methods of separation
are applicable. Further research must be completed to identify an appropriate separation and
removal method.
Based on the current osseointegrated population, and present test sample size, this would suggest
a confidence interval of approximately 43% (when considering five samples per connection
geometry). In order to decrease this to a confidence interval of 5% (with 95% certainty), 92
samples of each connection geometry should be tested, therefore, additional work must be
completed before a new recommended tightening torque is determined (MccorrInc.). There is
additional uncertainty due to the inherent error associated with torque application equipment,
which further emphasizes the importance of a large sample group.
5.4.3 Strain Analysis
Strain analysis provided a more objective means to evaluate the material response of the two
Integrum connection designs, as well as the two tightening torque conditions. The protocol was
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constructed based on the findings of earlier sections of this study, and perfected and carried out
with the help of NRC.
The calibration procedure was completed using a rigid slide with a 9x9 grid of contrasting dots
with 2mm spacing. This calibration grid was chosen as it was able to most effectively fill the field
of view once the cameras were positioned for the test specimens. This ensured the entire field of
view was most accurately calibrated for the experiments.
The complex geometry of the test specimens presented some calibration and evaluation
challenges. A speckled pattern was painted onto the measurement surface in order to provide
randomized, identifiable surface characteristics for the camera to capture. This was essential, as
the smooth annealed titanium surface does not provide much information. However, it was
evident that the measurement surface had to be cleared with compressed air following the applied
tightening torque, otherwise paint chips would present noise and error within the measurement
volume. The number and randomization of surface characteristics was especially important as the
primary measurement section was cylindrical, exhibiting a predisposition to the influence of
shadows, therefore providing depth of view challenges for the camera. Some of these problems
were improved or mitigated with the use of high-powered LED lights and specialty Schneider
lenses. This provided superior illumination and enabled precision and accuracy for each image.
Regardless of these measures, there remained a small shadow at the abutment shoulder, on the
right hand side of the measurement volume. This was cast by the weight attachment hanger and
introduced some noise in this area of the DIC results. Another source of noise, or error, was
caused by issues related to the cylindrical shaft. Despite the thorough calibration process, there
was a substantial amount of baseline noise in the εyy strain measurements. It is believed this was
caused by the changes in depth of field in the vertical direction because the εxx data maintained a
relatively low noise floor (a conservative estimate of approximately 100µm). Both directional
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strain components are integral parts in the calculation of principal strains and shear strain, the
compound effect of multiplying several error components magnified this noise, presenting data
that was difficult to decipher. For this reason, these analyses have focused on the most apparent,
cleanest strain response, the longitudinal strain, εxx.
εxx, provides significant evidence regarding the material response of the four Integrum test
groups. Figure 4-8 illustrates the response throughout the nine loading conditions. Condition 1,
untorqued and unloaded, was used as the baseline, or zero image for all subsequent loading
conditions. This was used to evaluate the noise floor values for each specimen and set a baseline
with the weight attachment hanger in place. The weight of this attachment is relatively
inconsequential at 100g, but having it in place for the reference image ensures that all
computations are carried out with this as a constant. Conditions 2 and 8 illustrate the unloaded,
torqued condition before and after loading. This is shown for each of the four test conditions in
Figure 4-10. These results indicate that torsion introduces relatively uniform compression to the
osseointegreated assembly, with elevated compression for the increased torque condition. All four
test groups exhibited similar behavior in pre-loading and post-loading in terms of magnitudes and
distribution of strain. The V1, 12 Nm, 25 Nm and V2, 25 Nm test groups exhibited localized
tensile strains near the implant-abutment interface. Since the assemblies are principally under
axial compressive loads, the existence of tensile strain concentrations is peculiar. It is believed
this response is created by minute bulges of the abutment material. The abutment material is
softer than the bolt, with a much lower yield stress. As the bolt induces compressive forces on the
assembly, the close tolerances between the implant and abutment connection (either hex-based
with a press fit, or the Morse taper) add a radial force to the abutment. Minute bulges form at the
implant-abutment interface creating tensile strain features. Radial bulging caused by compressive
loading is a phenomenon that often causes yielding in tension during compressive concrete
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cylinder tests (Petroski and Ojdrovic, 1987). In contrast, the V2, 12 Nm group did not exhibit this
behaviour. It is believed the tightening torque of 12 Nm did not create the compressive forces
large enough to disturb the Morse taper connection. The right column of Figure 4-10 suggests that
the same three test groups retain residual tensile strains at the implant-abutment interface
following loosening torque. This suggests plasticity within the assembly, indicating that the
tightening torque or applied loads induced stresses above the yield stress level of the material.
This is a practice that is explicitly avoided in most designs as keeping a part in service after
exceeding YS could reduce the overall strength and life of the component. Because loading was
applied incrementally without relieving the load and tightening torque between loading
conditions, the load level that first introduced residual strains to the system is unknown.
Additional work must be completed to properly identify the yield level. At present, the 120lb load
condition is representative of the peak force experienced in the AP direction during a fall, three
times larger than the loads expected in the AP direction during activities of daily living.
Conditions 3-7 illustrate a stepwise increase in asymmetrical loading in response to the gradual
addition of increased loads. As tensile strains are induced on the top portion of the loaded
assembly, compressive strains increase on the lower portion. Figure 4-9 illustrates the highest
loading condition, producing the most active load response for each of the four loading
conditions. These results suggest increased tightening torque substantially decreases the tensile
strain area of both the V1 and V2 test groups. It can also be seen that increased tightening torque,
and overall compression within the assembly raises the neutral axis above the centerline. This is
representative of non-uniform bending throughout the assembly.
Figure 4-12 illustrates the locations of peak strain over the length of the field of view. It can be
seen that for the V1 specimens, increased tightening torque generally moved the peak strain
distally, away from the implant-abutment interface, but remained close to the outside edge of the
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abutment, however the V2 assemblies exhibited peak strain values more proximally, closer to the
interface and medially, towards the centerline. The peak compressive strain values responded in
the opposite direction. The behaviour of V1 is as to be expected as previous analyses have
illustrated that the increased compression appears to provide additional support at the implantabutment interface, therefore encouraging peak tensile strain values to move more distally. The
V2 results remain unclear, however, it was observed that the transition from a uniform shaft to a
Morse taper occurs slightly distal from the implant-abutment interface. As indicated before, it is
possible that the increased torque caused micro-bulging of the abutment material, leading to strain
concentrations and plasticity at the taper transition. Instead of providing additional support at the
implant-abutment interface, it could accentuate the minor change in shaft diameter and
concentrate the strains in this region. Both the V1 and V2 test assemblies lowered the average
peak tensile strain value, and increased the average compressive strain value with the addition of
an increased tightening torque. The 25 Nm tightening torque also appeared to increase torque
retention in both the V1 and V2 assemblies.
The experimental results provided evidence that both the V1 and V2 assemblies exhibit improved
behaviour and material response in the presence of a tightening torque established as
approximately 75% of the ultimate tensile strength of the material. Increased tightening torque
increased the preload force within the assembly by raising the compression between bolted
components. This increased compressive strength decreased the area of strain concentrations and
more broadly distributed strains throughout the assembly.
Digital image correlation provided a means to measure deformation over an entire area and
identify critical locations when the assembly was subjected to a series of loading conditions.
Unlike gauges, and photo elastic coatings, it allowed a contact-free method to evaluate the entire
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field of view. The process was relatively simple once the specimens were prepared and the
system was calibrated.

5.5 Summary
Overall, increasing the tightening torque on the osseointegrated transfemoral implant system was
shown to provide improved strength and mechanical response during loading. This was shown by
decreased strain concentration values, and improved distribution of tensile strain. Approximating
75% UTorS using the minimum recorded torque to failure results for the pre-tested bolts
suggested that V1 and V2 connection types do not require significantly different tightening
specifications (24.6Nm vs. 25.2Nm for V1 and V2), however, if the new bolt failure results were
used, there would be a larger separation (25.6Nm vs. 31.3Nm), therefore additional tests must be
completed to determine the most appropriate criteria for specification. The V2 design offers
improved strength through its increased length of thread engagement, and a mechanical
advantage in terms of its increased resistance to torsion; however it is very difficult to
disassemble. It is believed this design could benefit from an implant and abutment made of
another safe, biocompatible titanium composition that provides additional strength as it could
eliminate the weakness in the internal threads of the implant and potentially decrease or eliminate
the tensile strain concentrations observed at high loading conditions. However, at this time, there
appears to be no unanimously superior design connection. This study was subject to several
design limitations including a small sample size, the reuse of samples between tests, and the
completion of only static tests given the limitations of equipment and facilities; however, it
remains the only work investigating these issues. It must also be stressed that although increasing
the tightening torque appears to provide improved performance, further work must be done to
determine an optimized tightening specification, and to determine the effect of increased torsion
on the implant-bone interface.
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Chapter 6
Conclusions and Recommendations
6.1 MCL Prototype Parts
The MCL prototype samples provided a valuable opportunity to test, evaluate, and improve all
testing protocol prior to subjecting the implant quality components to additional tests. The
samples demonstrated similar material response and behaviour, as observed with the Integrum
samples, providing the results of the pilot test with additional weight and importance.

6.2 Integrum Parts
The results of these tests suggest that it would be acceptable to tighten the retention bolts beyond
the manufacturer’s recommended tightening torque of 12 Nm. Increased retention bolt assembly
torque would increase assembly strength without inducing plastic deformation of the components.
Preliminary results suggest a tightening torque of 25 Nm could be applied to the V1 and V2
assemblies without increasing the risk of failure, however, there remains a wide confidence
interval with respect to these results, additional testing must be completed. Present results
indicate that increased torque will decrease the tensile strain concentrations and more broadly
distribute strains throughout this assembly. This will supply the assembly with strong
compressive forces, providing an adequate preload for the osseointegrated transfemoral system.

6.3 Recommended Future Work
This study appears to be the only work investigating these issues; therefore there is significant
room for continuation and expansion.
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Increase the Sample Size
The sample size was a significant limitation in several areas of this study. Reusing the Integrum
bolts for each test protocol is seen as a shortcoming of this study, especially because the torque to
failure tests of the V2 assembly indicated behavioural differences between the previously tested
samples and new samples. In addition, more samples would provide statistical significance to the
torque to failure data, providing more useful data to suggest an alteration in the tightening
protocol. Based on the current osseointegrated transfemoral implant population of approximately
120 patients, a 5% confidence interval would suggest 92 samples should be tested to provide data
that best represents the expected behaviour during use (with 95% certainty).
Permanent, stationary Elongation Measurement Method
A more permanent, stationary means to evaluate bolt elongation could provide improved
accuracy and eliminate the subjective, assessor-based element of each elongation measurement.
This could potentially decrease the variation of both within-subject and between-subject
measurements. This setup could also be used to evaluate the material behavior of these composite
assemblies throughout a larger range of applied torque values.
Complete Dynamic Testing
Completing dynamic testing with the assemblies could provide further knowledge of the
mechanical behaviour of the osseointegrated transfemoral assembly. Cyclic testing could indicate
whether endurance levels or life expectancy differ between the V1 and V2 design. In addition,
strain analysis during 6DOF loading could provide a more thorough understanding of the
mechanical behaviour of the assemblies during loading. This could be used to determine whether
there is an optimized orientation for the alignment and insertion of the implant with respect to the
hex connection.

119

Create a Finite Element Model
An appropriate, accurate finite element model of the osseointegrated assemblies could offer
valuable information regarding assembly response and behaviour before using valuable resources
to carry out further mechanical tests. A representative model could be instrumental during future
design alterations and improvements. Optimization routines could address design problems or
proposed alterations in a much more efficient manner.
This model could also be expanded and applied to evaluate the implant-bone interface to
determine the biological effects of an increased tightening torque.
Design Work
In the event that the V2 design is tested further, and deemed mechanically superior, it is essential
the components are properly designed to enable removal of all or parts of the implant system in
the event of an individual abandoning the system.

6.4 Summary
This study showed that the current manufacturer’s specified tightening torque appears to be
inappropriate for maximal strength and mechanical response characteristics of the osseointegrated
transfemoral assembly. Increased retention bolt assembly torque would increase assembly
strength without inducing plastic deformation of the components. Improving component strength,
response, and behaviour is essential to decrease the rate of failed implant components. This is
expected to improve the quality of life of many individuals. Decreased failures will decrease the
prevalence of additional surgeries, hospital bills, rehabilitation, and time away from work and
daily life.
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Appendix A
Photos of Implant Failures, explanted from patients

Figure 6-1: Permanently deformed abutment and bolt.

Figure 6-2: Permanently deformed abutment. Dark sections apparent at cylindrical pressfit section and square attachment site. This suggests friction between mating titanium
surfaces.
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Figure 6-3: Intact retention bolt showing signs of friction within the abutment shaft (top).
Catastrophic failure at the shoulder of the abutment (bottom).

Figure 6-4: Intact retention bolt, catastrophic failure of the abutment at the interface
between the implant and abutment.

Figure 6-5: Catastrophic failure of a retention bolt at the first thread.
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Appendix B
MCL Prototype Parts

Figure 6-6: Engineering drawings for the MCL prototype implant base.
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Figure 6-7: Engineering drawings for the MCL prototype abutment.
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Figure 6-8: Engineering drawings for the MCL prototype retention bolt.
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Appendix C
NRC Custom Mounting Fixture

Figure 6-9: Assembly drawing for the NRC custom mounting fixture.
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Appendix D
Supplementary Images of the 3D Digital Image Correlation Tests

Figure 6-10: Calibration slides for the DIC system. The 9x9 2mm spacing was used for this
experiment.

Figure 6-11: Representative Integrum sample with painted speckle pattern for improved
DIC performance
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Figure 6-12: Specimen mounted in the custom test fixture for the DIC testing with the
attached weight hanger (blue).

Figure 6-13:Weight hanger accessory for loaded DIC tests.
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Figure 6-14: Test setup for the DIC testing.
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Figure 6-15: DIC output for pilot test group 1, MCL sample 4, tightened to 12 Nm.
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Figure 6-16: DIC output for pilot test group 2, MCL sample 1, tightened to 21Nm.
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Figure 6-17: DIC output for Integrum test group 1, V1 sample 8, tightened to 12 Nm. (The
other samples in the group were # 2, 9)
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Figure 6-18 DIC output for Integrum test group 2, V1 sample 1, tightened to 25 Nm. (The
other samples in the group were # 5, 10)
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Figure 6-19: DIC output for Integrum test group 5, V1 sample 11, tightened to 25 Nm. (This
was a mini test to evaluate whether there was an appreciable difference between the
behaviour of previously tested bolts (group 2) or this brand new, untested bolt. No
appreciable differences were found. This was not explicitly reported on within the body of
the report).
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Figure 6-20: DIC output for Integrum test group 3, V2 sample 3, tightened to 12 Nm. (The
other samples in the group were # 4, 5)
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Figure 6-21: DIC output for Integrum test group 4, V2 sample 1, tightened to 25 Nm. (The
other samples in the group were # 8, 7)
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Figure 6-22 Peak tensile (top) and compressive (bottom) ε xx strain components with 120lb
applied load. Three samples per test group are presented, Colours are related between
tensile and compressive measurements of the same test group, but not between test groups.
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