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Abstract 

Title: An Experimental and Computational Mechanical Analysis of Bone Anchors 

and Substrate Interface 

Author: Samantha May Schultz 

Advisor: Ted Conway, Ph.D. 

Screw loosening is a common concern in orthopedic surgery. Therefore, this study is a 

computational and experimental evaluation of bone substrate and cortical screw interface. 

An axial load test was performed in an Instron with titanium alloy screws with 2.7 mm, 3.5 

mm, and 4.5mm diameter orthopedic cortical screws inserted into SawBone with densities 

varying from 10 to 50 pounds per cubic foot (PCF), incrementing in sets of 10 PCF. 

SawBone was chosen in place of human bone because it has been shown to emulate the 

same mechanical properties (1). Twelve samples were prepared for each screw size and 

substrate density combination to ensure statistical significance. The experimental data was 

collected into average stress-strain plots for each density. Then, each combination was 

modeled two-dimensionally within Ansys. Each two-dimensional model contained a 

refined mesh, appropriate material properties, boundary conditions analogous with the 

experimental setup, and had proper contact definition. The FE models were validated by 

plotting their stress-strain data against the stress-strain data collected in experimentation. It 

was found that the substrate density and screw diameter have a direct effect on the 

interfacial stiffness. Additionally, stress risers were located at the far top edge of the screw 

thread on the SawBone and the top support on the SawBone.  
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Chapter 1 
Introduction 

When a fracture occurs, orthopedic surgeons have a variety of bone fixation devices they 

can choose from, including traditional or locking plates, cortical or cancellous screws, etc. 

Figure 1 demonstrates a femoral head fracture fixed with a combination of cancellous and 

cortical screws. Additionally, a lag screw has been inserted into the femoral head for 

stability. The goal is to support the fracture effectively with the minimal amount of 

hardware to reduce the possibility of infection or screw failure (2). If the screw fails and 

needs to be replaced, the secondary implant will not be as strong as the first due to damage 

of the surrounding tissue (3). Therefore, it’s imperative to understand the bone-screw 

interface and how to optimize its success.  

 

Figure 1: Example of a femoral head fracture fixation (4). 



2 

 

In order to explore the relationship between pullout strength and substrate density, an axial 

pullout test was performed in an Instron. Axial load testing was chosen since it is the 

American Society for Testing and Materials (ASTM) standard for testing metallic screws. 

Additionally, it was chosen because it correlates to the transverse direction to the bone, 

which is the weakest direction of the bone. Therefore, if an implant-bone interface can 

withstand an axial load, it will be able to withstand more than the same force 

longitudinally. SawBone was chosen because it has been proven to have similar 

mechanical response as human bone, and is in compliance with the ASTM standard (1). 

The SawBones chosen were uniform in density in order to determine the effects density 

has on pullout strength. Orthopedic titanium alloy cortical screws of 2.7 mm, 3.5 mm, and 

4.5 mm diameter inserted in SawBone of 10-50 pounds per cubic foot (PCF) densities were 

tested to determine their effect on the interfacial stiffness. In order to reduce time and cost 

of future studies, a foundational study was performed within Ansys that replicates the 

experimental axial pullout set up through finite element analysis. The finite element 

models were then validated against the experimental data. 
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Chapter 2 
Orthopedic Bone Anchors 

Cortical versus Cancellous Screws 

Varying in size and shape, orthopedic bone anchors are carefully selected based on the 

physical characteristics of the bone and the fracture. The two main types of orthopedic 

screws are cortical and cancellous screws, which are usually made of stainless steel or 

titanium alloy. These screws have different thread designs, which allows the screws to gain 

bone purchase for different bone properties. Cortical screws have a finer pitch, or shorter 

distance between threads, whereas cancellous screws have a coarser pitch. Additionally, 

cortical screws have a smaller effective thread depth than cancellous screws. By design, 

cortical screws are usually selected for fractures located in the diaphysis of the bone. On 

the other hand, cancellous screws are used at the metaphyseal and for reduced density bone 

because its threads have an increased surface area which reduces shear stress (5). Both 

types of screws are available in either fully or partially threaded designs.  

 

Screw Design 

Orthopedic screws are characterized by four main parts: the head, the diameter, the threads, 

and the tip. The geometry of the screws are designed specifically to optimize fixation of the 

fracture and stimulate healthy bone healing. The design on orthopedic screws relies on 
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torque between the bone and screw threads to reduce shear and gain fixation strength (6). 

The head of the screw is used to drive the bone anchor into place. Most orthopedic screws 

have a hexagonal shaped recess, but some very small screws used in the hand and foot 

have a cross-shaped recess. Some heads have threads in order to lock into threaded plates, 

creating an angularly stable fixation. A threaded screw head can create a small gap 

between the bone and plate, which allows for vascular flow. On the other hand, a non-

threaded screw head used in combination with a plate relies on the compression between 

the bone and plate to stabilize the fracture (7).  

 

Figure 2: Orthopedic screw geometry labeled. (7) 

Selecting the appropriate screw length is imperative in orthopedic surgery. The nominal 

length is the top of the head to the end of the tip. Surgeons typically use a gauge wire when 

measuring the pilot hole to select the correct size. The depth gauge has a hook, which the 

surgeon places on the far side of the cortex to determine the depth of the pilot hole (8). If 



5 

 

the screw length is too small, the screw will not gain full purchase of the bone. However, if 

the screw protrudes beyond the second cortex, soft tissue is at risk of damage (9).  

 

The core of the screw holds the threads, which increase the surface area, increasing the 

holding strength of the bone anchor. The nominal diameter of the screw is the outside 

diameter of the screw, or the core plus two widths of the thread. The core diameter is the 

width of the screw without threads. The effective thread depth is the width of just the 

threads. The pitch of the screw is the distance between threads, or the length of the screw 

the thread traveled in one 360◦ spiral (6). The finer the pitch, the more surface area of the 

threads engaged with bone, therefore, increase the pull-out resistance of the bone anchor. 

The thread shape factor is the ratio of the effective thread depth to pitch (10). 

 

The tip of the screw is the first part of the bone anchor to be inserted into the bone. 

Therefore, there are variety of tips to choose from. The standard tip is round. This type of 

tip requires predrilling a pilot hole and then creating thread in the bone using a tap. A self-

tapping screw has a sharper tip. It requires a pilot hole, but cuts its own threads into the 

bone. This type of screw has a flute at the end to assist in removing material. Finally, the 

self-drilling tip requires no bone preparation prior to insertion.  Self-drilling tip 

incorporates a fluted tip as well (5). 
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Figure 3: Orthopedic screws with standard, self-tapping, and self-drilling tips (5). 

Some orthopedic screws are cannulated, or have a hollow shaft. A preliminary threaded 

guide wire is inserted temporarily to stabilize the fracture and ensure correct placement 

with radiographs prior to screw placement. However, cannulated screws have a lower 

compression and pullout resistance than their non-cannulated screw counterparts (11). 

 

Screw Functions 

Orthopedic screws are often placed across the fracture plane in order to produce inter-

fragmentary compression. Commonly, this type of screw function is used for spiral 

fractures. A lag screw uses this principle of inter-fragmentary compression, with only the 

far cortex purchased. This is achieved in two different ways. One way to drill a gliding 

hole the size of the nominal diameter of the screw in the near cortex, and a threaded hole is 

drilled in the far cortex. Another way is to use a specialty lag screw that is only partly 

threaded, which does not require a gliding hole to be drilled in the near cortex. A lag screw 

resists shear forces due to axial loading of the bone best when placed perpendicular to the 
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long axis of the bone. However, a lag produces maximum intra-fragmentary compression 

when placed perpendicular to the fracture line. Typically, lag screws are used in 

combination with neutralization plate due to their inability to resist shear and rotational 

forces (5). 

 

Intramedullary screws, sometime referred to as interlocking screws, act as an internal 

splint, because they resist rotation. As the name infers, the screws pass through the 

medullary cavity of the bone. These screws act as load sharing, not loading bearing. Their 

main purpose is to realign the bone to its proper length and rotation. Commonly, these are 

used in combination with poller, or blocking screws. These screws are inserted through the 

cortices on either side on the medullary cavity to block any angular movement of the main 

fragment due to the intramedullary screw. Additionally, poller screws can be used a three-

point fixation by inserting the screws on the concave side of the fragment (5). 

 

Position screws are used to hold two bones together, without compressing them. This 

screw type is placed with a pilot hole slightly larger than the screw core diameter. These 

screws are often used to hold the tibial and fibular cortices together in instances of torn 

interosseous ligaments (5).  

 

Overall, surgeons have a variety of screw types and functions they can choose from when 

stabilizing a fracture. Depending upon the location and type of fracture, there are different 

standard techniques. Cortical screws are meant to be placed in the diaphysis of the bone, or 

the shaft, whereas cancellous screws are meant to be placed in the metaphyseal of the bone, 
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or the location between the shaft and end of the bone. Additionally, cancellous screws are 

used when the fracture site has reduced fracture density, since it has a larger surface area to 

interface with the bone. Furthermore, screws have various functions such as compression, 

resist rotation, or hold bone position without compression. Orthopedic surgeons need to 

determine what combination of screws to use for each unique fracture. 
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Chapter 3 
Bone Fracture Repairing and Implant Loosening 

Remodeling of Bone 

The skeletal system is continuously being reabsorbed and replaced throughout life. This 

process was coined to be bone remodeling by Frost (12). The remodeling process has three 

major phases: reabsorption, reversal, and formation. The reabsorption phase is when 

osteoclasts break down and digest the old bone. Multinucleated osteoblasts form from 

partially differentiated mononuclear preosteoclasts at the bones surface. Hormones and 

micro damage activate the osteoclasts. Micro damage is small micro-fractures from 

loading. The bone is remodeled at these locations to be stronger than they previously were. 

Hormones trigger osteoclasts to eat away old bone so it can be replaced with new bone. 

Next, the reversal phase is when mononuclear cells migrate to the bones surface to signal 

osteoblasts to differentiate and migrate (13). The final phase, formation, is when the 

osteoblasts form new bone where the osteoclasts digested it away. The formation of new 

bone is known as osteogenesis. In a healthy person, this phase lasts until the amount of 

bone digested is equal to the amount of bone replaced. However, osteoporosis causes the 

osteoblasts not to replace all of the bone the osteoblasts removed, leading to weakened 

bone. After the new bone is formed, the osteoblasts go into a resting state until the 

reabsorption phase is initiated. From start to finish, bone remodeling takes approximately 6 

months. The osteoclasts take about 2 weeks to reabsorb the bone, the mononuclear cells 

take about 5 weeks to migrate and signal osteoblasts, and osteoblasts can take up to 4 
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months to form the new bone completely (13). By far, the new bone growth phase is 

longest phase of the bone remodeling process. 

  

Fracture Response 

Bone fractures are the result of blunt trauma, infection, osteoporosis, or a mixture of 

causes. When a bone fracture occurs, there is collateral damage to the surrounding soft 

tissue as well. Depending upon location of the fracture, nerves, arteries, veins, and organs 

are at risk of damage. Whether it is a stress fracture or complete fracture, the body’s 

response is similar. There are four major stages of healing a bone fracture: inflammation, 

soft callous, hard callous, and remodeling (14).  

 

Primarily, soft tissue damage initiates the inflammation stage. Damaged vascularization 

causes bleeding which leads to hematomas. The non-specific immune response involves 

lymphocytes, monocytes, and granulocytes. These leukocytes release growth factors and 

cytokines to prevent infection. Osteogenic cells transform the blood clots into granulated 

tissue while the macrophages eat away the debris left over. Additionally, the inflammatory 

response triggers angiogenesis, defined as the formation of new blood vessels (14). 

 

The mechanical instability of a fracture stimulates chondrocytes and fibroblasts to form a 

soft callous to provide mechanical support for the bone. The chondrocytes replace the 

granulated tissue with cartilage. Fibroblasts fill the remaining spaces with fibrous tissue. 

The cartilaginous matrix is mineralized by the chondrocytes at the end of the soft callous 
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stage. The process of cartilage being replaced with new bone is known as endochondral 

ossification. Since vascularization primarily occurs during the soft callous phase, some 

researchers suggest that delaying this phase will allow for more oxygen to enter injury site 

and speed up healing. Osteogenesis occurs primarily in the hard callous stage. It is 

important to note that when a fracture is mechanically stable, osteogenesis is possible 

without endochondral ossification (14). The new bone formed in the hard callous stage 

forms a bony collar that surrounds the fragmented bone. This bone is irregular and 

disorganized, which triggers remodeling, the final stage of bone healing. Remodeling of 

the primary bone, hard callous, has the same process that was previously mentioned. Since 

the periosteum stores stem cells for bone production, the healing process can be slowed if 

it was damage or stripped during the fracture. 

 

Figure 4: Demonstrating the four stages of the healing process of fractured bone, 
including the cellular and metabolic properties (14). 
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Biocompatibility 

When placing a foreign object into the body, it is important to consider its biocompatibility 

and degradation resistance. Many studies look at the periprosthetic tissue, tissue 

surrounding an implant, to study the diffusion of ions from the implant. Commonly, Ti-

6Al-4V and hydroxyapatite granules are used for orthopedic implants. Ti-6Al-4V is used 

for its mechanically robust and corrosion resistant properties, while hydroxyapatite (HA) is 

used for its bone healing factors. Although Ti-6Al-4V is corrosion resistant, it does release 

ions into the surrounding tissue over time. A studying using SEM imaging and EDS 

elemental analysis on titanium plates and screws can be seen in figure 2. This study 

showed a large number of Al ions and a small amount of titanium ions released into the 

periprosthetic soft tissue and in the lamellae of the new bone (15).  The Al ions have been 

shown to cause neurotoxic effects, local inflammation, and inhibition of bone 

mineralization (16). Therefore, the diffusion prevents the bone from properly healing.  

 

Figure 5: (Left) SEM image of A Ti-6Al-4V plate and B Ti-6Al-4V screw. (Right) 
Energy Dispersive X-ray Spectroscopy (EDS) with 1, 2, and 3 corresponding to the 

titanium screw, titanium plate, and fibrous tissue on the screw head, respectively (15). 

In order to minimize the degradation of Ti-6Al-4V, many implants have various coatings. 

A popular coating used on orthopedic implants is Ti-O-N/Ti. A study explored the 
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corrosion resistance of coating Ti-6Al-4V with Ti-O-N/Ti using the plasma immersion ion 

implantation and deposition (PIIID) technique. The PIIID technique is used to increase the 

bonding strength of the coating with the Ti-6Al-4V. The coated samples had an increase in 

protein absorption, buffer layer, and water contact angle, which demonstrates its increase 

in corrosion resistance. A MTT assay study compared Ti-6Al-4V screws with and without 

the Ti-O-N/Ti coating to show how well cells proliferate on the surface. Absorbance levels 

directly correlate to cell proliferation. As the results in Figure 5 demonstrate, the Ti-O-

N/Ti coated screws had a significantly higher cell proliferation than the control and the 

uncoated Ti-6Al-4V after 7 days. Alkaline phosphate is secreted by active osteoblasts 

while forming new bone. Therefore, the study showed that the coated Ti-6Al-4V samples 

had an increase in osteoblast activity. The osteoblast activity decreases after 21 days in all 

cases. This is due to the osteoblasts decreasing the amount of alkaline phosphate released 

and release more bone sialoprotein while depositing calcium towards the end of new bone 

growth (16).  

 

Figure 6: (Left) Results of MTT assay demonstrating SaOS-2 cell proliferation (Left) 
and alkaline phosphate activity (Right) on coated and uncoated Ti-6Al-4V compared 

with TCP uncoated as the control (16). 
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Polymethylmethacrylate (PMMA), commonly known as bone cement, is a self-curing 

polymer that is often used to fix an implant to the bone. The dough-like material is placed 

inside the hole of the bone prior to placing the implant. Then, the PMMA is squeezed 

inside the trabeculae of the cancellous bone, forming a tight bond between the implant and 

bone (17). However, the cement fixations rely on the strength of the surrounding bone, so 

it needs to be strong bone. Due to the cement formfitting around the existing bone, the drill 

hole does not have to be as precise.  

 

On the other hand, cement-less fixations need the bone to be prepared precisely to get the 

same locking formation. There are two methods used to get this tight fit. The first is to drill 

a hole slightly smaller than the implant, and then force the implant into the drill hole. This 

gets a press-fit interface between the implant and bone. The second is to use a porous 

coating on top of the implant to increase the shear strength. This porous coating allows the 

bone to grow inside the implant, providing a tight locking fit. This leaves the fixation 

device at risk for the first couple of weeks until the new bone grows into the implant to 

strengthen it. It has been shown that implants that have pores between 100-600 microns are 

optimal for bone-ingrowth (18). If the implant does not have a close fit with the bone, 

fibrous tissue may grow instead of bone. The periprosthetic tissue is at a greater risk of 

stress fractures post-surgery with cement less devices than with PMMA implants because 

PMMA is more flexible than pure metal implants. 

 

The inorganic mineral component of bone is hydroxyapatite, which makes up 60% of 

calcified tissue (19). Therefore, synthetic hydroxyapatite coatings are used commonly for 
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its biocompatibility and reliability. This bioactive calcium phosphate compound, 

Ca10(PO4)6(OH)2, works well due to its crystalline formation, which is similar to the 

native bone. Additionally, it stimulates osteoblasts to form new bone and encourages the 

implant to become fixed to the surrounding bone (20). The synthetic HA coating is often 

applied to the implant through plasma spraying or grit blasting.  

 

The fluoride in our teeth and bones help to prevent them from dissolving, or calcium ions 

from being released. Therefore, researchers decided to add fluoride in hydroxyapatite to 

form fluoridated hydroxyapatite (FHA) (21). Through various testing, it was shown that 

FHA increases cell proliferation and decreases the dissolution of the implant into the 

surrounding bone.  

 

Post-Surgery Complications 

There are several post-surgical complications that can occur. A significant surgical 

complication is a non-union, defined as a bone that stops healing post-fracture. Non-union 

is an uncommon complication, but patients that have diabetes or use steroids are at a higher 

predisposition for this complication. Additionally, infection, death of periprosthetic tissue, 

and low stability of the internal fixation can also cause non-union. Unfortunately, with any 

open surgery there is a risk of infection. An infected non-union can be devastating to the 

integrity of the internal fixation, which can lead to a diagnosis of chronic osteomyelitis. 

This is defined as the inflammation of bone tissue due to infection. A leukocyte bone 

scintigraphy, or more commonly known as a bone scan, is used to diagnose an infection 
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when pain continues to persist and a fever is present for extended period of time (3). Oral 

antibiotics or local antibiotics are not enough to treat chronic osteomyelitis. Surgery is 

required to debride the infection and remove the dead bone. Typically, alloplastic implants 

are used to fill the empty space. Allographs are human donor bone while autographs are 

the patient’s own bone extracted from another location on the patient. Typically, allographs 

are chosen over autographs to treat severe infections to reduce the complications associated 

with autographs. During the corrective surgery, the internal fixation is replaced with a new 

one that is cemented in place with antibiotic cement. Furthermore, antibiotic chains can be 

placed inside the bone cavities made of gentamicin PMMA chains. These chains are 

removed within 7-10 days to prevent granulation tissue from forming around the chains 

(2). Although infection is a concern, orthopedic implants often fail due to aseptic loosening 

or loosening due to reasons other than infection.  

 

Thermal necrosis of the osseous tissue is a concern associated with any orthopedic surgery. 

Various factors effect thermal energy production from drilling; including bone density, 

drill bit geometry, depth of hole, drilling rate, coolants used, etc. It has been shown that 

cells begin to die after one minute of being at 47◦C. Furthermore, the time before cell death 

is halved for every degree more, so cells begin to die after 30 seconds of being at 48◦C 

(22). The heat produced from the friction of the drilling is directly proportional to the depth 

of the drilling site. Therefore, the deeper the pilot hole, the greater risk of thermal necrosis. 

It is common practice to squirt saline over the drilling site to keep the bone cool during 

drilling, but saline is not sufficient enough to prevent the bone from reaching temperatures 

above the threshold (47◦C.). Researchers are studying the use of gases as coolants. CO2 and 
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N2 have been used since these gases are used in the operating room commonly and have 

been proven to be safe.  As can be seen if Figure 7, both CO2 and N2 keep the drilled bone 

below the threshold, whereas using saline as a coolant results in temperatures above the 

threshold (23). With the extended time spent above the threshold, thermal necrosis occurs 

when drilling with saline. However, CO2 and N2 prevent thermal necrosis. It is important to 

note that this study assumed that all of their samples were the same density, which were 

not measured. Bone density is directly proportional to thermal production from drilling, so 

it should be considered when doing such studies (24). A study completed at Université de 

Sherbrooke used three-dimensional finite analysis to determine the mathematical model of 

thermal energy produced from orthopedic drilling, which can be seen in Equation 3.1 and 

3.2.  

 

 

 

Figure 7: Result of study demonstrating the cooling effects of various substances for 

orthopedic drilling at various depths and directions (23). 
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Eq. 3.1 

 

 

 

Eq. 3.2 

Equation 3.1 demonstrates thermal mechanical modeling of bone, incorporating density 

(p), specific heat (c), heat conductivity (k), temperature (T), and heat generation rate (G). 

The heat generation rate, shown in Equation 3.2, is the sum of heating rate caused by the 

friction of tool against the bone and the plastic damage to the bone. These equations were 

taken from a study completed at Université de Sherbrooke (25). 

 

Another cause of aseptic screw loosening is wear debris from the implant rubbing against 

the surrounding bone. The wear debris are particles that are rubbed loose from the implant, 

including particles from the bone cement, metal, and ceramic materials. The debris causes 

an inflammatory reaction that decreases cell proliferation and causes osteoblast apoptosis. 

Some implants are coated with an anti-inflammatory drug to prevent this from occurring 

(26). Additionally, having a tight-fitting implant decreases the amount of friction between 

the implant and surrounding bone, which prevents wear debris. 
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Chapter 4 

Analytical Tools 

Material Behavior 

When analyzing a physical model, it’s important to look at the stresses, because the stress 

determines when an object will fail. Stress is generally defined as the applied force divided 

by the affected cross-sectional area. Correspondingly, strain is defined as the change in 

length of the affected area divided by its original length. Engineering stress and strain use 

the original length and cross-sectional area, whereas true stress and strain use the length 

and cross-sectional area at that specific point in time. The mechanical change within the 

linear region of the stress-strain curve is nominal. Therefore, when testing a material within 

this region, using engineering stress and strain is sufficient. The bulk modulus is related to 

the compressibility of a material. It is defined as the ratio of pressure applied to volume 

strain, or change in material. A small bulk modulus corresponds to a material that is easily 

compressed, because there is a large change in volume with a small applied force. On the 

other hand, as the bulk modulus reaches infinity, it corresponds to an incompressible 

material, because there is no change in volume with a large applied force. Although no 

material is truly incompressible, some materials, such as rubber, can be modeled as 

incompressible to simplify the model. This means the shape is changed easily compared to 

its volume. 
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Plotting the stress-strain curve provides valuable information about a material’s properties. 

The Young’s Modulus, or stiffness, is defined as the slope of the linear region of the curve. 

Therefore, Young’s Modulus can be found by dividing stress by strain. The yield point of 

the material is defined as when a large increase in strain causes very little change in stress. 

This point is beyond the elastic region and will cause permanent deformation. If there is no 

defined yield point, an offset yield point can be found. The offset yield point is defined as 

the point of the stress-strain curve that intersects with a line that starts at either 0.1% or 

0.2% strain and is parallel with curve. The ultimate tensile strength is defined as the 

highest point on the stress-strain plot (27). This provides the largest strain the material can 

withstand prior to necking and leading to fracture.   

 

Figure 8: Labeled stress-strain curve (28). 
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The Poisson ratio of a material is defined as the ratio of lateral contraction to the 

longitudinal lengthening of the material, as seen in Equation 4.1. Since the material is 

assumed to get thinner when lengthening the material, the ratio has a negative sign. The 

range of Poisson ratios for isotropic linear elastic materials is -1 to 0.5. If the material is 

negative, the material thickens when extended, and is considered an auxetic material. 

However, most materials have a positive Poisson ratio and most commonly used materials 

have a ratio of 0.3, such as metals. Materials, such as biological tissues or rubber, with a 

ratio of 0.5 are consider incompressible because the volume is conserved. On the other 

hand, materials such as cork, can have a ratio of 0 because there is no lateral change with a 

longitudinal change (27). 

 𝜈 = −
𝜀

𝜀
 Eq. 4.1 

 

Linear Elastic Models 

Linear elastic models are used for models with small deformation. In order for the material 

to be elastic, it needs to follow the same path on the stress-strain curve while loading and 

unloading, without any permanent deformation. Additionally, the stress-strain curve does 

not depend on the loading or strain rate. The linear elastic region is defined as when stress 

is proportional to strain. Hooke’s Law represents this linear elastic relationship between 

stress and strain, shown in Equation 4.2. The most generalized Hooke’s Law is shown in 
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Equation 4.3, where C is the stiffness matrix. This equation inverted gives Equation 4.4, 

where S is the compliance matrix. Although the stiffness and compliance matrices are 6x6, 

there are only twenty-one unknowns due to symmetry. This number of unknowns are 

reduced with an increase in symmetry of material properties. 

 �⃑� = [𝐸]𝜀 Eq. 4.2 

 �⃑� = [𝐶]𝜀 Eq. 4.3 

 𝜀 = [𝑆]�⃑� Eq. 4.4 

An anisotropic material has different material properties in all directions it is tested, so it 

has twenty-one unknowns in its compliance and stiffness matrices. This includes materials 

such as wood that is stiffer along the grain of the wood than against the grain. An 

orthotropic material has different material properties in three orthogonal planes, and 

reduces the number of unknowns to nine. A transversely isotropic material has one 

material direction that has different material properties than the other two directions. The 

plane orthogonal to this direction is isotropic. An example of this type of material is a 

composite that has material properties that are the same transverse to the direction the 

fibers run. A transversely isotropic material has five unknowns. An isotropic material has 

the same material properties in all directions. Therefore, no matter how the material is cut, 

it will produce the same stresses and strains. Due to symmetry, an isotropic material has 
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zero shear strain. This reduces the number of unknown constants for the stiffness and 

compliance matrix to three. This can be seen in Equation 4.5. This equation can be 

inverted to give the compliance matrix as well. Therefore, an isotropic linear elastic 

material can be described with Equation 4.6. 

 

 

Eq. 4.5 

 
𝐺 =

𝐸

2(1 + 𝜈)
 

Eq. 4.6 

Failure Theories 

Maximum Principle Stress (Rankine) 

The maximum principal stress theory states a brittle material fails when a maximum 

principal stress reaches a limiting value for the material. As can be seen in Figure 9, the 
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theory is within the bounds of the distortion and maximum shear stress theory in quadrant 

1 and 3. However, due to it extending beyond the bounds in quadrant two and four, 

Rankine failure criterion is considered not suitable for ductile materials (29). Therefore, 

Rankine is best suited for brittle materials. 

 

Figure 9: Rankine failure criterion representation, depicted as a square (29). 

Maximum Shear Stress Theory (Tresca) 

The maximum shear stress theory states the materials yields when the maximum shear 

stress at a point equals the yield shear stress value for that material” (29). This maximum 

shear stress is given by the following: 

 𝜏 =
𝜎 − 𝜎

2
≥ 𝜏 =

𝜎

2
 Eq. 4.7 

Therefore, the material will fail if the maximum shear stress is greater than or equal to the 

yield shear stress. The hexagon in Figure 10 represents Tresca’s yield criterion. As can be 

seen in the figure, Tresca stress theory is more conservative than von Mises stress theory, 
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since the hexagon is completely inside the ellipse. Therefore, The American Society of 

Mechanical Engineers (ASME) recommends using the maximum shear stress theory for 

design, because it is the most conservative failure criteria (30). 

 

Distortional Energy Failure Theory (Von Mises) 

Failure of structural components in most finite element systems are determined using the 

distortional energy failure theory, or Von Mises stress. Von Mises’s theory states a ductile 

solid will yield when the distortion energy density reaches a critical value for that 

material,” or simply the material will fail when the von Mises stress is greater or equal to 

the yield stress for the material obtained in a uniaxial tensile test (29). The distortional 

energy is the strain energy responsible for the change in shape. The distortional energy is 

represented with the following equation: 

 

 

Eq. 4.8 

The von Mises stress represented in terms of the principal stress is: 

 𝜎
( ) ( ) ( )

 Eq. 4.9 
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It is important to note that the principal stress at yielding in a uniaxial test is as follows: 

𝜎 = 𝜎 , 𝜎 = 𝜎 = 0. Von Mises stress can be expressed in terms of principal stresses in a 

two-dimension plane stress state, where σ3 =0: 

 
𝜎 = 𝜎 + 𝜎 𝜎 + 𝜎  

Eq. 4.10 

In Figure 10, the ellipse represents the region that if the principal stresses fail, the material 

is safe from yielding (29). Beyond the ellipse, the material will fail. Typically, von Mises 

stresses are used with finite element analysis because that is what the software offers. 

Additionally, von Mises stress is a good compromise between Rankine and Tresca stress. 

 

Figure 10: Representation of von Mises and Tresca failure criterion. Stress that falls within 

the boundaries means the material is safe, and stress that falls outside boundaries means the 

material will fail (31). 
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Finite Element Analysis 

Finite element analysis, or FEA, is commonly used by engineers during the design process. 

FEA is a form of computer-aided engineering that allows many simulations to be tested, 

without prototyping. Finite element models are “based on the variational formation of a 

boundary value problem” (32). The solution model is a discretized version of the whole 

model geometry that is calculated by the nodal movement. Most complex models are 

simplified in order to reduce computing time.  

 

Figure 11: Main steps in finite element analysis, including CAD geometry, adding boundary 

conditions, discretization, and results. (32) 

There are four main steps to FEA: creating the mathematical model, discretization, 

processing, and post-processing. The first step is to create the mathematical model. The 

geometry can be made in a number of modeling software such as CAD, Solidworks, Ansys 

Design Modeler, etc. There are errors that are involved when implementing the physical 
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design in software, because manufactured specific geometries are almost always 

simplified. Some features may be idealized or removed/suppressed. For example, rounded 

edges may be removed. Then, any loads or restraints need to be added to the model. 

Additionally, all materials need to be defined. The material properties necessary are 

determined by what type of analysis chosen. For a static structural analysis, the young’s 

modulus and Poisson ratio are needed. Overall, this step is very important because how the 

model is set up will determine the quality of results produced. A common saying in FEA is 

GIGO, garbage in garbage out (32). Every decision made in this step should be carefully 

and logically made.  

 

The second step in FEA is discretization of the continuous model. The mathematical model 

that was set up in step 1 is discretized into finite subdomains. It is necessary for the model 

geometry to be discretized because the polynomial representative of the whole model 

geometry would be very complex. On the other hand, the subdomains can be represented 

by simple polynomials (32). These subdomains, or elements, are connected by nodes. 

Everything in the model is discretized, including the restraints and forces. In Ansys, the 

mesh can be generated automatically. It is good practice to check the quality of the mesh 

produced. The “skewness is defined as the difference between the shape of the cell and the 

shape of an equilateral cell of equivalent volume.” If the skewness is too high, it could 

cause inaccurate results and destabilize the solution. Ansys recommends the maximum 

skewness value does not exceed 0.95, and an average value below 0.33 (33). 
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The third step is processing, or the solver computing the solution. The FEA equations 

produces solution error, or numerical/ round-off error (32). At each step of FEA, errors are 

introduced, but the results should be carefully analyzed in order to not misinterpret the 

results.  

The fourth step is post-processing, or performing various operations to the results. The 

various stress fields can be with different settings; such as discrete or continuous contours, 

different scales, etc. Additionally, various plots can be created, such as stress-strain plots. 

At this step, it is important to validate and verify the results of the finite element model 

(32). This can be done by comparing the results to that of experimental data. 

 

Overall, this chapter defined material properties, the relationship between stress and strain, 

failure criteria’s, and finite element analysis method. The analytical tools reviewed in this 

chapter will be used throughout this study. Two-dimensional finite element models of axial 

screw pull out tests will be verified through experimentation. Von Mises stress will be used 

to evaluate the models since Ansys offers this analysis. Additionally, von Mises stress is an 

ideal compromise between Rankine and Tresca stress.  
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Chapter 5 

Materials and Methods 

Sample Preparation 

Solid rigid polyurethane foam SawBone was selected to simulate bone properties, which is 

widely accepted as a bone surrogate (1). Sheets of uniform density SawBone were cut to be 

approximately 25 mm x 25 mm x 18 mm blocks. The densities included in this study were 

10, 20, 30, 40, and 50 (PCF), and these densities have a +/- 10% tolerance (1). These bone 

model blocks follow the ASTM testing protocol F-1839-08 “Standard Specification for 

Rigid Polyurethane Foam for Use as a Standard Material for Testing Orthopedic Devices 

and Instruments.”  

 

To ensure statistical significance, twelve samples were prepared for each density for each 

orthopedic cortical bone screw size. Sixty samples were prepared in total for each screw 

size. Pilot holes were drilled in the sample blocks using the SMARTdrill that is 

manufactured by Smart Medical Devices, Inc. with Food and Drug Administration (FDA) 

approved orthopedic drill bits. The 2 mm, 2.5 mm, and 3.2 mm orthopedic drill bits were 

used to drill pilot holes for 2.7 mm, 3.5 mm, and 4.5 mm diameter orthopedic cortical 

screws, respectively. A drilling speed of 600 revolutions per minute (RPM) and feed rate 
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of 1.5 millimeter/sec (mm/s) was used, where the feed rate is defined as the penetration 

depth of the drill bit per time. The drill bit was placed 90o to the sample block and 

approximately 15 Newton’s of downward force was applied to drill for the duration of the 

drilling process. The SMARTdrill program collected the force applied and drilling energy 

for each sample. Then, the orthopedic cortical bone screws were manually inserted in the 

sample blocks using a hexagonal driver. Each screw was inserted 18 mm into the sample 

block, which is the height of the block. All screws used were long enough to extrude 

beyond the block, so the Instron could effectively grip the head to pull it out. 

 

Figure 12: Orthopedic cortical screws inserted in SawBone sample blocks ready for testing. 

Axial Load Testing 

Screw pullout tests were performed using the Instron. The Instron attachment pieces were 

specifically fabricated for this testing and followed the ASTM 543-17 standard. This 

apparatus was used with the Instron’s 5kN load cell. The sample block slides into the grips. 

The lower piece holds the sample block steady and the upper piece incorporates a 4.5 mm 

hexagonal drive that locks the screw in place, preventing any rotation during testing. The 
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Blue Hill Instron software was configured to have a 5 millimeter/minute strain rate until 

bone screw failure.  

 

Figure 13: Custom Instron apparatus that is ASTM 543-17 compliant for axial pull-out test. 

The raw experimental data of the stress collected from the Instron and displacement of the 

orthopedic screw were plotted. Then, the displacement was converted to percent strain. Each screw 

was placed into the SawBone with 18 mm of purchase depth. Therefore, the percent strain was 

calculated using the following equation: 

 
% 𝑆𝑡𝑟𝑎𝑖𝑛 =  

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑚𝑒𝑛𝑡 𝑜𝑓 𝑆𝑐𝑟𝑒𝑤

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝐷𝑒𝑝𝑡ℎ
 

Eq. 5.1 

 

Ansys Modeling 

A two-dimensional model of each orthopedic screw inserted in the SawBone was created 

in Design Modeler in Ansys. Only a quarter of the physical model was created to reduce 
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computing time, which can be done due to symmetry. The analysis type within the 

geometry settings was set to 2D. Titanium alloy engineering data was selected from 

general materials within Ansys. The SawBone properties were input manually, based off 

the datasheet provided by the manufacturer.  

Table 1: Material properties inserted into Ansys (1) 

Material Density (PCF) Young’s Modulus 

(MPa) 

Poisson Ratio 

Titanium Alloy 288.42 96,000 0.36 

SawBone 10 86 0.3 

SawBone 20 284 0.3 

SawBone 30 592 0.3 

SawBone 40 1000 0.3 

SawBone 50 1469 0.3 

 

Within mechanical in Ansys, the geometry 2D behavior was set to axisymmetric. The 

contacts were manually selected to be where the bone screw and SawBone makes contact 

during tension, or the top of the thread on the screw and bottom of the thread on the 

SawBone. The contact type was chosen to be frictional with an assumed friction coefficient 
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of 0.3 and symmetric behavior. The symmetric behavior constrains the contact and target 

from penetrating each other. The mesh was automatically generated, but the skewness was 

verified to have a maximum under 0.95 and an average under 0.33. The supports were 

chosen to replicate the experimental data from the Instron. A fixed and frictionless support 

was placed on the outside and top of the SawBone block, respectively. A frictionless 

support was placed on the inside of the orthopedic screw. Finally, a displacement of 1 mm 

was placed on the entire screw in the y-direction, in 0.1 mm increments. The maximum 

displacement was adjusted for each screw and SawBone density combination to prevent 

the material from going beyond the linear region.  

 

The total deformation and equivalent von Mises stress was collected for each test type. The 

FEA scale for the equivalent stress field was adjusted so the yield stress would be in red. 

The stress-strain plots were then compared to the experimental stress-strain plots. 

Additionally, all of the experimental and computational young’s moduli were collected and 

analyzed.  
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Chapter 6 
Finite Element Bone Anchor Models and 

Experimental Data 

All computations of the raw experimental data and Ansys finite element model data were 

computed in MATLAB. The raw stress and displacement data collected from the Instron 

was plotted for each cortical screw and SawBone density combination. Then, the 

displacement was converted to strain. Since each screw was inserted into the SawBone 

with 18 mm of purchase depth, the screw displacement was divided by 18mm and 

multiplied by 100 to get the strain percentage. Next, an average stress-strain plot was 

calculated, excluding any outlying curves that were significantly different than the majority 

of the curves. Then, the averaged stress-strain experimental data with its standard deviation 

was plotted against the Ansys model data. The Young’s moduli were found for both and 

collected into tables. For each screw size, the snapshots of the finite element model with 

the equivalent von Mises stress field were taken at each density. The stress scale was 

adjusted so the yield stress seen in the experimental data for that interface was in red. A 

low, medium, and high stress field snapshot were taken by adjusting the amount of cortical 

screw displacement. The low, medium, and high displacements within the linear region 

were determined by the raw Instron stress-displacement curve for each screw size and 

SawBone density combination.  
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2.7 mm Diameter Cortical Screws 

 

 

Figure 14: 2.7 mm cortical screw raw pullout test stress versus displacement data collected 
from the Instron for all SawBone densities. 

Figure 14 shows the raw axial load test data collected from the Instron with the 2.7 mm 

cortical screw at all densities. The experimental stress-displacement data for the 2.7mm 
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diameter screw was relatively grouped together for each SawBone density. However, each 

density except 40 PCF contained some low outliers.  

 

Figure 15: 2.7 mm cortical screw pullout average experimental stress vs stain experimental 
plot for all SawBone densities. 

The average stress-strain plots for the 2.7 mm cortical screws are shown in Figure 15 for 

each density. Note the 50 PCF only had ten tests due to two samples failing in preparation. 
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The 10, 20, 30, and 50 PCF SawBone had 2-3 significantly different stress-displacement 

curves than the majority that were excluded from the average curves. The displacement 

data was converted from displacement to strain by dividing by the initial purchase depth of 

the screw. 

 

2.7 mm Screw in 10 PCF Finite Element Models 

 

Figure 16: 2.7 mm cortical screw displaced at 0.1 mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

As seen in Figure 16, a 0.1 mm screw displacement in 10 PCF SawBone causes a small 

amount of stress located at the top thread on the bone substrate. The rest is a deep blue, 

which signifies little to no stress. 
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Figure 17: 2.7 mm cortical screw displaced at 0.3 mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

Figure 17 has some green, or medium stress that was propagated from the screw threads. 

The max stress, some yellow and red, were seen at the top thread of the substrate. 

However, the screw and further from the screw in the SawBone saw no stress.  

 

Yield stress (red) was seen at every screw thread location on the substrate in Figure 18. 

The maximum amount of yielding occurred at the top of the SawBone. The stress field 

began to propagate into the bone substrate further. However, the far edge of the SawBone 

and the screw remained blue.  
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Figure 18: 2.7 mm cortical screw displaced at 0.5 mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

2.7 mm Screw in 20 PCF Finite Element Models 

 

Figure 19: 2.7 mm cortical screw displaced at 0.1 mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 19, the screw is displaced 0.1 mm out of the bone substrate. There is a slight 

amount of stress indicated in light blue at the top two threads on the SawBone. The rest of 

the FEM is a deep blue, indicating little to no stress present.  

 

Figure 20: 2.7 mm cortical screw displaced at 0.3 mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 20, the stress began to concentrate around the screw threads. Most of the stress 

was a light blue-green color, indicating only a medium amount of stress. Some red stress, 

or yield stress, developed at the top thread of the interface.  

 

In Figure 21, the stress began to propagate into the SawBone material. Additional yield 

stress developed at the top two threads on the SawBone. However, the color on the screw 

and the far side of the bone substrate remained deep blue.  
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Figure 21: 2.7 mm cortical screw displaced at 0.5 mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

2.7 mm Screw in 30 PCF Finite Element Models 

 

Figure 22: 2.7 mm cortical screw displaced at 0.1 mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 22, the screw was displaced 0.1 mm out of 30 PCF SawBone. Majority of the 

screw and substrate were deep blue. Only the top two threads of the substrate saw minimal 

stress, indicated in light blue. 

  

Figure 23: 2.7 mm cortical screw displaced at 0.3 mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 23, the stress began to form on the SawBone surrounding the screw threads. The 

highest stress was seen on the very top of the substrate near the screw. The rest of the 

SawBone and screw remained deep blue.  

 

In Figure 24, the stress began to propagate away from the screw. Yield stress occurred at 

the top two threads on the SawBone. The SawBone away from the screw and the screw 

remained a deep blue.  
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Figure 24: 2.7 mm cortical screw displaced at 0.5 mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

 

2.7 mm Screw in 40 PCF Finite Element Models 

 

Figure 25: 2.7 mm cortical screw displaced at 0.1 mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 25, minimal amount of stress occurred at the top two threads of the SawBone 

with a 0.1 mm screw displacement. The rest of the substrate and screw remained deep blue.  

 

Figure 26: 2.7 mm cortical screw displaced at 0.3 mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 26, the stress concentrated around the screw threads. The maximum amount of 

stress occurred at the top of the SawBone. The screw remained deep blue. 

 

In Figure 27, the stress began to propagate away from the screw, deeper into the SawBone. 

Yielding stress occurred at the far top edge of the screw thread. However, the screw itself 

remained a deep blue. 
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Figure 27: 2.7 mm cortical screw displaced at 0.5 mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

 

2.7 mm Screw in 50 PCF Finite Element Models 

 

Figure 28: 2.7 mm cortical screw displaced at 0.1 mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress.  
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In Figure 28, the screw was displaced 0.1 mm out of 50 PCF SawBone. Majority of the 

screw and SawBone saw no stress, but the top thread of the SawBone saw some minimal 

stress.  

 

Figure 29: 2.7 mm cortical screw displaced at 0.3 mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 29, the stress began to concentrate around the screw threads on the SawBone. 

Only a medium amount of stress occurred along the screw threads, with the maximum 

occurring at the top of the SawBone.  
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Figure 30: 2.7 mm cortical screw displaced at 0.5 mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 30, some yield stress occurred at the top thread on the SawBone. There was a 

medium amount of stress concentrated around the rest of the screw threads, with some 

minimal amount of stress spreading deeper into the SawBone.  

 

Overall, Figure 16-30 show the stress distribution of the 2.7 mm cortical screw in each 

SawBone density. As the amount of displacment is increased, the stress distribution 

increases. The stress is concentrated where the far top edge of each screw thread touches 

the SawBone. Additionally, the stress produced a funnel-like stress profile, with the greater 

stress distribution at the top of the SawBone. The highest stress point is located at the top 

thread on the SawBone. 
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Figure 31: 2.7 mm cortical screw comparison of computational model in red and experimental 
model in blue stress vs strain plot. 

Figure 31 shows the average stress-strain plot of the experimental data against the data 

collected from the Ansys model for the 2.7 mm cortical screw. The Ansys model was kept 

within the linear region for each density. The experimental average curve was plotted with 

its standard deviations to show how well the Ansys model kept within the average. The 
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Ansys model followed the experimental data very closely for the 10, 30, and 40 PCF 

SawBone densities. Ansys data had a slightly greater slope for 50 PCF, but remained 

within experimental error. However, the Ansys data had a much lower slope for the 20 

PCF, so it was explored further. The screw displacement increments steps was decreased 

from 0.1 mm to 0.05 mm, and the stress-strain curve immediately corrected itself, as can be 

seen in Figure 32.  

 

 

Figure 32: 2.7 mm cortical screw in 20 PCF with 0.1 mm and 0.05 mm screw displacement 
increments on the left and right, respectively. 
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Table 2: 2.7 mm Cortical Screw Interfacial Young’s Modulus for all SawBone Densities 

SawBone Density (PCF) Ansys Young’s Modulus 
(MPa) 

Experimental Young’s 
Modulus (MPa) 

10 94.37 92.21± 26.11 

20 310.87 293.32± 85.55 

30 654.45 655.85± 129.70 

40 1097.38 1098.03± 115.39 

50 1581.30 1491.77± 165.8 

 

Table 2 shows the slope, or the young’s modulus, of the stress-strain curves for the 2.7 mm 

curve. All of the Ansys young’s moduli are with the standard deviation of the young’s 

moduli. The 10, 30 and 40 are significantly close to one another. 
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3.5 mm Diameter Cortical Screw 

 

Figure 33: 3.5 mm cortical screw raw pullout test stress versus displacement data collected 
from the Instron for all SawBone densities. 

Figure 33 shows the raw experimental data collected from the 3.5 mm cortical screw 

pullout tests in the Instron. The 30 and 40 PCF stress-displacement plots were well 
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grouped, but the others contained some outliers. Some noise was collected after the 

ultimate tensile stress in the 10 PCF tests. 

 

 

Figure 34: 3.5 mm cortical screw pullout average experimental stress vs stain experimental 
plot for all SawBone densities. 
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The average stress-strain plots for the 3.5 mm screw can be seen in Figure 34. The 10, 20 

and 50 PCF had some outliers that needed to be removed for an accurate average plot. 

Note, some of the tests in the 20 PCF group produced a low toe region prior to the stress 

increasing steadily.  

 

3.5 mm Screw in 10 PCF Finite Element Models 

 

Figure 35: 3.5 mm cortical screw displaced at 0.3 mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

Some minimal amount of light blue stress can be seen originating at the far top edge of the 

screw on the SawBone in Figure 35. The maximum amount of stress occurred at the top of 

the SawBone. The rest of the SawBone and the entire screw remained deep blue, indicating 

little to no stress. 
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Figure 36: 3.5 mm cortical screw displaced at 0.5 mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 36, the stress began to propagate into the SawBone. A small amount of yield 

stress can be seen occurring at the top thread. 

 

Figure 37: 3.5 mm cortical screw displaced at 0.7 mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 37, the stress propagated even further into the SawBone. Additionally, more 

yielding stress and higher stress overall occurred along the screw threads. Far from the 

screw on the SawBone and the screw remained deep blue.  

 

3.5 mm Screw in 20 PCF Finite Element Models 

 

Figure 38: 3.5 mm cortical screw displaced at 0.3 mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

Figure 38 demonstrates the stress originates at each far top edge of the screw threads on 

the SawBone and the highest stress occurs at the top thread. The screw remains deep blue, 

so it saw little to no stress.  
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Figure 39: 3.5 mm cortical screw displaced at 0.5 mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 39, small amounts of yield stress occurred at the top two threads on the bone 

substrate. The stress began to propagate into the material, but the screw saw no stress.  

 

Figure 40: 3.5 mm cortical screw displaced at 0.7 mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 40, a significant amount of yield stress occurred on the top thread of the bone 

substrate. Additionally, the stress field penetrated the SawBone further and the screw saw 

no stress. 

 

3.5 mm Screw in 30 PCF Finite Element Models 

 

Figure 41: 3.5 mm cortical screw displaced at 0.3 mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 41, small amounts of stress were seen at each screw thread on the bone substrate. 

The majority of the stress was seen at the top thread. The majority of the SawBone and the 

screw saw no stress. 
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Figure 42: 3.5 mm cortical screw displaced at 0.5 mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 42, the low stress spread into the SawBone. Some small amounts of yield stress 

was seen at the top thread. The screw remained deep blue. 

 

Figure 43: 3.5 mm cortical screw displaced at 0.7 mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 43, the stress field penetrated the SawBone further. Additionally, small amounts 

of yield stress occurred at the top three threads on the substrate. The SawBone far from the 

screw and the screw remained deep blue. 

 

3.5 mm Screw in 40 PCF Finite Element Models 

 

Figure 44: 3.5 mm cortical screw displaced at 0.3 mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 44, minimal amounts of stress was seen at each thread on the SawBone. Majority 

of the SawBone and the screw saw no stress. 
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Figure 45: 3.5 mm cortical screw displaced at 0.5 mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 45, the stress began to spread more around each thread. Although not visible, 

there was a small amount of yield stress at the top thread.  

 

Figure 46: 3.5 mm cortical screw displaced at 0.7 mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 46, the stress began to penetrate the SawBone deeper. Additionally, more yield 

stress occurred at the top two threads. 

 

3.5 mm Screw in 50 PCF Finite Element Models 

 

Figure 47: 3.5 mm cortical screw displaced at 0.3 mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 47, minimal amount of stress occurred at each screw thread. More stress 

occurred near the top of the SawBone than further down. The screw and majority of the 

SawBone did not see any stress. 

 

In Figure 48, the stress field began to develop around each screw thread, with more stress 

spread towards the top of the SawBone. Some yield stress occurred at the top thread on the 

substrate. The screw did not see any stress. 
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Figure 48: 3.5 mm cortical screw displaced at 0.5 mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

 

Figure 49: 3.5 mm cortical screw displaced at 0.7 mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 49, the stress began to penetrate the SawBone further and more yield stress 

occurred at the top two threads. 
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In Figures 35-49, the stress distribution on the finite element models of the 3.5 mm 

cortical screw can be seen at low, medium, and high displacements. As the displacement of 

the screw increased, the stress distribution increased. The stress points were located at the 

far top thread of the screws on the SawBone. As the stress developed, it produced a funnel 

stress profile.  
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Figure 50: 3.5 mm cortical screw comparison of computational model in red and experimental 
model in blue stress vs strain plot. 

Figure 50 shows the Ansys 3.5 mm stress-strain curve against the experimental data. The 

20 and 40 PCF curves follow the experimental data very closely. The Ansys 10 PCF curve 

is slightly lower than the experimental curve. The Ansys curve for 30 and 50 PCF 
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intersects the experimental data twice. The experimental 30 PCF has a large toe region and 

the 50 PCF is not linear completely.  

 

Table 3: 3.5 mm Cortical Screw Interfacial Young’s Modulus for all SawBone Densities 

SawBone Density (PCF) Ansys Young’s Modulus 
(MPa) 

Experimental Young’s 
Modulus (MPa) 

10 108.83 130.43± 47.94 

20 364.91 344.78± 107.26 

30 781.05 813.41± 181.05 

40 1319.35 1376.24± 170.34 

50 1938.12 2037.06± 590.54 

 

Table 3 shows the young’s modulus of the Ansys and experimental data for the 3.5 mm 

cortical screw. All of the Ansys moduli are within the standard deviation of the 

experimental young’s moduli. The 10 and 20 PCF moduli are within 22MPa of each other. 
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4.5 mm Diameter Cortical Screw 

 

Figure 51: 4.5 mm cortical screw raw pullout test stress versus displacement data collected 
from the Instron for all SawBone densities. 

Figure 51 shows the raw experimental data for the 4.5 mm cortical screw. Note, most of 

the densities only have six sets of test data due to multiple samples failing in preparation. 

The raw experimental data for the 4.5 mm cortical screw varied greatly for the 30PCF 
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SawBone. Additionally, the 20 PCF sample group produced similar ultimate tensile 

strengths, but had varying toe regions that caused the slopes to spread apart. However, the 

plots for the rest of the densities were grouped relatively well. 

 

Figure 52: 4.5 mm cortical screw pullout average experimental stress vs stain experimental 
plot for all SawBone densities. 
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Figure 52 shows the average stress-strain plots for the 4.5 mm cortical screw. Due to the 

low number of data sets, the outliers were factored into the average plot. 

 

4.5 mm Screw in 10 PCF Finite Element Models 

 

Figure 53: 4.5 mm cortical screw displaced at 0.3mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 53, small amounts of stress began to occur at each screw thread. The majority of 

the SawBone and the screw so no stress, so they remained deep blue.  

 

In Figure 54, the stress field began to develop further, with more stress at the top of the 

SawBone. Some yield stress occurred at the top thread, while the screw saw no stress. 
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Figure 54: 4.5 mm cortical screw displaced at 0.5mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

 

 

Figure 55: 4.5 mm cortical screw displaced at 0.7mm in 10PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 55, the stress began to spread further into the SawBone and more yield stress 

occurred at the top two threads on the substrate. The stress at each thread connected to each 

other to form one continuous stress field. The screw saw no stress. 

 

4.5 mm Screw in 20 PCF Finite Element Models 

 

Figure 56: 4.5 mm cortical screw displaced at 0.3mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 56, small amounts of stress occurred at each screw thread location on the 

SawBone. Most of the stress occurred at the top thread. The screw and the majority of the 

SawBone saw no stress, so they remained deep blue.  
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Figure 57: 4.5 mm cortical screw displaced at 0.5mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 57, the stress field began to spread from one screw to another, and a small 

amount of yield stress occurred at the top thread of the SawBone. The screw saw no stress.  

 

Figure 58: 4.5 mm cortical screw displaced at 0.7mm in 20PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 58, the stress that originated at each screw thread location formed one 

continuous stress field. Additionally, more yield stress occurred at the first two threads of 

the substrate. The screw remained deep blue, since it did not see any stress.  

 

4.5 mm Screw in 30 PCF Finite Element Models 

 

Figure 59: 4.5 mm cortical screw displaced at 0.3mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 59, small amounts of stress occurred at each screw thread on the SawBone. The 

highest level of stress, approximately 75MPa, occurred at the top screw thread. The 

majority of the SawBone and the entire screw remained blue since they did not see any 

stress. 
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Figure 60: 4.5 mm cortical screw displaced at 0.5mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 60, the stress at each screw thread combined to make one continuous stress field. 

A small amount of yield stress occurred at the first two threads on the SawBone. The screw 

remained deep blue, since it did not see any stress.  

 

In Figure 61, the stress field began to penetrate the SawBone material further and more 

yield stress occurred at the top three threads. No stress occurred on the screw.  
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Figure 61: 4.5 mm cortical screw displaced at 0.7mm in 30PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

 

4.5 mm Screw in 40 PCF Finite Element Models 

 

Figure 62: 4.5 mm cortical screw displaced at 0.3mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 62, small amounts of stress occurred at each screw thread on the bone substrate. 

The majority of stress occurred at the top thread. No stress occurred on the screw.  

 

Figure 63: 4.5 mm cortical screw displaced at 0.5mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 63, small amounts of stress, but slightly more stress than Figure 62, occurred at 

each screw thread. No yield stress occurred throughout this simulation. No significant 

amount of stress occurred on the screw. 

 

In Figure 64, a small amount of yield stress formed at the top thread of the screw. 

Additionally, the stress field began to spread and form into a funnel-like shape. Still the 

screw did not form any stress.  
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Figure 64: 4.5 mm cortical screw displaced at 0.7mm in 40PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress.  

 

4.5 mm Screw in 50 PCF Finite Element Models 

 

Figure 65: 4.5 mm cortical screw displaced at 0.3mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 
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In Figure 65, small amounts of stress occurred at the first couple of threads on the 

SawBone. Most of the stress occurred at the top thread. The rest of the SawBone and the 

screw remained deep blue, because no stress occurred. 

 

Figure 66: 4.5 mm cortical screw displaced at 0.5mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

In Figure 66, small amounts of stress occurred at each thread. No yield stress occurred, but 

most of the stress occurred at the first two threads. The screw did not form any stress. 

 

In Figure 67, the stress began to spread within the SawBone and a small amount of yield 

stress occurred at the top thread.  
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Figure 67: 4.5 mm cortical screw displaced at 0.7mm in 50PCF equivalent stress, where the 
colors represent the level of stress produced. Red represents yield stress. 

 

Figures 53-67 contain snapshots of the stress distribution of the 4.5 mm cortical screw at 

various displacements. As the displacement of the screw increased, the stress spread into a 

funnel-like stress profile. The stress points started at the far top edges of the screw threads 

on the SawBone. The greatest stresses were seen at the top thread on the largest 

displacement of the screw. 
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Figure 68: 4.5 mm cortical screw comparison of computational model in red and experimental 
model in blue stress vs strain plot. 

Figure 68 shows the stress-strain plots of the Ansys finite model and experimental data. 

The 10 and 20 PCF plots followed each other very closely. However, the slopes of the rest 

were off. The 30 and 50 PCF crossed through the experimental data, and the 40 PCF was 

slightly lower. 
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Table 4: 4.5 mm Cortical Screw Interfacial Young’s Modulus for all SawBone Densities 

SawBone Density (PCF) Ansys Young’s Modulus 
(MPa) 

Experimental Young’s 
Modulus (MPa) 

10 137.72 135.74± 32.79 

20 252.72 247.53± 85.61 

30 691.27 580.04± 141.70 

40 1160.49 1325.76± 416.85 

50 2352.37 2402.72± 590.12 

 

Table 4 shows the young’s moduli of the model and experimental data. The 10 and 20 PCF 

moduli are relatively close, but the moduli for the other densities vary greatly. Although 

some varied, model moduli remained within the standard deviation of the experimental 

data at all densities. 
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Interfacial Stiffness Plots 

 

Figure 69: Experimental interfacial young’s modulus for each screw-SawBone density 
combination with error bars. 

Figure 69 shows the young’s modulus of the interface of each cortical screw size at all 

SawBone densities. The error bars represent the standard deviation found within the data. 

All cortical screws sizes show a relatively non-linear increase in stiffness with an increase 

in substrate density. The 4.5 mm showed a toe region between the 10 and 20 PCF. The 3.5 

mm screw had a larger stiffness than the 2.7mm screw, consistently. However, the 4.5 mm 

screw had a lower stiffness than the 3.5mm at all densities, except the 10 and 50 PCF. 
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Figure 70: Computational model interfacial young’s modulus for each screw-SawBone density 
combination. 

Figure 70 shows the young’s moduli collected from the Ansys model for each cortical 

screw at all densities. All of the screws showed a relatively non-linear increase in stiffness 

with an increase in substrate density. The 4.5 mm screw had a larger increase in stiffness 

between 40 and 50 PCF. Through all substrate densities, the 3.5 mm screw has a greater 

moduli than the 2.7 mm screw. On the other hand, the 4.5 mm screw only had a greater 

moduli for the 10 and 50 PCF samples. 

 

Analysis Summary 

All screw sizes relatively have well grouped raw experimental data with a few exceptions. 

The outliers of the raw data were excluded from the average stress-strain plot. The 4.5 mm 
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screw in 30 PCF stress-strain curves had very poor correlation. The 4.5 mm screw only 

have six data sets due to failure in sample preparation. All of the stress distributions on the 

finite element models increased as the displacement of the screw increased. Additionally, 

they all had stress points originate at the location on the SawBone where the far top edge of 

the screw thread touches it. Then, the stress profile develops into a funnel-like shape with 

the greatest stress located at the top thread. The interfacial stiffness of the screw and 

SawBone increased non-linearly with substrate density for each screw size. The 3.5mm 

screw consistently had a greater young’s modulus than the 2.7 mm screw for all substrate 

densities. The 4.5 mm screw had a lower stiffness than the 3.5 mms screw for the Ansys 

model and experimental data, except for the 10 and 50 PCF samples.  
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Chapter 7 
Discussion 

The purpose of this study was to examine the interface between bone substrate and 

orthopedic cortical screws. Axial load testing was chosen because it correlates to the 

transverse direction of the bone, which is the weakest direction of native bone. 

Theoretically, if an implant can withstand axial loading, it can withstand the same loading 

longitudinally to the bone. Clinically, bone anchors are subjected to complex loading, but 

most of the loads are transmitted axially onto the screw (34). Overtime, the bone-screw 

interface is exposed to cyclic-loading, which can lead to screw loosening. Therefore, the 

ASTM standard testing of metallic orthopedic screws is axial load testing. 

 

The finite element models of the screws meet all five requirements of being an ideal model 

(35). The models have a refined mesh with a maximum and average skewness under 0.95 

and 0.33, respectively. All materials were properly defined using material properties from 

the manufacturer. All constraints and loading conditions were defined in a way that is 

analogous to the experimental setup. The contact between the bone substrate and screw 

were properly defined as a frictional contact. Finally, the FEA results were validated with 

the experimental results.  
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2.7mm Diameter Cortical Screw Discussion 

The raw stress experimental data collected from the axial pullout tests for the 2.7 mm 

cortical screws were well grouped, relatively. There were twelve samples for each density, 

except 50 PCF due to two samples failing in preparation. All but the 40 PCF group had a 

few outliers that needed to be excluded from the average plot. Prior to taking the average 

of the raw data, the displacement was converted to strain. The screws were inserted into the 

SawBone with 18 mm of purchase depth. Therefore, the displacement of the screw was 

divided by the purchase depth.  

 

The FE model for the 2.7 mm demonstrated an increasing stress distribution spread with 

the increase in screw displacement. The stress is concentrated where the far top edge of the 

thread on the screw interfaces with the SawBone. Therefore, the furthest point on the 

thread are considered stress risers, or “features that substantially influence stress or strain” 

(35). Additionally, as the stress spread through the SawBone, it developed into a funnel-

like stress profile with the greatest stress at the top of the substrate. The highest stress point 

occurs at the top thread on the synthetic bone model. The 10 PCF group began to see 

yielding, turning red, at the medium screw displacement of 0.3mm, or 1.67% strain. At 0.5 

mm of displacement, or 2.78% strain, it saw a large amount of yielding at the top of the 

substrate and some at the screw locations. This stress distribution aligns with what was 

seen in the experimental average plot. The experimental data on average is close to 

yielding at 1.67% strain and close to its ultimate tensile strength at 2.78% strain. The 20 

PCF group saw a similar result as the 10 PCF group. The yielding stress starts to show at 
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1.67% strain, but is more prevalent with the 2.78% strain, which aligns with the 

experimental data. The 30 PCF sample group did not see as much yielding stress at 1.67% 

strain, but began to spread at 2.78% strain. This aligns with experimental data since the 

substrate began yielding at approximately 1.75% strain. The 40 PCF group saw similar 

results as the 30 PCF group, which aligns with the experimental data since it started 

yielding at approximately 1.9% strain. The 50 PCF group saw a similar result as the 40 and 

30 PCF groups, but with even less stress distribution. This aligns with the experimental 

data since it began yielding at approximately 2.2% strain. Therefore, the strain distributions 

for the 2.7 mm model aligned with the experimental data at all densities.  

 

The Ansys model stress-strain plot for the 2.7 mm diameter cortical screw follows the 

experimental data closely, staying within the standard deviation range shown in blue. The 

slope of the 20 PCF plots appeared to be significantly different with the original screw 

displacement increments of 0.1mm. When the screw displacement increments was 

decreased to 0.05mm, the stress-strain curve corrected itself. This correction can be 

attributed the non-linear toe region. Since the model is linear, the non-linear region threw 

off the rest of the data for the computational model. The 50 PCF stress-strain plot shows 

the Ansys data has a slightly greater. Additionally, the Ansys model’s young’s moduli of 

the SawBone-screw interface remains within the standard deviation of the experimental 

moduli. Just as displayed in the stress-strain curves, the 10, 20, 30, and 40 PCF groups are 

very similar for both the experimental and computational model. In fact, they are all within 

2MPa of each other. Compared to the experimental modulus, the Ansys young’s modulus 
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is higher for the 50 PCF group. Although the 50 PCF group slope was not the same as the 

experimental slope, it was only off by approximately 90 MPa which is well within the 

standard deviation. 

 

3.5mm Diameter Cortical Screw Discussion 

For the 3.5 mm diameter cortical screw, the experimental stress-displacement plots were 

well grouped for 30 and 40 PCF. The 10, 20 and 50 PCF had some outliers that needed to 

be removed for an accurate average plot. The displacement of the screw was converted to 

percent strain in order to calculate the young’s modulus of the interface between the 

SawBone and screw.  

 

The 3.5 mm screw had the same stress risers as the 2.7 mm screw, located at the far top 

edge of the thread on the screw. Additionally, it produced a greater stress distribution with 

an increase in displacement of the screw and produced a funnel-like stress profile. The 

stress profile were captured at 1.67%, 2.78%, and 3.89% strain. The 10 PCF stress profiles 

only produced some yield for 2.78% strain at the stress riser of the top thread. At 3.89% 

strain it yielded at the stress risers for the top three threads only. This aligns with the 

average experimental plot because the yield location is closer to 3% strain. The 20 PCF 

stress field produced more yielding than the 10 PCF. There was a large amount of red 

located on the top thread at 3.89% strain. This aligns with the experimental strain because 

it began to yield around 2% stain. The 30 PCF group begins to yield at the 2.77% strain 
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and produce greater stresses at 3.89% strain.  This aligns with the experimental data since 

it began to yield around 2.7% strain. The 40 PCF had similar results as the 30 PCF. It 

began to yield at 2.77% strain, but the spots of yielding are so small, they are only invisible 

if enlarged. Additionally, it only had slightly larger, visible stresses at 3.89% strain. The 

experimental data begins to yield around 3.5% strain. The Ansys model may have shown 

some slight yielding due to the stress risers. The 50 PCF had very similar results as the 40 

PCF. There is some non-visible yielding at 2.77% strain and some small spots of yielding 

at 3.89% strain. This aligns with the experimental data since it began to yield around 3.6% 

strain. 

 

The computational stress-strain curve closely followed the experimental curve for 20 and 

40 PCF. The Ansys slope was slightly lower for the 10, 20 and 50 PCF. All of the 

interfacial stiffness’s were within the standard deviations.  Although some curves varied 

slightly, all remain within the standard deviation of the curves, represented in blue.  

 

4.5mm Diameter Cortical Screw Discussion 

Although twelve samples were intended to be used for each data set, many samples failed 

in preparation of the 4.5mm cortical screw samples which led to only six samples, seven 

samples for 30 PCF, being successful for each substrate density. This may have led to 

some variability and unreliability of the data set. Therefore, the data should be taken with a 

grain of a salt and further exploration of the 4.5mm screws will be needed. The raw 
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experimental data for the 4.5 mm cortical screw varied greatly for the 30PCF SawBone. 

However, the plots for the rest of the densities were grouped relatively well. Due to the 

shortage of sample data available, all samples were factored into the average. 

 

As with the other two screw sizes, the stress distribution increased as the screw was 

displaced from the SawBone and a funnel-like stress profile was produced. Additionally, 

the stress starts at the far top edge of each screw thread on the SawBone. The 10 PCF had 

some invisible yielding occur at 2.77% strain and began to have visible yielding at the top 

thread at 3.89% strain. This aligns with the experimental data because it began to yield 

around 3% strain. The 20% strain had a very similar stress distribution as the 10 PCF. 

There was very little yield stress produced, even at 3.89%. This aligns with the 

experimental data because it began to yield around 4% strain. The 30 PCF had similar 

results as the others, but slightly more yield stress at the top thread at 3.89% strain. The 

average experimental data began at 3%. The 40 and 50 PCF produced very similar stress 

profiles, with no yielding at 2.77% strain and only a little yielding at 3.89% strain. This 

aligns with the experimental data because they both began to yield just prior to 4% strain.  

 

The computational stress-strain curves followed the experimental curve very closely for 10 

and 20 PCF substrate. Their slopes were within 5MPa of the experimental slopes. The 

Ansys slope was slightly lower for both the 40 and 50 PCF substrate. The 30 PCF Ansys 

model was off the most from the experimental data. However, the 30 PCF data also varied 
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greatly. Although some of the Ansys data was slightly off from the experimental data, all 

of the young’s moduli were well within the experimental data. 

 

Interfacial Stiffness Discussion 

According to the experimental and computational data, the interfacial stiffness between the 

screw and SawBone increases non-linearly as the SawBone density increases. Additionally 

the stiffness of the 3.5mm screw is greater at all densities than the 2.7mm screw, but only 

less than the 4.5mm screw at the 10 and 50 PCF density. The relationship between the 

2.7mm screw and 3.5mm screw suggests the diameter of the screw has a direct effect on 

the interfacial stiffness. All of the screw sizes obtain greater jumps in interfacial stiffness at 

each density increment. Additionally, the gap between screw sizes increases at each 

density. For example, 4.5mm screw has its largest jump between 40 and 50 PCF, and has a 

much greater stiffness than the 3.5 mm screw at 50 PCF.  This suggests the larger diameter 

screws have a greater effect on stiffness at greater substrate densities. 

  

Since these are cortical screws and are meant to be inserted into cortical bone, it’s natural 

to look at the screw-substrate interface at cortical density. Cortical density typically ranges 

between 99.88 and 124.86 PCF (36). From the interfacial stiffness data collected, it can be 

inferred that the 4.5mm screws would greatly out preform the others. 
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Summary 

The conclusion of this study demonstrates a validated two-dimensional finite element 

model of various orthopedic cortical screws that is a solid foundation for various future 

studies. Overall the computational simulation of bone anchor axial pullout was in 

agreement with the experimental data. The raw experimental data was averaged, excluding 

outliers, to compare directly to the results of finite element models. All of the FE models 

stress-strain curves remained within the standard deviation of experimental curves. 

Additionally, they all demonstrated a funnel-like stress profile as the displacement of the 

screw increased, that originated for the stress risers. The stress risers on all of the models 

were located where the far top edge of the screw edge interfaces with the SawBone. This 

stress distribution makes sense because as the screw is pull out of the substrate, the top 

edge of the screw is the part making direct contact with it. The young’s modulus of the 

screw material is much greater than the SawBone, so as the screw moves upward it 

attempts to shear the thread of SawBone off. Therefore, the highest point of stress occurs at 

the corner on the substrate where the shearing begins. The funnel-like stress profile is 

created due to the support on the top edge of the SawBone. If the support was not there, the 

stress would be evenly distributed amongst the screw thread locations because the 

SawBone would deform upwards prior to yielding. However, if there is a support on the 

top of the SawBone, it prevents it from deforming and causes additional stress at the top of 

the SawBone. This demonstrates how the stress profile differs if a screw is used in 

combination with a plate or used alone. All SawBone-screw interface young’s moduli for 

the model were within range of the experimental data. Additionally, it was concluded that 
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the diameter of screw had a greater effect on the stiffness at high substrate densities. These 

results are significant because this verified model can be used to quickly run various 

studies, without the time consuming task of collecting experimental data. Additionally, 

having a greater understanding of the stress distributions and interfacial stiffness allows 

engineers to design better bone anchors and surgeons to select the correct fixation for every 

scenario. Overall, this is a foundational study that proved the testing methodology. 

Therefore, similar studies can be used within Ansys with a fair degree of certainty.  
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Chapter 8 
Future Work 

Although screw loosening is not well documented, it is a common problem associated with 

orthopedic screw fixations. Understanding the causes will help surgeons to use 

preventative techniques and products to reduce the number of screw loosening occurrences. 

This is especially important for areas that screw loosening is a common problem, such as 

the humerus (37). In the future, this study can be used as the foundation for various studies 

within Ansys. This includes varying parameters such as, the purchase depth, the screw 

angle, screw type, etc. Additionally, the substrate geometry can be changed to resemble the 

complex shape of human bone more closely. This includes using a bi-cortical substrate in 

place of the uniform density. Additionally, in order to accurately predict screw loosening in 

a finite element model, it’s important to either use a hierarchal or iterative model (35). The 

hierarchal model includes structures at the micro and macroscopic level to better 

understand micro damage. The iterative model takes into account that bone is a living 

tissue and will adapt to the new implant. The bone density increases at locations of high 

strain energy density and decreases at locations of low strain energy density. The iterative 

process continues until the maximum strain energy density reaches a predetermined 

optimal level. Overall, the studies that can be derived from this foundational study will 

inform orthopedic surgeons how to better select the correct bone fixation to prevent screw 

loosening, which leads to lowering surgical costs and increase positive surgical outcomes. 
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