


ABSTRACT

Approximately 6.8 million cases of bone fractures are reported in the United States each
year that result directly from injury or other medical conditions (Cluett et al, 2007). While plates
and screws are conventionally used for fixing complicated fractures, staple implants have gained
more prominence in this field.

A subclass of staple fixation uses shape memory alloys with compositions such as Nitinol
(alloy of nickel and titanium). Shape Memory Alloys (SMAS) have the ability to “remember”
their pre-deformation shape. Nickel-Titanium (Nitinol) alloys will be the main focus of this
thesis. The objective of this thesis was to perform compression force measurements that simulate
the application of Nitinol staples to bone fracture.

Testing was performed on an MTS (Materials Testing System) machine, its
accompanying TestWorks 4® software, and an Instron Environmental Chamber. Custom fixtures
were created to hold the implants in place during the compression testing. The implants were
transformed and forces were measured.

Analyzing the resulting peak and steady state values of load obtained for compression
force measurement of each staple, it was observed that as staple size increased, average steady
state value also increased. There was a non-linear relationship between the staple size and the
average steady state value. When the sample was modeled as a beam in bending, there was still a
non-linear relationship. Statistically significant results (p<0.05) were obtained which support the

hypothesis that the mean steady state forces for each implant size were not similar to each other.
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CHAPTER 1: INTRODUCTION

A fracture is defined as any kind of event where the bone breaks. There are
approximately 6.8 million cases of various bone fractures in the United States every year
(Cluett et al, 2007). Fractures can result from injury or through various medical conditions
that weaken the bone such as osteoporosis.

Fractures are classified as open, closed and comminuted (multi-fragmentary), or simple.
There is no damage to the skin in closed fractures, while in open fractures there is possible
exposure to contamination due to open wounds. In comminuted fractures, the bone splits into
multiple parts, while in simple fractures the fracture occurs along one line and the bone splits
into two pieces.

The branch of surgery that deals with fixing fractures and other musculoskeletal disorders
is orthopedic surgery. One in seven Americans has a musculoskeletal impairment that must
be dealt with surgically. In the United States, orthopedic surgeries cost around $215 billion
annually (Praemer et al, 1999). In orthopedic surgery, there are basically two goals: realign
the bone pieces and hold them in place while fusion occurs. Many fractures can be fixed
without internal fixation, often using casts or other external fixation. In some cases, further
intervention is required which usually results in a surgery to install internal fixation devices
like plates and screws to aid in fusion. Plates and screws are commonly used to resolve
fractures but staple implants have gained traction as a simpler and potentially cheaper
method. There are two basic varieties of staple implants: static and shape transformable.

Shape Memory Alloys (SMASs) offer the ability to “remember” their pre-deformed shape.
There are different versions of SMAs but in this thesis, the focus will be on Nickel-Titanium

(Nitinol) alloys.



The objective of this thesis is to measure the forces that are generated by various shape
memory Nitinol implant staples. Specifically, the forces generated by the implants will be
measured in confined compression. During this application of force, the implant is
transformed from the martensite phase to austenite phase. This study aims to analyze peak

and steady state forces and the load for the implant’s transformation cycle.



CHAPTER 2: BACKGROUND

2.1 Fixing broken bones

In the treatment of fractures, the main objective is to ensure that after healing, the injured
part maintains its function. This is accomplished by restoring the fractured pieces of bone to their
natural positions and maintaining this position while the bone fuses. In simple fractures, a plaster
cast is used to hold the bones in the correct position while also immobilizing the joints above and
below the fracture. If surgery is required, various combinations of nails, wires, plates, or screws
are used to directly hold the bones together. For internal fixation, the implants are attached
directly to the bone during the healing period, and share the load with the bone by acting as a
splint (Figure 1, left). In the case of some severe fractures, a combination of internal and external

fixation is required (Figure 1, right).

Internal Fixation External Fixation

ERELam

(a) (b)

Figure 1: Examples of invasive fracture fixation methods: (a) screws and plates, and (b)
intramedullary nail inside the bone and fixed with screws (www.bonefixator.com).

There are many advantages to using internal fixation devices. They provide excellent control

over the position of bone segments, increased stability and rigidity, and early usage of joints and



muscles. Disadvantages include the risks of the surgical procedure to install the devices and
“stress shielding” which can occur if the internal fixation device carries too large a portion of the
bone’s load. Bone actively remodels in the presence of the stress applied. Most stress shielding
leads to delayed union and poor bone formation since the bone does not see the appropriate stress
levels. Additionally, a new fracture could also be formed at the ends of the implant due to high

stiffness of the plate. When plates are used, the fracture heals mostly by primary cortical healing.

2.2 Bone Healing
In order to understand how fixations repair fractures, it is important to understand the process
of fracture healing. There are five main stages of bone fracture healing:
e Induction — In this stage, a fracture hematoma is formed first after which
inflammatory cells appear approximately 48 hours after the fracture.
e Inflammation — This stage begins with the influx of inflammatory cells, after which
bone and cartilage production signal its end.

e Soft Callus Formation — This stage is characterized by bone and cartilage tissue

development; the cessation of appreciable fracture motion occurs at the end of it.
e Ossification — Endochondral ossification occurs at this stage and is characterized by
the conversion of the soft callus into woven bone.

» Bone Remodeling — This stage is the conversion of woven bone to lamellar bone,

restoring the medullary cavity and bone geometry. The bone is finally remodeled into

its final shape that resembles the original bone shape and strength.

%



The idea of remodeling is summarized as Wolff’s Law (Kenneth et al, 2002) which basically
states that the stresses applied on bone during their normal use cause the bone to get stronger,

especially in the direction opposing the forces.

2.2.1 Wolff’s Law

In 1892, Julius Wolff formulated the ‘Law of Transformation of Bone’ which stated that
“formation of bone takes place wherever stresses of pressure and tension are caused in bone, be
it by pressing or pulling forces” (Kushner, 1940). It states that bones of a healthy animal will
undergo remodeling based on the various loads under the given loading conditions. The
remodeling will result in an optimal architecture for the bone. Hence basically stated, Wolff’s
Law says ‘form follows function’. If bone loading increases, the bone will increase its strength
over time to be able to withstand increased loading. Since Julius Wolff, a number of researchers
have further proven his research and shown that increased bone mass occurs with increased
stresses on the bone (Kushner, 1940). This is clearly illustrated when the leg bones of a normal
person are observed as compared to those of a wheel chair bound paraplegic. The bones of a
normal person are exposed to stresses during daily activities and correspondingly are much

stronger than those bones that experience no stresses.

2.3 Bone Staples
Since 1906, bone staples have been used in the United States for foot procedures. The
advantages of staple fixation include dynamic compression, good approximation of fragments,
avoidance of pin-tract infections from exposed hardware, and less operating time in comparison

to screws and plates (Mereau et al, 2006). In the past, bone staples helped maintain bone



alignment but did not provide compression, were too bulky, had a tendency to become loose,
and demonstrated an inconsistent fixation quality.

The application of compression staples requires four steps: fracture reduction and pre-
drilling implant holes, implanting the staple, seating the staple and applying heat for
compression (Mereau et al, 2006). Presently, staple fixation and stability has been improved by
the composition of the metal. An example of temperature controlling the shape of a metal alloy

is Nitinol.

2.4 Shape Memory Alloys

All elemental metals have distinctive properties which can be enhanced or detracted when
combining metals to form alloys. A special group of alloys called shape memory alloys (SMAS)
show the unique ability to change shape under certain conditions. At low temperatures, these
materials can be deformed in such a way that they will remain stable until heated, at which time
they will return to their original shape. The study of materials science has shown that what
actually happens to these metals is a shifting of their crystallographic structure. At high
temperatures, the crystal structures are known as “austenite” and at lower temperatures,

“martensite”.

2.4.1 Brief History of Nitinol
While working on various alloy systems for his materials project in 1959, William J. Buehler, a
metallurgist at the Naval Ordnance Laboratory (NOL), found that an equiatomic nickel-titanium

alloy had more significant impact resistance and ductility than other alloy systems (Kauffman et



al, 1996). He concentrated on this and named his discovery NITINOL (Nickel Titanium Naval
Ordnance Laboratory).

After additional studies, he discovered various tendencies of nitinol that hinted to its
shape memory property. During a presentation of his findings, someone accidentally applied
heat to a strip of bent nitinol and observed that it stretched back into its original shape. This

discovery was the start of numerous advances and research in the field of nitinol.

2.4.2 Properties of Nitinol
2.4.2.1 Shape Memory

Shape Memory is the ability of certain materials to remember their original shapes.
During this process, the material undergoes a martensitic-to-austenitic transformation, a
crystalline to solid phase change (Figure 2) which is the basis for the memory effect. Martensitic
transformations are “displacive transformations” which do not need long range movements. In
this transformation, the atoms are rearranged into a new and more stable crystal structure while
the chemical nature of the matrix does not change (Wayman et al, 1990). These processes are
also first order transformations in which heat is liberated when martensite is formed. There is a
hysteresis associated with this transformation (the transformation temperatures differ upon
heating and cooling) and a temperature range over which martensite and austenite coexists.

Nitinol undergoes only a shape change of martensite, unlike in steel where the volume
changes, too. The shape of the new phase or the surrounding austenite must be changed to
accommodate the new structure. This can happen by two main mechanisms: “slip” (a change that
involves break in the crystal structure which causes the volume and the shape to change) or

“twinning” (a shifting of the crystal structure which causes the shape to change but maintains its



original volume, see Figure 2). While slip is a permanent process and a common accommodation
mechanism in several martensites, twinning is reversible and can accommodate shape, but not
volume, changes. Twinning must be the dominant accommodation process for shape memory to
occur since it is fully reversible (Wayman et al, 1990).

Martensite can form from austenite in various ways but there is only one way for it to
return to the austenite structure. The foundation for the shape memory effect is based on this

basic geometric concept.
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Figure 2: A microscopic view of the shape memory process (Wayman et al, 1990).

In Figure 2(b), twinned martensite is formed after austenite (Figure 2(a)) is cooled. It is
deformed without undergoing a shape change (Figure 2(c)) by moving the twin boundaries.
Upon heating the twinned or deformed martensite, only austenite can be formed again.

The martensite-to-austenite transformation can be further explained in Figure 3. The
original shape is created by heating the alloy to a temperature well above As (final austenite

temperature). At this point, the transformation to austenite is complete and the material is



restrained to the desired shape for a certain time period. There is no change in the specimen
shape when it is cooled from above As to below M (final martensite temperature). When
deformed below Mg it remains in this state until heated. In the context of orthopedic application,
A (start austenite temperature) can be considered as the body temperature. So if the implant is
heated to above this body temperature, shape recovery begins and is then completed at As. After
completed shape recovery at Ay, there is no shape change when the specimen is cooled to below
Mt. Thus, the reactivation of shape memory can only take place by the re-deformation of the
martensitic specimen (Wayman et al, 1990). In Figure 3, Ms s the start martensitic temperature
and the H (hysteresis) is the difference between the transition temperatures upon heating and
cooling. The shape memory effect occurs only once and is referred to as a “one way shape

memory”.
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Figure 3: The Martensite-Austenite Transformation. Due to temperature change, mechanical properties and crystal structure of
the metal are altered (Kujala, 2003).



2.4.2.2 Biocompatibility

“Biocompatibility” is a material’s ability to remain biologically innocuous during its
functional period inside a living creature (Machado et al, 2003). Two main factors that determine
biocompatibility of a material are the material induced host reactions and the degradation of the
material in the body environment. Titanium is well tolerated and known to have excellent
biocompatibility and corrosion resistance due to the stable titanium oxide (TiO,) layer that
naturally forms on its surface. Nickel, on the hand, is known to be toxic to humans and can cause
severe allergies. Nitinol’s surface layer is primarily composed of stable titanium oxide but can
contain small amounts of nickel oxides (NiO and Ni,O3) (Kujala, 2003). Medical-grade nitinol
(as specified by ASTM F2063-05) is considered to be suitable for implant use and have excellent

biocompatibility in bone tissue largely due to its passive oxide layer (Ryhanen et al, 1999).

2.4.3 Applications of Nitinol

2.4.3.1 Implants

Various factors on which staple fixation depend are: leg length and width, cross-
section geometry, angle of insertion, bone density, and power versus hand-driven technique

(Mereau et al, 2006).



1. Staple is formed by heat treatment.

2. Staple is cooled down and stretched and will remain
stable slightly above body temperature.
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3. Staple is inserted into bone (zero insertion force).
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4. Staple is heated, recovers shape.
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Figure 4: Nitinol Compression Staples: Formation, insertion, and compression (Mereau, 2006).
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The Nitinol compression staples in Figure 4 were first introduced in 1983. Most are based
on same principle: A nitinol staple is first formed with nickel and titanium and by various heat
treatments. The staple is then cooled down and stretched and will remain stable slightly above
body temperature. The arms of the staple are then specially inserted into holes drilled in the
fractured bone (see Figure 4.3). When the staple is then heated it will restore to its original shape,
leading to compression between the fragments (see Figure 4.4). These forces created by the
staple prongs apply dynamic compression to the bone fragments once the implant has been
heated. The Nitinol Transition temperature level is around 42,-52, C (Mereau et al, 2006) which

is well below established tissue necrosis temperatures (Moritz et al, 1947).
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

3.1.1. Testing Equipment

A Materials Testing System (MTS) Device (Model # 1122, Eden Prairie, MN) utilizing
TestWorks 4® software (version 4.05) was used for compression testing of the implants (Figure
5). A 10001b reversible load cell was installed and used in conjunction with an Instron

environmental chamber (Norwood, MA).

Figure 5: The MTS (Materials Testing System) Device used for force generation of Nitinol
Implants



The environmental chamber (Model# 3111, Figure 6) ranges in temperatures from -129,
C (-200, F) to 1000, C (540, F) and it helps maintain a constant temperature throughout the

testing.

Figure 6: The Instron Environmental chamber used to observe changes in staples over a range of temperatures.

3.1.2 Custom Fixtures
Fixtures made of polyethylene were created to hold the implant in place during the
experiment (Figure 7 & 8). The grips were drilled through 9/64” to fit the legs of the large and

medium implants and 1/16” to fit the legs of the small implants.
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