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ABSTRACT 

 Midshaft fractures of the femur are commonly seen in clinical cases. A 

fracture is a break through the bone that compromises bone stability and its surrounding 

tissues. After a fracture, the bone must go through bone healing to recover its full 

stability and function. Internal bone plate fixation of midshaft femur fractures is one of 

the leading ways that surgeons treat transverse fractures of the femur bone. The purpose 

of the implant plate is to provide structure and stability while the bone regenerates.  

Current clinical applications prefer the use of 6 bicortical non-locking screws in a 

7 hole dynamic compression plate, considered the traditional method, for the internal 

fixation of midshaft femur transverse fractures. While this configuration provides a 

secure structure to allow for long-term rehabilitation, it is invasive to the bone. The 

traditional method does not necessarily provide the best mechanical performance 

possible.  

This study proposes the use of hybrid configurations of screws for an alternative 

method of the bone plate fixation. Hypothetically, the combinations of 4 unicortical and 2 

bicortical screws into the plate/screw to bone interface provides a balance between level 

of support and invasiveness offered by the implant. The goal of this study is to conduct 

an in-vitro, a physical, and a statistical analysis to better understand the implications of 

the hybrid configurations and compare their performance to the traditional method. The 
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overall purpose of this study is to identify the best configuration of bone plate fixation for 

rehabilitation of a fractured femur bone. 

The study was conducted using porcine femur models. Porcine femurs are known 

to be anatomically and mechanically similar to the human femur [31]. Four groups were 

considered for this study. The control group was based on the traditional method of bone 

plate fixation, consisting of 6 bicortical screws. Each of the three testing groups had four 

unicortical and two bicortical screws, each with a different placement for the bicortical 

screws. The bicortical screws for Groups 2, 3, and 4 were located in the innermost, 

middle, and outermost holes of the plate, respectively. Seven bone samples were made 

for each group (n=7) following the same procedure of bone plate fixation for each group. 

A 10 mm transverse fracture was created at the midshaft of the femur to simulate the 

fractured bone. Each sample was then fixated at both ends of the femur through an epoxy. 

All bones were tested on the Materials Testing System located in the orthopedics lab of 

Mercer University, School of Engineering. Three analyses were conducted to test the 

performance of each configuration: an experimental in-vitro analysis of mechanical 

properties, a theoretical analysis of force interactions, and a statistical analysis for 

significant difference of the data. 

The in-vitro investigation was done through a material analysis of the construct.  

Axial compression and axial failure tests were implemented to simulate the mechanical 

behavior of the construct under elastic and plastic deformation. In the axial failure test, 

pre- and post-cyclic assessments were made and the axial stiffness was calculated for 

each group. The average axial pre-stiffness was 909 ± 117 N/mm for Group 1 (the control 

group), 958 ± 104 N/mm for Group 2, 1083 ± 287 N/mm for Group 3, and 1096 ± 445 



 

 

xvii 

N/mm for Group 4. Overall, the configurations were ranked based on pre-stiffness 

performance in the following order: Group 4 > Group 3 > Group 2 > Group 1. The 

average axial post-stiffness was 1181 ± 156 N/mm for Group 1, 1046 ± 162 N/mm for 

Group 2, 1160 ± 207 N/mm for Group 3, and 1240 ± 521 N/mm for Group 4. Overall, the 

configurations were ranked based on post-stiffness performance in the following order: 

Group 4 > Group 1 > Group 3 > Group 2. 

The average axial stiffness was 407 ± 145 N/mm for Group 1 (the control group), 

445 ± 91 N/mm for Group 2, 460 ± 143 N/mm for Group 3, and 680 ± 225 N/mm for 

Group 4. The average axial yield strength was 3910.13 ± 1776.638 N for Group 1 (the 

control group), 4268 ± 1837 N for Group 2, 5107 ± 2608 N for Group 3, and 7002 ± 2187 

N for Group 4. The average ultimate failure force was 4949 ± 2678 N for Group 1 (the 

control group), 5743 ± 3026 N for Group 2, 6065 ± 3052 N for Group 3, and 8499 ± 1492 

N for Group 4. Overall, the configurations were ranked based on the axial failure 

performance in this order: Group 4 > Group 3 > Group 2 > Group 1. 

The theoretical analysis studied the forces and moments acting on the implant to 

bone interface. This analysis was done through the use of free body diagrams. An 

analysis was performed for both the static (in equilibrium) and dynamic (not in 

equilibrium) behaviors of each configuration.  From the static analysis, it was determined 

that bicortical screws create larger forces on the bone than unicortical screws. The 

presence of more bicortical screws can result in higher wearing for the bone, as the bone 

cortex must create counteracting forces under axial loading. Thus, more bicortical screws 

result in higher bone wear at the implant interface. From the dynamic analysis it was 

concluded that if bicortical screws are placed farther from the fracture gap, then they are 
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able to provide a higher stiffness for the system due to a greater moment arm from the 

bicortical screw to the fracture gap. Based on these results, Group 4 represents a better 

theoretical model than Groups 1, 2, and 3. 

The statistical analysis was done through Minitab 17. The groups were tested for 

distribution normality and statistical significance in each of the variables. Most groups 

presented a normal distribution of the data. A total of 4 cases came out to be non-

normally distributed, which only meant that these cases were not able undergo the 

statistical significance test. ANOVA analysis of each variable was done for those cases 

that presented a normally distributed data. Most variables presented no statistically 

significant difference between the groups. However, there were two cases, the axial 

stiffness under equal variances and the ultimate failure force under unequal variances, 

that had a p-value lower than 0.05. For these two variables there was enough evidence to 

show that the values were statistically significantly different and these were not attributed 

to chance. 

The material and physical analyses agreed with each other on the conclusions 

made. Overall, it was found that Group 4 offers a less invasive model than Group 1 and 

also greater stability and resistance to deformation than Groups 1, 2, and 3. In addition, 

the statistical analysis gave evidence that certain variables do represent the actual 

averages of the overall population. In conclusion, this study recommends the use of 

Group 4’s configuration as a more suitable implant for rehabilitation purposes of 

midshaft transverse fracture of femur bone. 

 Keywords: Dynamic Compression Plate, Transverse Fracture, Femur Bone, 

Internal Fixation, Bone Plate, Unicortical and Bicortical Screw, Stiffness, Elastic and 

Plastic Deformation, and Configuration. 
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CHAPTER 1 

INTRODUCTION 

 Fractures of the femur bone are classified as some of the most commonly seen 

fractures. Annual incidences of fractures of the femur bone constitute about 235,486 

people, just in the USA. This represents 1 in every 1,155 people [55]. The femur bone is a 

long bone of the lower limb located between the hip joint and the knee joint. This is an 

important bone as a structural and functional component of the human body. The femur 

bone holds at least 11 to 14% of the total human weight during standing position, which 

increases when performing activities such as walking, jogging, and running [62]. There are 

a high variety of muscles that insert in or originate at the femur. This bone, in conjunction 

with its surrounding muscles, allows the human body to perform extensive movements of 

the hip and the legs.  

 Femur fracture refers to a break or crack at any of the parts of the bone. The 

femur is composed of three major sections: the proximal and the distal heads, made up of 

cancellous bone, and the bone shaft, made up of cortical bone. Fractures are more 

commonly seen at the bone shaft because the shaft tends to receive most of the forces 

applied on the femur, by concept of energy translation [36]. Cortical bone of the femur 

shaft is strong and compact, which allows for a great support, but also means that the 

bone may be fractured with the right application of forces. Specifically, the distal ⅓ of 

the shaft represents a weak point of the femur [62]. Thus, more fractures tend to be seen at 
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that location. A fracture of the femur can be caused by two major factors: biological or 

physical. Biological factors refer to any genetic, physiological, or physical implications 

within the body. For example, bone decay causing the femur structure to fail and fracture 

would be a biological fracture. A physical factor constitutes an external cause that creates 

a consequence on the internal system. For example, a direct external blow to the femur 

can cause trauma and result in a fracture of the bone [64]. 

 Trauma is caused by the translation of external energy into a system in 

equilibrium. The bone may or may not fracture depending on the degree of the trauma. 

Low energy trauma may only cause stress on the bone, which could lead to cracks or 

stress fractures in the future. High-energy trauma can result in a sudden fracture of the 

bone with higher fracture length and more bone displacement. The forces originated 

through the trauma will determine the pattern of fracture. These forces may affect the 

bone directly or indirectly. Indirect forces may cause transverse, oblique, or spiral 

oblique fractures due to tension, compression, and torsion forces, respectively. Direct 

forces, such as a punch or kick, to the bone usually cause transverse fractures of the 

midshaft.  

Bones have a certain ability to heal over time. A fractured bone does not mean a 

useless bone. The natural, ‘ideal’, process of bone healing is long term including the 

formation of blood clot, soft and hard callus, and bone remodeling. This procedure can be 

efficient and independent. However, this procedure may be compromised due to daily 

living requirements and imperfections of the body. For the bone to heal correctly and in a 

reasonable amount of time, it must go through some sort of fixation treatment depending 

on the fracture degree and pattern. Treatments of midshaft fractures involve invasive and 
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non-invasive options. The main goal of treating a midshaft fracture is to find the least 

invasive procedure that provides enough support for the specific fracture to heal. This 

will improve the healing process while allowing partial functionality of the bone as 

healing occurs.  

 From the structural side, treatments may be based on external or internal fixation. 

Both types have their own advantages tailored for different types of fractures. Midshaft 

femur fractures are normally treated with internal fixation procedures [46]. Internal 

fixation provides a closer interaction of the implant with the bone, which allows for better 

structure and precision for bone alignment and implant fixation. These advantages result 

in faster healing of the bone fracture. Internal fixation of midshaft femur fractures can be 

done in several ways including the use of an intramedullary nail, wires, screws, and bone 

plates. Studies have shown that fixation through bone plates and screws offer the best 

balance between structural support and invasiveness to the bone [43, 45, 59, 65]. 

 Lane first introduced bone fixation with plates and screws in 1895.  At first, metal 

plates were not great methods of fixation because the mechanics and materials of the 

devices were not biocompatible with the human body. The early designs for plate and 

screw fixation did not offer enough stability of the bone, and its materials were affected 

by corrosion and wear, which then led to osteolysis of bone structure. It was in 1949 that 

Canis introduced the first dynamic compression plate (DCP) for fixation of long bone 

fractures. This design revolutionized the treatment of bone plate fixation, as it provided 

more stability because it generates compression at plate and bone interface. This design 

also allowed for better alignment of the bone and had no need for an external fixator 
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support. Design improvements have been, and continue to be, made to plates and screws 

to further develop the efficiency and effectiveness of the device [21]. 

DCP represents a great design for fixation of midshaft femur transverse fracture. 

This is given by the dynamic compression that the plate produces on the two bone 

fragments. The dynamic compression principle explains how insertion of the screws 

generates forces that create compression of both the fracture site and the plate to bone 

interface [23]. Compression of the gap allows for increased proximity of the bone 

fragments, which will enhance bone alignment and healing over time. Compression of the 

plate results in a stable system supported by internal interactions between the plate/screw 

and bone system and also the presence of friction forces at the bone/plate interface.  

Additional factors considered in the internal fixation of bone plates include 

implant working length and plate screw density. The working length represents the 

distance between the two inner screws of the bone plate. This distance will generally 

depend on the length of the fracture. A larger working length will result in fewer number 

of cycles to failure. Transverse fractures of midshaft femur bones are categorized as a 

simple fracture and do not usually result in large fracture length. Transverse fractures 

tend to create a 5 to 10 cm fracture gap, which does not represent a conflict for the 

working length of the implant.  Plate screw density refers to the ratio between number of 

screws and the number of holes in a chosen section of the plate. Studies have shown that 

each of the bone fragments requires at least two screws, with at least one bicortical screw 

in each fragment. It is recommended that a screw density between 0.4 and 0.5 be kept 

throughout the system. However, if working with bone plates that have fewer than 12 
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holes it is acceptable to dismiss the screw density and prioritize the safety factor. The use 

of three screws per fragment increases the safety factor by 33% [20, 46]. 

 Simultaneous to plate development, screws used for fixation were also redesigned 

after years of trial and error. Currently, two main screws used in practice are the locking 

and non-locking screw. Locking screws provide a fixed point between the screw head and 

the plate, which creates more stability of the screw/plate system and greater stress 

concentrations at the plate’s ends. However, this avoids full compression of the plate with 

the bone and eliminates the friction forces at the interface. Non-locking screws do not 

have this fixed point at the screw head and allow for full compression of the plate/bone 

interface. Friction is maintained as a result. Studies show that when dealing with axial 

loading, non-locking screws allow more bending of the system, in response to the 

compression, than locking screws. This is given because the locking screws provide a 

larger rigidity of the system, which decreases the flexibility of the plate [8]. The femur 

bone is constantly under axial loading, which causes elastic bending of the femur shaft. 

For the purpose of internal fixation of midshaft transverse fractures, non-locking screws 

were preferred because of their ability to allow more bending of the plate while still 

providing the necessary support.  

 The shaft of a femur bone is shaped as a hollow cylinder. In the process of bone 

plate internal fixation, screws have the option to penetrate through one or both cortices of 

the bone. Screws that penetrate through both cortices are referred to as bicortical screws 

and those that penetrate through only one cortex are called unicortical screws. Bicortical 

screws are longer in length and tend to provide greater stability of the system by making 

a connection between the plate/screw to bone interface with the distal cortex of the bone. 
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However, bicortical screws are a more invasive device and also decrease bone mass. 

Unicortical screws are shorter in length and only penetrate through one cortex of the 

bone. Although unicortical screws may not provide full stability, they are significantly 

less invasive than bicortical screws [62]. 

Clinical applications prefer the use of 6 bicortical non-locking screws in a 7 hole 

DCP, considered the traditional method, for the internal fixation of midshaft femur 

transverse fractures. This configuration provides a secure structure to allow for long-term 

rehabilitation. However, the traditional method does not necessarily provide the best 

mechanical performance possible. Experimental comparisons of unicortical and bicortical 

mechanical performance have been done in multiple cases relating to the orthopedics, 

biomechanics, and biomaterials, and rehabilitation fields. The internal fixation of a bone 

plate orthopedic device represents a highly complex biomechanical system. The 

plate/screw to bone interface constitutes a great variety of mechanical properties, or 

variables, that affect the performance of the implant as a rehabilitation device. Studies 

have shown evidence that hybrid configurations combining both unicortical and bicortical 

screws have the potential of providing a more stable environment for rehabilitation of 

midshaft femur bone fracture [1, 36, 62]. Despite the current studies, there is not enough 

evidence yet to draw conclusions on the true benefits and advantages of hybrid screw 

configurations.  

This study aims to develop further understanding of the mechanical implications 

resulting from hybrid screw configurations under axial compression and axial failure of 

each system. Conducting a biomechanical testing of three different hybrid screw 

configurations does this. The control group for this study is the traditional method of 
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fixation with 6 bicortical screws. The testing groups are conformed by 2 bicortical screws 

and 4 unicortical screws. Each group is different from each other on the symmetrical 

location of the two bicortical screws, being placed on the inner two, middle two, and 

outer two holes of the plate. A hole between the two inner screws was left empty for all 

groups. 

Through this experimental study, a comparison of the mechanical behaviors of 

each configuration is possible. The study will develop a full material analysis of the 

mechanical properties shown on each system under low repetitive axial loading and high 

non-destructive axial loading. The study will offer enough data to compare the elastic and 

plastic behaviors of the constructs leading to bone and implant failure. 

The study investigates the benefits of stability and performance provided by the 

physical forces present in the system. This will be achieved by a theoretical analysis of 

the forces and moments acting on the different constructs under static and dynamic 

environments. The analysis is done by representation of each system in a free body 

diagram (FBD).  

This study also considers and tests the meaning of the experimental results in a 

statistical setting. A statistical analysis provides information about the distribution and 

statistical significance of the data when using a sample size of n=7. This will offer 

evidence on the normality and probability attribution of the data. 

The goal of this study is to provide a full performance analysis of each 

configuration. A correlation between the in-vitro, mechanical, and statistical analysis 

offers a full assessment of the benefits for each configuration. By comparing these 
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benefits, a selection of the optimal configuration for internal fixation of midshaft 

transverse femur fracture can be done. 

 The intended purpose of the study is to identify the best configuration of bone 

plate fixation for rehabilitation of a fracture femur bone. This study contributes to the 

understanding of internal fixation methods, while also making a recommendation of 

optimal hybrid screw configuration for clinical use. 
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CHAPTER 2 

BACKGROUND 

2.1 Human Bone 

 The bone is the main structure of the human body that provides support and 

shape. Being mainly composed of calcium phosphate and calcium carbonate, the bone is 

a hard and rigid structure made of connective tissue [40]. The combination of all bones is 

what makes the majority of the human skeleton. A total of 206 bones constitute the 

human skeleton.  

2.1.1 Bone structure and functions 

 The bone itself is a complex structure with multiple levels of organization. As 

shown in Figure 1, the bone can be studied through its different hierarchy levels. The 

first level consists of the macrostructures, most commonly known as the cortical and 

cancellous bone. Then, the osteon represents the microstructure level of the bone. The 

sub-microstructure level contains the lamellae and Haversian canal, which can be broken 

down into the nano level consisting of collagen fibers, fibrils and molecules. It is 

important to have knowledge about the different levels of bone structure. Each level has 

different elastic and plastic characteristics that can be studied through biomechanical 

testing [29]. This study will focus on the biomechanical properties of cortical bone, a 

macrostructure. 
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Figure 1. Structural Levels of the Bone [29] 

 
 
Furthermore, the bone itself consists of collagen fibers and inorganic bone 

mineral, also known as bone crystals. In vivo bone refers to living bone in the body and it 

contains 10% to 20% water. Bone mineral takes up about 60% to 70%, leaving about 

10% of collagen fibers plus a small amount of other miscellaneous substances, such as 

inorganic salts [61]. 

 Bones serve several functions other than support and stability. Bones are 

specifically designed to support the heart, lungs, and marrow. Bones offer protection as in 

the case of the brain, uterus, and other internal organs. The bone serves as an attachment 

site for tendons and muscles, which allows for movement of the limbs. Bone also 

represents a reservoir of minerals and blood [2]. 

2.1.2 Cortical Vs. Cancellous Bone 

The macrostructure of the bone consists of cancellous bone and cortical bone. 

These are referred to as the two types of bone in the body. The cancellous bone is located 

at the heads of long bones where the cortical bone ends and is much more porous and 

weaker than cortical bones. It can also be found in the pelvic bones, ribs, and the 
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vertebrae [56]. Cancellous bone is a light and porous bone that often gives a honeycombed 

or spongy appearance. The bone matrix is organized into trabeculae that are arranged 

along lines of stress. The spaces between often are filled with blood vessels and marrow. 

This bone is most commonly found in areas of bone that are not subjected to great 

mechanical stresses, even though the open structures of cancellous bone allows it to 

dampen sudden stresses (i.e., load transmission through joints) [62]. 

Cortical bone, also known as compact bone, makes up the shafts of the long bones 

and is very dense/strong, which makes it harder to fracture. Cortical bone is about 4 times 

the mass of cancellous bone. Cortical bone makes up the outer shell of the bone. It 

represents about 80% weight of the human skeleton. Cortical bone is denser since it is 

meant to act as the structure for weight bearing. Cortical bone may be thicker depending 

on the amount of axial stress applied into the specific region [52]. Cortical bone is mainly 

found as the midshaft portion of long bones. Osteoblasts in cortical bone produce mineral 

matrix to form additional layers of cortical bone. This procedure happens as a response to 

increased stress. Once the stress decreases, osteoclasts break down some of the bone back 

into minerals to be released into the blood and reduce bone mass [24]. 

2.1.3 Femur Bone 

 The femur, shown in Figure 2, is a long bone located in the lower limbs of the 

human body. The femur is considered to be the longest, heaviest, and strongest bone in 

the human body. Femur bones tend to receive must of the body weight during any weight 

bearing activities, such as walking, running, or jumping. On average, femur bones will 

receive 11 to 14 % of the total weight during normal standing position [62]. The femur 

connects the hipbone at the acetabulofemoral joint with the tibia and patella bones at the 
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knee joint. The femur is made up of cancellous bone at the proximal and distal sections, 

and cortical bone throughout the body, or shaft.  

At the proximal head, the femur consists of the greater and lesser trochanter, the 

femur neck, the intertrochanteric line, the head of the femur and the fovea capitis. The 

acetabulofemoral joint, which connects the femur with the hipbone, is a ball and socket 

joint which allows for 6° of freedom, including extension, flexion, internal and external 

rotation, abduction, and adduction. The femur holds a vital role in muscle attachment. 

Several muscles, such as the gluteus, abductors and adductors of the hip, insert into the 

femur. Other muscles, such as the quadriceps, have their origin at the femur. 

At the distal head, the femur consists of the medial and lateral epicondyles, the 

medial and lateral condyles, and the patellar groove. The knee joint, which connects the 

femur with the tibia, acts as a hinge joint allowing for flexion and extension of the leg. 

Powerful ligaments offer great points of stability that support the knee joint. These 

include the anterior cruciate ligament, posterior cruciate ligament, medial collateral 

ligament, and lateral collateral ligament [62]. 

 

 
Figure 2. Anterior and Posterior view of Right Femur [53] 
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 The muscles of the femur bone carry out important movements of the thigh and 

about the hip and knee joints. The muscles of the femur may be categorized by anterior, 

posterior, and medial sections. The anterior region of the femur contains the psoas major, 

the iliacus, the vastus lateralis, medialis, and intermedius, the rectus femoris, the 

sartorius, and the pectineus. The posterior compartment includes the biceps femoris, the 

semitendinosus, and the semimembranosus. The medial section includes the adductor 

magnus, longus, and brevis, the obturator externus, and the gracilis [62]. All together, 

these muscles are able to enhance the movements of the hip and the knee joint. These 

movements include abduction, adduction, flexing, extending, and internally/externally 

rotating the hip joint, as well as flexing, extending, and medially/laterally rotating the 

knee joint. 

2.1.4 Femoral Cortical Bone Mechanics 

 The shaft of long bones is architecturally designed to resist shearing stresses, 

bending moment, and axial stress [12]. The elastic and strength properties of cortical bone 

are anisotropic, which means that the properties vary in magnitude depending on the 

direction of measurement. Studies also indicate that cortical bone may be classified as 

transversely isotropic [33]. This means that the properties of cortical bone can be assumed 

to be symmetric about an axis normal to a transverse plane. This is consistent with the 

concept that bone is stronger and stiffer when loaded in an axial axis. Keaveny et al. 

tested the anisotropic elastic properties of human femoral cortical bone. Through their 

results they were able to prove that the femur bone is stiffer when loaded longitudinally 

than transversely as their results showed a longitudinal and a transverse modulus of 
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17,900 and 10,100 MPa, respectively. In addition, their study also showed that femur 

bone is always stiffer in compression than in tension.  

Investigations of elastic properties of bone can be done at three different scales: 

the tissue level (<1 mm), the apparent level (5 - 40 mm), and the whole bone level (>>40 

mm). This study conducts an investigation of elastic properties at the tissue level. In the 

analysis of elastic properties, there are two terms that may be often related in the wrong 

way: Young’s Modulus and bone strength. Bone strength represents the stress at which 

bone yields or fails completely, while Young’s Modulus refers to the reversible elastic 

stiffness as a result of the application of small loads. In this study, the biomechanical 

testing will analyze both of these mechanical properties through two different tests [28]. 

The strength of materials is represented through the following factors: stress, 

deformation, strain, and stress-strain relations. Stress is the internal distribution of forces 

within a body as a reaction to a load applied to it. Stress can be compressive (pushing 

forces), tensile (pulling forces), and shear (parallel forces). Deformation refers to the 

change in geometry when stress is applied, which is represented by the displacement field 

of the material. Strain, also referred to as reduced deformation, expresses the trend of 

deformation change along the material field. The relationship between stress and strain 

provides information about the elasticity of a material. Elasticity is the ability of a 

material to return to its previous shape after stress is released. If enough stress force is 

applied, the material may be pushed to its plastic region, in which it is not able to return 

to its previous shape, as shown in Figure 3 (a). The Young’s Modulus is the measure of 

the slope between the stress and strain, as shown in Figure 3 (b). Bone presents linear 

elastic and nonlinear plastic mechanical characteristics [62]. 
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       (a)                (b) 

Figure 3. Measures of Elasticity: (a) Force Vs. Displacement and (b) Stress Vs. Strain [32] 
 
 

2.1.5 Bone Fracture Mechanics 

A fracture is a break in the bone or cartilage. It occurs as a result of single or 

multiple loads that exceed the plastic region of the bone, leading the material to failure. 

Long bone fractures are usually a result of sudden trauma from an injury (external 

forces). These fractures can be caused from overuse in compression/tension and bending 

moment/torque, also known as stress fractures. Long bone fractures can also be acquired 

by disease of bone such as osteoporosis or abnormal formation of bone in a congenital 

disease of bone such as osteogenesis imperfecta. The angle of the fracture plays a big role 

into the type of fracture produced. The angle of a fractured bone can depend on several 

factors such as the direction of the forces, magnitudes of applied forces, forces’ 

acceleration, forces’ frequency, location where forces were applied, area of the pressure 

on bone, and the moment/torque applied [63]. 
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Bone fractures can cause multiple biological and physical complications to the 

body. The first consequence of a bone fracture is the loss of mobility, support function, 

and weight bearing of the bone that was injured. A fracture of the bone will generate 

blood loss, due to the rich supply of blood inside the bone. A fractured bone may also 

cause injuries to the surrounding organs or tissues. Since bones have a very dense 

consistency, fragments of the bone that go out of place, due to the external forces, may 

injure other structures, including other bones, in its surroundings. In addition, fractures 

that happen closed to the joint may affect the growth plate of the bone, leading to stunted 

growth of the bone [6]. 

 Bone fracture mechanics is the field of study of fracture causes and patterns. This 

area of study allows biomechanical engineers and surgeons to determine the forces that 

caused the fracture, explain the resulting patterns, and develop the best solution to treat 

the fracture. 

Bone fractures may be classified as open and closed fracture. An open fracture is 

one in which the broken bone penetrates through the skin causing possible infection and 

external bleeding. A closed fracture still represents a full fracture of the bone, but the 

bone does not penetrate through the skin, no external bleeding occurs.  

Fractures of long bones can result in varying patterns due to specific forces. The 

common fracture patterns are transverse, oblique, butterfly, and spiral oblique fractures, 

as shown in Figure 4. A transverse fracture refers to a horizontal breaking of the bone. 

Tension forces mainly cause transverse fractures. A direct external force to the bone may 

also cause transverse fractures. For example, a transverse fracture could result from the 

pulling of the arm away from the body, when the muscles are pulling the arm towards the 
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body. Oblique fractures are caused by compression forces and result in a diagonal 

breaking of the bone. The higher compression forces the higher angle of the fracture, 

resulting in a cleaner break. For example, falling on an extended arm will cause an 

oblique fracture. Butterfly fracture tends to be more complex because the fracture splits 

the bone into three fragments. A bending moment at both ends of the bone will create this 

pattern. The bending moment creates compression on the bended side resulting in 

oblique-like cracks, and tension on the side opposite to the bending, resulting in 

transverse-like crack of the bone. The combination of these creates the butterfly fracture. 

Holding the arm at both ends and creating a moment on the arm will create a butterfly 

fracture. Lastly, spiral oblique fractures are the result of torsional forces applied on the 

bone. The resulting pattern is a helical break along the bone. The addition of compression 

force, during the application of the torque, will increase the angle of twist and angle of 

fracture of the spiral break.  

 

 
Figure 4. Common Fracture Patterns of Long Bone Fractures [32] 
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2.1.6 Bone healing and remodeling 

 Whenever a fracture occurs in a bone structure, the bone carries out a process 

known as bone healing. Bone healing occurs as a reaction of the body to repair the 

structural damage of the bone created by the external forces. Bone healing can happen in 

two different ways. The first way consists of a direct healing by internal remodeling, or 

primary healing. For the bone to undergo primary healing, there must be absolute 

stability at the bone environment. This first method is a biological process of osteonal 

remodeling. In cortical bone, osteonal remodeling is driven by the basic multicellular unit 

(BMU). The BMU utilizes osteoclasts and osteoblast to conduct remodeling of the 

fractured bone. Through this process plus stability of the bone, the BMU is able to restore 

the bone back into one piece [47]. The second method is the indirect healing by callus 

formation, also referred to as secondary healing. This method only demands relative 

stability. In other words, the bone is close enough for this procedure to occur, but the 

fragments do not have to be perfectly aligned as in the primary healing. Secondary 

healing includes intramembranous and endochondral bone formation. In midshaft 

fractures secondary healing can be recognized by the formation of the callus. Secondary 

healing consists of four main stages: hematoma formation, fibrocartilaginous callus 

formation, bony callus formation, and bone remodeling, as shown in Figure 5. 
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Figure 5. Procedure of Bone Healing [15] 

 
 

 Hematoma formation refers to the formation of blood clot. This inflammatory 

process occurs immediately after the fracture. The inflammation may keep occurring up 

to 7 days after the fracture happened. Necrotic bone is seen at the fragments ends, which 

is later removed by osteoclasts. Inflammation stops with the formation of tissue, 

cartilage, or bone. The blood clot occurs as a result of ruptured blood vessels due to the 

fracture. Then, vasodilatation and hyperemia are activated due to the release of cytokines. 

The hematoma, which contains a network of fibrin and reticulin fibrils, begins to get 

replaced by granulation tissue. 

 Fibrocartilaginous callus formation refers to the appearance of a soft callus and 

ceasing of pain and swelling at the injured area. This stage usually occurs 48 hours after 

the injury and it eliminates free movement of the bone fragments. At the end of this stage, 

stability is adequate, which prevents shortening. The cartilage gets form from the 

fibroblast cells in the granulation tissue. Fibrocartilage is a spongy material that fills the 

gap and connects the two fragments of the bone. At this stage, the bone is still relatively 

weak, so it must be kept under minimal or no stress applied.  
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 Bony callus formation represents the stage of cartilage hardening, which begins at 

each end of the fracture and moves toward the center. During this procedure, osteoclasts 

resorb dead bone and osteogenic progenitor cells become osteoblasts. Hardening of the 

callus occurs by ossification. At this step, the new blood vessels are developed and will 

extend through the new growth of the bone.  

 Bone remodeling takes place once internal and external callus structures become 

matured. This step has the purpose of replacing weak bone with strong bone material. 

The resulting material, the bone at the fractured area, will be stronger than normal bone. 

Thus, bone remodeling will allow changing the fracture callus to its normal size bone [62]. 

The timeline for the entire process may vary depending on the fracture. However, studies 

have developed an estimate of the timeline for bone healing procedure, as shown in 

Figure 6. 

 

 
Figure 6. Estimated Timeline of Bone Healing [49] 

 
 

 There are several factors that may compromise the procedure of bone healing. 

Open fractures prevent the formation of hematoma, which delays the formation of repair 

tissue and also runs the risk of infection. Intra articular fractures result in non-restored 
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alignment and congruity joint surface. Smoking during the bony callus formation can 

potentially slow down the growth of new blood vessels, which will create a negative 

outcome on bone healing by decreasing vascularization. In addition, anabolic steroids and 

hypervitaminosis D are known to decrease rate of fracture healing [51]. Different bone 

diseases, such as osteoporosis, osteomalacia, bone tumors, bone cysts, and osteogenesis 

imperfecta, can also alter bone recovery since the bone is not at its best conditions to 

conduct fracture healing.  

 

2.2 Femoral Midshaft Fracture 

 The femur is one of the longest and strongest bones of the body. As one of its 

main functions is load bearing, the femur is subjected to multiple forces as a result of 

direct or indirect external forces. Asplun et al [3] determined that “the annual incidence of 

midshaft fractures is approximately 10 per 100,000 person-years.” On average, young 

people in their 20’s tend to experience a lower amount of femoral midshaft fractures. 

However, these numbers become higher in elderly humans. The femur structure leads to 

the majority of the forces being directed to the shaft. This is the result of the femur’s 

fixed points at the head and the condyle area and the femur’s alignment with the upper 

and lower portions of the body. These two factors allow for most forces to yield their 

maximum stress at the shaft of the femur instead of the superior or inferior ends. This 

explains the large amount of femoral midshaft fractures.  

Due to its composition, fractures of the femoral shaft do not occur easily. There is 

usually a high-energy force present. Main causes of femoral shaft fractures include severe 

trauma as in motor vehicle crashes or sports injuries.  



 

 

22 

 2.2.1 Classification of Femoral Midshaft Fractures 

 Femoral fractures have multiple ways of classification. Classification can be done 

by etiology, displacement, relationship with external environment, and pattern. As shown 

in Table 1., each of the classifications can be broken down into different types of 

fractures. 

 
Table 1. Classifications of Femoral Bone Fractures [49] 

Classification Basis Type of Fracture Description 

Etiology 

Traumatic Due to an external force 

Pathologic Caused by disease 

Stress Caused by repetitive application of force in 
the same area over long period of time 

Displacement 
Undisplaced Bone fragments remain aligned 

Displaced Translation (shift), angulation (tilt), and 
rotation (twist) of the bone fragments 

Relationship with 
Environment 

Closed Bone fragments do not penetrate through 
the skin 

Open Bone fragments penetrates through skin 
(external bleeding present 

Pattern 

Transverse Horizontal, simple break to the bone 
(caused by tension) 

Oblique Fracture is diagonal (caused by 
compression) 

Spiral Oblique Fracture has a helical shape (caused by 
torque) 

Comminuted Fracture results in multiple small fragments 

Segmental Large bone fragment separates from body 
of fractured bone 
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Other scientists have classified femur bone fractures based on level of severity. 

The Winquist and Hansen Classification categorize femoral shaft fractures based on the 

degree of comminution, as shown in Table 2. 

 
Table 2. Winquist and Hansen Classification [30] 

Type Description 

I No comminution. Fragments affect less than 25% of width of the bone. 

II About 50% or less comminution through butterfly fragment. 

III Large butterfly fragment creating greater than 50% comminution of bone 
width 

IV Segmental comminution. No contact between proximal and distal fragment. 
 

 Furthermore, at the Orthopedic Trauma Association (OTA) has created a standard 

system of fracture classification. This organization has developed a specific system to 

reflect the classification of femoral midshaft fractures. As shown in Figure 7, the system 

divides into three levels of fracture: simple (A), wedge (B), and complex (c). 
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 Figure 7. OTA Classification of Femoral Diaphyseal Fractures: Type A fractures 
have simple patterns: A1, spiral; A2, oblique; and A3, transverse. Type B fractures have 
wedge patterns: B1, spiral wedge; B2, bending wedge; and B3, fragmented wedge. Type 

C fractures have complex patterns: C1, spiral comminution; C2, segmental comminution; 
and C3, irregular comminution. [58] 

 
 

The more knowledge about the type of femoral fracture allows the surgeon to 

apply the best fitting surgical treatment.  
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2.2.2 Non-operative Treatment of Femoral Midshaft Fractures 

Treatment of femoral midshaft fractures is mainly done through internal fixation 

methods. Femoral fractures are rarely treated with non-operative methods. Studies 

suggest that the only case that a midshaft femoral fracture should be treated with a non-

operative method is if there are no facilities or skills for the surgical procedure [46]. The 

main reason for avoiding non-operative treatments is because the femur is a body 

structure that bears load in a day-to-day basis. However, a temporary non-operative 

method may be used for transportation or stabilization of the patient.  

Non-operative treatment techniques are based in applying a form of traction to the 

fracture limb. These methods will usually take extensive time for bone healing ranging 

between 9-11 weeks. There are two classifications of non-operative treatments: skin 

traction and skeletal traction.  

Skin traction is based on applying a tensile force on the femur by attachment of 

the force at the shin. A common method of skin traction is the Hamilton-Russell skin 

traction. In this method, a padded sling holds the knee, creating a slight angle of flexion, 

and skin traction is applied at the shin. The traction cord and weight are combined with a 

pulley system to create the tensile force at the femur, as shown in Figure 8. Several 

disadvantages of skin traction include loosening, constriction, friction, and allergies [46]. 
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Figure 8. Hamilton-Russell Skin Traction [46] 

 
 

Another useful non-operative procedure is the Thomas’ splint. This method is 

based on the selection of a specific splint that fits the size of the patient, and it is specific 

for treatment of femur shaft fractures. Thomas’s splint provides temporary fracture 

stability and pain relief, which allows for transportation of the patient and also patient 

comfort until the definitive stabilization, or surgical procedure, occurs. This technique 

immobilizes the patient’s leg and provides a solid backbone structure to keep the leg 

straight at all times, as shown in Figure 9. In addition, a pulley and weight are used to 

create tension of the thigh, which avoids compressive contact of the two bone fragments 

[46]. 

 
Figure 9. Temporary Thomas’ Splint [46] 
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Skeletal traction is an alternative method of non-operative treatment of femur 

midshaft fracture. This procedure provides similar effects to the skin traction method, but 

skeletal traction utilizes a different technique. This procedure is slightly more complex 

and requires the use of anesthesia. The technique consists of creating a fixed point, with a 

pin, at the superior head of the tibia, right below the patella. [46] The pin crosses through 

the tibia and a stirrup is connected to both ends of the pin. It is crucial that the stirrup is 

able to rotate freely about the pin traction. This stirrup is then connected to a pulley 

system, which creates a reduction of the fracture by correcting the patient’s femur length, 

as shown in Figure 10.  

 

 
Figure 10. Skeletal Traction [46] 

 
 

2.2.3 Surgical Techniques of Femur Fracture Fixation 

Orthopedic surgery has developed various ways to treat femur fractures. Surgical 

fixation techniques divide into external and internal fixation methods. External fixation is 

an operative fracture treatment that provides local damage control at the fracture area. 

This method of orthopedic rehabilitation is mainly used when severe soft tissue injuries 
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are present at the fractured area. The first external fixator goes back to the Malgaigne 

1840 pin, which was used for tibial fractures, griffe for patella. In 1894, Parkhill used 

threaded pins and clamp for carrying out a fixation of long bone fracture. Then in 1968 to 

1970, Vidal developed the quadrilateral bicortical frame to increase rigidity [38]. External 

fixation may be used as a definitive treatment because it offers enough stability for callus 

formation and bone healing. This method is considered to be faster to perform and less 

invasive (minimal additional surgical injury) than internal fixation. External fixation 

provides a minimal interface with soft-tissue cover, stabilizes open and contaminated 

fractures, allows adjustments without need for surgery, requires less experience and 

surgical skills, and minimizes the risk of an infection [46]. The standard method for 

external fixation, accepted by the AO foundation, consists of a tube-rod system, also 

known as modular external fixator, shown in Figure 11. The tube-rod system consists of 

the Schanz screws, Steinmann pins, rods/tubes, and clamps. The Schanz screws are 

partially threaded screws that create a radial press-fit in the bone cortex. The steinmann 

pins represent the connection between the external fixator and the bone. The screws and 

the steinmann pins are the only structures that penetrate through the skin. The tubes and 

rods can be used interchangeably depending on the patient’s needs. Tubes are made of 

steel and the rods are made of carbon fibers. The tubes/rods become the backbone of the 

external fixator. The clamps are the central element of the external fixator because they 

offer a stable connection between the tubes/rods and the pins [46]. There are variations to 

the modular external fixator, but all of them follow the concept previously described. 
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Figure 11. Modular External Fixator [46] 

 
 

In the other hand, internal fixation, also known as open reduction, internal 

fixation (ORIF), refers to the use of orthopedic hardware to physically reconnected bones 

that have been fractured. This surgical method allows for complete control of bone 

immobilization. Lister introduced the first official internal fixation for a patella fracture 

in the 1860s. Then in the 1880s to 1890s scientists began to document the use of plates, 

screws, and wires for internal fixation. In the 1950s, Danis and Muller started to define 

the principles and techniques of internal fixation, which have been studied and developed 

over the past 67 years [34]. Internal fixation provides faster healing and greater stability 

than external fixation. Internal fixation is primarily used when open fractures are present. 

However, internal fixation may be used for both open and closed fractures as long as 

there is no severe injury of soft tissue present. Studies have shown that internal fixation 

provides better long-term anatomical results than external fixation. These did not prove 

that one is better than the other in a functionality standpoint, but it has been stated that 

both provide similar strength and support to the bone [11]. Internal fixation does present 
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several risks that the patient is exposed to during the surgical and healing process. These 

complications include infection, bleeding, nerve damage, blood clots, fat embolism, 

abnormal alignment after healing, tissue irritation caused by materials, and complications 

from anesthesia [17]. The main methods for internal fixation include: intramedullary 

fixation, orthopedic wire, plates and screws. 

Intramedullary fixation of femur bones consists of the insertion of an 

intramedullary rod, or nail, through the center of the bone. This rod passes through the 

medullary cavity, the space between the proximal and distal cancellous portions of the 

bone, and connects the two fractured bone fragments. This technique provides structural 

support inside the bone. Intramedullary nailing offers a great control to realign the bone. 

It allows for fast callus formation and bone healing, leading to early use and functionality 

of the fractured limb [65]. Once the nail is inserted, screws are used proximally and 

distally to secure the position of the intramedullary nail, as shown in Figure 12. 

 

 
 Figure 12. Post-Operative Result of Intramedullary Nail Technique [45] 
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 Wires are an alternative technique for internal fixation of bone fractures. Wires 

can be used to provide support to broken bone fragments. For this procedure, the bone 

fragments are first aligned into their original position. Then, the wire is used to surround 

the bone and hold the fragments together, which will further allow for bone healing, as 

shown in Figure 13. This method of internal fixation is mainly used in underdeveloped 

countries where resources are scarce. Wires are not considered to be a beneficial fixation 

method due to lack of stability and support [59]. 

 

 
 Figure 13. Internal Fixation Through the Use of Wires [43] 

 
 

 Last but not least, screws and plates are another way to create an internal fixation 

of a fractured bone. The use of this type of orthopedic hardware provides better structure 

to the bone interface and also allows for a great variety of ways to implement the plates 

and screws. The plate and screw construct is meant to create different points of support, 
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from each screw. The screws create a compression of the plate against the bone, which 

offers a solid structure for the bone’s external cortex. Bone plating, as shown in Figure 

14, is considered a load-sharing device because the screws are able to absorb the forces 

affecting the fractured bone, which improves the procedure of bone healing and results in 

an increase of bone stiffness. Screws can also be used without a bone plate. This is done 

on a case-by-case basis, but the screw may be enough to fixate the bone depending on the 

fracture. Bone plates can also be manipulated to create different structural supports for a 

specific fracture [23]. 

 

 
Figure 14. Bone Plate and Screws Internal Fixation 

 
 

 This study selected the method of internal fixation with the use of bone plates and 

screws. Internal fixation of bone plates is considered to be the most efficient and 

beneficial method. Further understanding of the principles of bone plate fixation 

represents a great contribution for the development of this technique. This study seeks to 

explain the mechanical behavior of bone plate fixation with different configurations of 

screws to later suggest the most beneficial configuration of screws for clinical use.  
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2.3 Dynamic Compression Plates 

 Dynamic Compression Plates (DCP) are specialized hardware that create fixation 

of a fractured bone. DCP creates compression through the use of screws parallel to the 

plate. DCP produce locking, or tension, forces across the fracture site, which results in 

compression of the fracture site. Since DCP acts through dynamic compression, they are 

able to transfer the physiological force of the bone into compression at the fracture site, 

which results in absolute stability [23].  

2.3.1 Origin of DCP Plates 

 Before dynamic compression plates were introduced into the market, internal 

plate fixation presented a lot of issues with stability and functionality. Danis first 

introduced compression plating in 1949, realizing that compression at the fracture site 

was necessary to create the right support for the fractured bone. Danis’ theory became 

real with a plate he called the Coapteur, a compression plate that eliminated 

interfragmentary motion and increased the stability of the fixation. The introduction of 

compression created by the plate allowed for primary bone healing, which other plates 

had not been able to achieve. Several designs of compression plates followed Danis’, but 

it was not until 1967 that the first dynamic compression plate was introduced under the 

reference of Bagdy and Janes’ compression technique. Schenk and Willenegger 

introduced this new design and it incorporates oval holes that create compression on the 

bone during bone tightening, as shown in Figure 15. This DCP design created low 

incidence of misalignment, offered great stability, and eliminated the need for an external 

fixator [21]. 
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Figure 15. Original Dynamic Compression Plate [21] 

 
 

2.3.2 Function and Design of DCP in Fracture Fixation  

The holes of a DCP are similar to an inclined angled cylinder that allows the 

screw head to slide down into place. The DCP operates with non-locking cortical screws. 

As shown in Figure 16, when the screw is driven for insertion into the bone (moment 

around the screw driver), the plate is being moved horizontally (light green arrow). This 

combination of movements results in compression at the fracture site (dark green arrow) 

[23].  

 

 
Figure 16. Dynamic Compression Principle [23] 
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 Although DCP were a revolutionary step for bone plate fixation, this design has 

disadvantages that affect the bone itself. DCP causes an interference of the periosteal 

blood supply. This could result in plate-induced osteoporosis or formation of sequestrum 

underneath the plate. In addition, DCP could create a soft spot in fracture healing, which 

could potentially result in re-fracturing of the bone. 

DCP, and fixation plates in general, tend to be composed of either stainless steel 

or titanium. The plates used for this study were made of stainless steel AISI 316 LVM. 

Stainless steel was one of the first metals to be used as a biomaterial. Stainless steel is a 

very resistant material that can overcome corrosive agents because of high chromium 

content. This compound strongly adheres to the bone, self heals, and resists corrosion in 

the biological environment. Stainless steel has an elastic modulus of approximately 200 

GPA, which represents an order of magnitude higher than cortical bone. As a result, the 

material will absorb most of the load when fixated to the bone. This response is due to the 

materials’ larger modulus of elasticity in comparison to the bone that produces stress 

shielding in the bone [44]. Moreover, stainless steel is composed of chromium, nickel, and 

molybdenum. Stainless steel is strong, cheap, and relatively ductile. However, this 

material can also be susceptible to fatigue cracking [22]. 

 The dynamic compression plate provides a structure that helps support the bone 

and distributes the forces absorbed by the bone. Through this function, the bone does not 

have to support the daily compression forces that affect the femur bone during walking. 

This result leads to a better rehabilitation procedure. Since the plate acts as a backbone, 

keeping the two bone fragments close to each other allows the fractured bone to conduct 
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bone healing in the proper way. The bone plate also ensures alignment of the fragments 

during bone healing, which avoids the occurrence of malunion.  

2.3.3 Screws   

At the plate to bone interface, the screws are the most critical component because 

they create the fixation of the plate with the bone. Screws are composed of a thread and 

head section. The thread section is able to convert rotation into linear motion, which 

further helps to redirect the forces absorbed by the bone. The screw head serves to keep 

the screw in place. Screws are able to create axial and tangential forces as a product of 

the torque applied on the screw head, as shown in Figure 17. The torque applied on the 

screw serves different purposes: 50% of the torque serves to overcome the friction at the 

screw head interface, 40% is used as axial force, and 10 % acts to counteract the friction 

affecting the thread [23]. 

 

 
Figure 17. Mechanical Behavior of a Screw [23] 
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For this study the screws chosen were self-tapping, non-locking cortical screws 

with a hexagonal head. Cortical screws are specifically designed to penetrate through the 

bone cortex. This type of screw is known to have a complete thread throughout the screw 

shaft. In other words, the thread begins right after the screw head and goes down to the 

tip of the screw. Self-tapping screws are beneficial to this study because they allow for 

insertion of the screw without prior creation of a tapped hole. Basically, the self-tapping 

cuts a channel for the thread after the hole has been drilled. However, using self-tapping 

screws demands great precision since the tap cannot be re-done once the screw has gone 

through the cortex once [46]. 

Another important characteristic of screws is the type of head. As shown in Figure 

18, the head of a screw can either be non-locking (traditional type) or locking. Non-

locking screws create a compression of the plate against the cortex of the bone, as the 

screw is insert by torsion forces, as shown in Figure 18 (a). Locking screws have a thread 

at the head portion. This thread will lock the screw at the hole of the plate. This avoids 

the compression of the plate against the cortex of the bone, which results in a small gap 

between plate and bone, as seen in Figure 18 (b). Locking screws must be used with LCP 

hardware, and they create a fixation of the screw head, while also avoiding friction 

between the plate and the bone. Non-locking screws may be used with either DCP or 

LCP hardware, and they enhance compression of bone plate to bone, while creating 

friction between plate and bone. 
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(a)      (b) 

Figure 18. Types of Head Screw: (a) Non-locking Screw and (b) Locking Screw 
[23] 

 
 

  In addition, screws may differ in screw length. Screws are classified as bicortical 

and unicortical screws. Bicortical screws are longer in shaft length, and they penetrate 

through both cortices of the bone, as shown in Figure 19 (a). This results in reaction 

forces present at both the proximal and distal cortices interacting with the screw. 

Unicortical screws are shorter in shaft length, and they only penetrate through one cortex 

of the bone, as seen in Figure 19 (b). Unicortical screws only have reaction forces at the 

proximal cortex, but they also have resulting moments about the center axis of the screw. 

This occurs because the unicortical screws are only fixed at the proximal end. Bicortical 

screws allow for better stability of the screw with the bone than unicortical screws. 

However, unicortical screws create lesser overall bone instability than bicortical screws, 

because bicortical screws eliminate twice the bone mass compared to unicortical screws. 

Over reduction of bone density may create major issues to the overall bone stability [62]. 
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(a)       (b) 

Figure 19. Different Screws Based on Shaft Length: (a) Bicortical and (b) Unicortical 
Screw 

 
 

 2.3.4 Orthopedic Implant to Bone Interface 

 The system to be analyzed in this study consists of the plate/screw to bone 

interface. The force interactions between the two components will define the mechanical 

behavior of each construct and allow us to compare their mechanical advantages. Preload 

and friction are applied to create force between the plate and the bone [23]. To conduct a 

proper analysis of each construct, the fixation of the system must be done correctly. To 

achieve a good bone plate fixation, the correct screw must be inserted following the 

correct procedure. The fixation method consists of going back and forth between drilling 

and inserting screws. Studies proposed that the first hole to be drilled is the one located 

superior and proximal to the fracture. The following screw would be the hole located 

inferior and proximal to the fracture. The holes would be open in this order going 

outwards [14]. 

 When referring to the plate/screw to bone interface, there are several factors that 

will influence the characteristics of the fixation, which allows us to determine the ideal 

length of an internal fixator. The plate span width represents the ratio between the 

fracture length and the plate length. Studies recommend that the plate span width result in 

a factor value between 8-10 for simple fractures. Then, the screw density represents the 

ratio between the number of screws and the number of plate holes, in a specific section of 
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the bone plate, as shown in Figure 20. Studies recommend a screw density factor 

between 0.4 and 0.5 [20]. 

 

 
Figure 20. Plate Screw Density [20] 

 

2.4 Biomechanical Testing of Orthopedic Implant 

 Internal fixation of a fractured bone represents a very delicate procedure. If a 

mistake is made during the process, such as wrong material, wrong angle, or a force 

applied in the wrong direction, the resulting fixation could create further and worse 

consequences for the bone, limb and overall patient. For this reason, orthopedic hardware 

and fixation procedures must be exposed to tedious and precise testing. The purpose of 

this testing is to learn and understand more about the mechanical behavior of these 

materials and their impacts on biological environments/tissues. There are three main 

levels of implant device testing: theoretical, practical, and clinical testing. Theoretical 

testing focuses on purely applying concepts to create hypothesis on the resulting effects 

caused by the system. Theoretical testing may be further developed with the use of 

computer simulation. Practical testing implements the hypothesis created through the 

theory, and applies them in a physical in-vitro tests that represent a simulation of what 
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could happen in real life. Practical testing will yield data that can be used to prove or 

reject the hypothesis made. Clinical or in-vivo testing represents the highest level of a 

study because it uses live patients. Only higher-level researchers or physicians are able to 

conduct this sort of testing. For an orthopedic implant device to reach the clinical level, it 

must first go through the theoretical and practical levels. This study implements the 

theoretical and practical level of testing. 

The main goal of carrying out extensive testing before clinical application is to 

develop the ability to provide the best method of healthcare that will fix the problem with 

the least compromise. For internal fixation of bone plates, it is important to know as 

much as possible about the characteristics of each possible configuration, so that bone 

plate fixation keeps on developing and becoming a better orthopedic technique of 

rehabilitation. The purpose of this study is to determine the effects of different 

configurations of bicortical and unicortical screws in bone plate fixation. Clarification of 

this matter will further allow us to define and suggest the best configuration for clinical 

use. 

 2.4.1 Qualified Specimens 

 Practical testing of orthopedic hardware may be done on different specimens. 

Studies that use cadaveric samples are better classified because the data will directly 

show the mechanical effects of the implant on human bone. This factor allows for a better 

connection from practical to clinical testing. However, it is not a simple or cheap task to 

obtain multiple cadaveric samples of one specific limb. Instead there are alternative 

specimens that can be used to perform the simulation tests and yield data that will 

relatively assimilate to cadaveric mechanical properties.  
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 International Standards have established that dogs, sheep, goats, pigs, or rabbits 

are the suitable specimens for testing implantation of materials in bone. Before clinical 

use, a device must at least be tested in four rabbits and two of each of the other species 

[50]. Porcine bone is one of the specimens that are comparable to cadaveric bone from the 

standpoint of mechanical properties. This is due to the fact that porcine bones, 

specifically femurs, have most similar bone characteristics to human bone compared to 

other animal bones.  In a previous study, it was determined that porcine femur should be 

considered a suitable animal model for the human femur [31]. Pearce et al. (2007) 

specified that porcine bone closely represents human bone when it comes to the 

following characteristics: bone anatomy, morphology, bone healing and remodeling, 

femoral cross-sectional diameter and area, lamellar (cortical) bone structure, and bone 

mineral density and concentration. In addition, the same study stated that when 

comparing bone regeneration rate of canine, porcine, and human bone, porcine came out 

to be more closely related to human than canine was to human [50]. Table 3 provides a 

comparison of the mechanical properties of porcine and human femur bones found in 

other studies. 
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Table 3. Mechanical Properties of Porcine and human Femur [33, 35, 41, 56] 
Mechanical Property Porcine Femur Human Femur 

Ultimate Tensile Strength (MPa) 88 ± 1.5 124 ± 1.1 

Modulus of Elasticity in Tension (GPa) 14.9 17.6 

Ultimate Compressive Strength (MPa) 100 ± 0.7 107 ± 4.3 

Ultimate Percentage Contraction 1.9 ± 0.02 1.85 ± 0.04 

Modulus of Elasticity in Compression (GPa) 4.9 7.2 ± 2.3 

Ultimate Shear Strength (MPa) 65 ± 1.9 54 ± 0.6 

Shear Modulus (GPa) 5.3 3.3 ± 0.4 

Longitudinal Poisson’s Ratio 0.3 0.4 ± 0.16 

Mineral Content 0.46 ± 0.04 0.496 

 

2.4.2 Methods for Conducting Biomechanical Testing 

 To provide an accurate simulation of the mechanical behavior of each 

configuration, it is essential to recreate all aspects that play a role in the real life scenario. 

Variables that are to be tested must present a clear difference between each group. 

Variables that are to be assumed equal must be kept constant across all groups. The 

method of simulation used for this study is the Materials Testing System (MTS). This 

advanced device provides accurate application of axial and torsional loads that can be 

applied to the bone in specific ways. The MTS is able to produce a compression force 

and apply it right on the central axis of the femur bone. This provides an accurate setting, 

which allows proper evaluation of the mechanical behavior of the sample. Moreover, the 

MTS is able to program for different tests. This allows for static and dynamic in-vitro 

testing of the bone.  
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 In-vitro testing is complemented by engineering analysis of the interface system 

for each group. Development of the forces and moments acting on the implant construct 

helps to gain better understanding of the results gathered through in-vitro testing. The 

engineering analysis is performed with the use of free body diagrams (FBDs) that offer a 

full breakdown of the forces and moments acting on the system.  

The anatomical planes and axes are used to describe location and direction of the 

physical components. As denoted by Figure 21, there are three planes and three axes that 

conform the human body. The sagittal plane divides the body into left and right. The 

sagittal axis is perpendicular to the frontal plane and it crosses the body from anterior to 

posterior. The frontal plane divides the body into front and back. The frontal axis is 

perpendicular to the sagittal plane and it crosses the body from left to right. The 

transverse plane divides the body into superior and inferior. The longitudinal axis is 

perpendicular to the transverse plane and it crosses the body from distal to proximal.  

 

 
Figure 21. Anatomical Planes and Axes of the Human Body [5] 
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Combination of the in-vitro tests and the theoretical analysis will offer enough 

information to conduct a proper evaluation of each configuration’s performance. Chapter 

3 will provide further explanation of the methods and tests performed throughout the 

experiment. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Porcine Femur Bones for Biomechanical Study 

A major challenge in the biomechanical testing of clinical bone implants is the 

lack of a big enough sample pool to conduct an experiment. There are different 

alternatives that can be chosen to investigate the behavior of such clinical devices. Some 

of these alternatives are the use of surrogate composite bone, which assimilates the 

structural characteristics of cadaveric bone, but it can be manufactured at a relatively low 

cost. Another alternative includes the use of other animal structures that also approximate 

the physical and biomechanical characteristics of human bones. Some of these animals 

include deer and porcine bones. To conduct this study, porcine femur bone was selected 

as the bone sample. Porcine femur bones closely relate to cadaveric femur bones in terms 

of elastic and plastic characteristics 

In addition, porcine femur bones allow for the biomechanical testing to be 

conducted on a real flesh and cortical bone. This is a major factor since the results will 

reflect the effects of the clinical devices in a biological material. Last but not least, 

porcine femur bones are an easy and economic sample to obtain at any large supermarket. 

This factor allows for the sample pool to be significantly bigger. The use of the porcine 

bone will allow for conclusions to be made about the behavior of the clinical treatment of 

bone plate fixation on biological cortical bone. 

46
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The porcine femur bones were acquired from the Hong Kong Supermarket in 

Atlanta, Georgia. The femur bones were bought frozen. As part of the procedure, several 

measurements were taken for each bone. The measurements are shown in Figure 22. All 

bones were similar in size and weight. As shown in Table 4, the mean overall length for 

the bones was 21.1 cm with a largest overall length of 23.2 cm. The mean diaphysis 

length for the bones was 13.4 cm with a largest and smallest diaphysis length of 14.8 cm 

and 12.0 cm, respectively. The mean proximal circumference for the bones was 11.5 cm 

with a largest proximal circumference of 23.2 cm. The mean diaphysis circumference for 

the bones was 8.9 cm with a largest diaphysis circumference of 9.9 cm. The mean distal 

circumference for the bones was 12.1 cm with a largest distal circumference of 13.3 cm. 

The mean weight of the bones was 328 grams with a largest weight of 449. See more 

information of the bone measurements in Appendix C. Images in this document are 

presented in color. 
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Figure 22. Femur bone Measurements [54] 

 
 

Table 4. Means of Bone Measurements 
Units cm cm Circumference (cm) Grams cm 
Bone 

Number 
Overall 
Length 

Diaphysis 
Length Proximal Diaphysis Distal Weight Shaft 

Diameter 

Means 21.10 13.429 11.466 8.99 12.14 328.43 2.69 

 

3.2 Orthopedic Hardware for Conducting Biomechanical Study 

The orthopedic hardware is necessary to conduct the biomechanical testing since 

it acts as the orthopedic implants. The study consists of testing the different 

configurations of cortical screws in bone plate fixation. To test the biomechanical 

properties of each of the configurations the orthopedic hardware must be implemented.  
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The hardware was ordered from a distributor in India, J. S. Medimax (P) Ltd. This 

private company has been established since 2010. J. S. Medimax acts as a leading 

manufacturer, exporter, trader, and supplier of orthopedic instruments in India and the 

world. J. S. Medimax is able to provide high quality orthopedic bone plates for a 

relatively low cost that U. S. vendors are not capable of matching. J. S. Medimax was 

chosen as the supplier for this study because of the need for a large amount of orthopedic 

hardware and the low access to funding. As shown in Figure 23, the hardware was 

composed of three different items: DCP auto compression bone plates, bicortical 3.5 mm 

screws, and unicortical 3.5 mm screws.  

 

(a)          (b)       (c) 
Figure 23. (a) DCP Bone Plate, (b) Bicortical Screw, and (c) Unicortical Screw 
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3.2.1 Bones Plates and Screws 

The bone plates ordered consisted of 7 holes, stainless steel DCP (Dynamic 

Compression Plate) auto-compression plates, as shown in Figures 24, 25, and 26. DCP 

plates are very common for internal fixation of bone fractures. These compression plates 

exert dynamic pressure between both of the bones fragments. In other words, it transfixes 

the two fragments of the bone. This pressure is achieved by using screws to secure the 

bone plate to both bone fragments, thus bringing the fracture closer together and 

providing stability for rehabilitation purposes. In addition, use of DCP plates runs the risk 

of creating atrophy to the bone area underneath the bone plate. If fixated in the wrong 

way, the plate could create further fracturing of the bone. 

 

 
Figure 24. DCP bone plate demographics [27] 
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Figure 25. Lateral view of DCP bone plate 

 
 

 
Figure 26. Superior view of DCP bone plate 

 
 

The thickness of the plates was 3.4 mm. The total length of each DCP plate was 

10 cm. The width of the plates was 10 mm. The hole spacing was 12 and 16 mm. Since 

the bone plates consisted of 7 holes, the specific bone plate ordered was the AC 77.357. 

The hole length was set at 85 mm each. All of the holes are designed as self-compression 

holes. There were a total of 35 bone plates ordered, which equaled to a $315 cost (See 

Appendix D).  

The screws chosen for this experiment were 3.5 mm cortical screws, as shown in 

Figure 27. The screws were also made of stainless steel and the head consisted of a 

hexagonal shape. The screws are self tapping and non-locking. Two lengths of screws 

were ordered: 36 mm and 12 mm. The 36 mm cortical screws were used as the bicortical 

screws. The 12 mm screws were used as the unicortical screws. A total of 106 bicortical 

screws were ordered, which equaled to a cost of $106. The 36 mm and 12 mm measures 

were chosen based on the bone measurements previously shown in Table 4.  
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(a) 

 

 
(b)       (c) 

Figure 27. Cortical Screws: (a) Cortical Screw Demographics, (b) Superior View of 
Screw and Lateral View of Bicortical Screw, (c) Lateral View of Unicortical Screw [27] 

 
 

The School of Engineering at Mercer University (MUSE) funded the orthopedic 

hardware for the study (Refer to Appendix D). Further characteristics of the bone plates 

and screws are provided in Table 5.  
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Table 5. Physical Properties of the Orthopedic Hardware from J. S. Medimax 
 Mass (g) Volume (ml) 

DCP 13.51 1.9 

Unicortical 
Screw 

0.83 0.1 

Bicortical Screw 2.00 0.3 

 

3.3 Clinical Screwdriver 

 A clinical screwdriver was used to insert the screws, through the bone plate, into 

the cortical section of the bones, see Figure 28. The screwdriver had a 2.5 mm hexagonal 

head, which made a great fit for the cortical screws; see Figure 29. This surgical tool was 

provided by the Department of Orthopedic Trauma at Navicent Medical Center in 

Macon, Georgia. Prior to its use, the screwdriver was duly sterilized with the clinic’s 

steam routine. This tool is the same screwdriver that is used during real In-vivo surgery 

of humans for the same purpose that it is serving in this procedure. All screws were 

inserted using the same procedure. The clinical screwdriver provided control of the 

torque being applied on the screws. 

The use of this screwdriver was essential because it had the characteristics 

necessary to insert the screws into the bone. Before obtaining this tool, the procedure was 

attempted with common screwdrivers. The results of using non-clinical screwdrivers all 

failed. This happened because the screwdriver would wear the head of the screw due to 

overuse of torque from the screwdriver to the screw. 
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Figure 28. Lateral View Clinical Screwdriver 
 
 

 
Figure 29. Lateral, Superior View of Screwdriver 

 
 

3.4 Bondo Fiberglass Resin and Hardener 

Bondo Fiberglass Resin and hardener, shown in Figure 30, were used to create 

the epoxy at both ends of the bone. Fiberglas provides a rigid structure that surrounds the 

ends of the bone producing the simulation of a fix hip and knee joint. This effect allows 

for the forces to translate into the shaft of the bone during testing. In addition, the 

fiberglass provides stability for the overall bone so that it does not rotate, nor move out of 

axis during the test. A total of 8 gal of fiberglass resin were obtained for the study. 
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Figure 30. Bondo Fiberglass Resin and Hardener 

 

3.5 Materials Testing System 

The Bionix Material Testing System (MTS) Bionix 370 is an advanced 

technology that can be used to analyze different materials, shown in Figure 31. This is a 

servo-hydraulic system perfect for determining the mechanical properties of materials for 

biomedical purposes. MTS can yield results of both static and dynamic, material and 

component testing. The MTS relies on high accuracy, flexibility, and performance. The 

MTS applies different forces at different rotational rates to create a different variety of 

breaks altering frequency of torque. This technology allows researchers to recreate 

different fractures and apply these to bones or other bone like structures. Once an 

experiment is conducted in the MTS, the technology transfers a complete set of data to 

the computer software, which allows the researcher to analyze this data and draw results 

[12]. 
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Figure 31. MTS Bionix 370 Loading Frame and Fixtures 

 
 

The MTS is capable of providing axial load up to 25 KN and torsional load up to 

250 Nm. The MTS consists of the load frame, the hydraulic power unit (HPU), the 

controller, and the data managing software. The driven pressure from the HPS unit 

generates the axial load. Linear displacement of the actuator is ranged from -65 mm to 65 

mm with an angular displacement from -140° to +140°. The MTS is also able to conduct 

multiaxial testing by combining axial and torsional forces, which represents a perfect fit 

for simulation of orthopedic testing. 

The MTS used for this experiment was provided by Mercer University School of 

Engineering, under the supervision of Dr. Ha Vo. The MTS is located at the Orthopedic 

and Tissue Mechanics Lab. This MTS is capable of providing a full range of data through 

its commercial software. The software includes station manager and MTS Test Suite 
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Multipurpose Elite. MTS Multipurpose Elite is state-of-the-art allowing the user to create 

different tests and manage the conditions of each test. In addition, the MTS is capable of 

adapting different fixtures, to change the environment of the study.  

As shown in Figure 32, The MTS allows for the epoxies to fit nicely in the 

fixtures, which can then be adjusted to stabilize the bone into a fixed position. Given the 

multipurpose function of the MTS load frame and software, a variety of different testing 

can be conducted. The MTS includes compression, tension, and torsional testing within 

its capabilities. For the purpose of this test, the MTS was used to apply an axial 

compression force on the bone. This was done in two ways: first as a simulation of cyclic 

small compression and then as a simulation of non-destructive compression until failure. 

 

 
Figure 32. Bone Set Up in MTS Bionix 370 Fixtures 
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3.6 Biomechanical Testing of Bone Plate and Screw Implants 

 This study aims to further understand the mechanical behavior of the internal 

bone plate and bone interphase. The testing will evaluate the bone plate performance of 

four different configurations of screws in the same environment and subjected to the 

same tests. The overall purpose of this experiment is to classify the performance of each 

implant construct as a rehabilitation device. The implants serve to provide stability and 

structure throughout the process of bone healing. Bone plates were implanted following 

surgical instruction by the author to secure the two fragments of the fractured bone and 

avoid further damage or misalignment of the bone fragments.  

 The screw and bone plate system not only supports the two fragments, but also 

absorbs energy applied on the bone. For the purpose of this study, the axial compression 

force created by the MTS on the bone caused this energy. This force creates a negative 

axial displacement of the bone that is minimized by the effectiveness of the bone plate 

and screw system. Consequently, the screws of the system create reaction forces against 

the bone and moments about the screw axis to counteract the external forces and maintain 

the structure of the bone. Once the external forces reach a certain point, axial yield 

strength, the plate loses its solid shape and begins to bend. This occurs because the 

material of plate passes the yield point of stress, leading to plastic deformation. A more 

efficient fixation will result in a better stiffness and allow the bone to absorb a greater 

load. Thus conducting this experiment will provide better understanding of each 

configuration’s performance, and the most suitable construct will be suggested for 

clinical application of internal bone plate fixation of femur bone.  
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In the system, three sections of the plate can be determined: the proximal, fracture, and 

distal sections. The length of the plate, the number of screws, and the positioning of the 

screws may affect the mechanical properties of the bone plate construct. The fracture 

segment represents the main area of importance in this study since it is the area 

responsible for the biological healing of the fracture. Using the principle of plate length 

and plate working length, shown in Figure 33, ideal measurements for the plate span 

width and screw density best suited for this study can be predicted.  

 
Figure 33. Principle of Plate Length and Plate Working Length 

 
 

The plate span width (1) results from the quotient between overall plate length 

and bone fracture length. In this study the plate span width resulted in a factor of 8.5. 

This value is a good fit for the bone plate fixation because studies have found that the 
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plate span width should be higher than 8 when dealing with simple fractures, such as a 

transverse fracture [20]. The screw density (2) is found by dividing the number of screws 

over a specific section of the plate. For this system, the overall plate screw density was 

determined to be 0.875 and the screw density by section to be 1. Usually it is 

recommended that a screw density of 0.4 to 0.5 be used so that less than or exactly half of 

the holes are covered by screws. For this study, the previous concept was neglected due 

to the short length of the porcine bones. There would not be a possible bone plate that 

allows 6 screws and has more than 7 holes. Studies show that it is acceptable to neglect 

the screw density when anatomical reasons do not allow for a longer bone plate. 

 

The strength of materials is represented through the following factors: stress, 

deformation, strain, and stress-strain relations. For the purpose of this study, these 

mechanical properties can be represented in the Force Vs. Displacement graph shown in 

Figure 34. The graph is divided into the elastic and plastic regions. In the elastic region, 

the material is resistant to deformation. In other words, once the load is removed, the 

bone and bone plate system return to their original shape. This section adapts a linear 

shape, which defines the axial stiffness, or resistance to deformation, of the material. The 
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yield load is known to be the point of the curve at which the materials loses its elastic 

properties and becomes plastic. The material is irreversible in plastic deformation. The 

plastic region is no longer linear. Once the material reaches its ultimate failure force, it 

cannot withhold any more force and results in failure, or fracture, of the system.  

 

 
Figure 34. Force Vs. Displacement [32] 

 
 

The tests to be performed on the bone samples provide extensive information of 

the mechanical behavior of the plate/screw to bone interphase. The cyclic test will 

analyze the characteristics of the system within the elastic region. This means that the 

load applied for the cyclic test will not be high enough to lead the system to its plastic 

region. However, the changes of stiffness before and after the cyclic simulation can be 

observed, which will allow for further understanding of the configuration’s performance 

as a rehabilitation device.  
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On the other hand, the axial failure test will evaluate the characteristics of the 

bone plate construct throughout the elastic and plastic regions leading up to failure. The 

mechanical properties to be analyzed from this test include the axial stiffness, the axial 

yield strength, and the ultimate failure force. The overall test will offer further 

understanding of the behavior of each of the systems, or groups, under greater non-

destructive loads. Theoretically, a better axial stiffness will represent a higher resistance 

to deformation in the elastic region. Thus, the construct with the highest axial stiffness 

will be considered a more suitable fixation configuration. Higher stiffness provides better 

stability and resistance to greater loading force, which represent important mechanical 

factors for rehabilitation purposes.  

The axial failure test will also provide the behavior of the implant in its plastic 

region. From this region, the ultimate failure force, or maximum load that the implant can 

support before failure or fracture, can be obtained. A greater ultimate failure force 

represents a better performance within the plastic region and more resistance to fracture, 

after losing elastic properties. The overall analysis will provide sufficient information to 

compare the performance between each of the bone plate configurations and select the 

most suitable configuration. 

 

3.7 Methods of Conducting Biomechanical Study of Porcine Femur Bones 

 A total of 35 porcine bones were obtained for the study. Out of these 35 bones, 

only 28 were meant for testing. The other 7 bones were bought in case of any failures 

throughout the testing of the first 28 bones. The study consisted of four groups, three test 
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groups and one control group. Each group contained a total of 7 bones (sample size, n=7). 

For this type of biomechanical study, it is crucial to have as large a sample size as 

possible. The larger the sample size, the higher probability for the study to yield 

statistically significant results. The sample size was chosen to be 7 bones per group, 

because this number represents a fairly large group for the size of this study. An ideal 

sample size would consist of 384 bones per group, because it would yield a 5% 

confidence interval. The current sample size yields a confidence interval of 37.7%. The 

difference in confidence interval will only affect the statistical analysis of the study since 

a sample size of 7 will not yield great confidence on the statistical significance of the 

data. Even though a sample size of 7 may not be enough to obtain statistical significance, 

it will still allow for a good biomechanical analysis looking at the averages of the seven 

bones per group. 

The control group, shown in Figure 35, consists of six bicortical screws. This 

configuration was chosen as the control group because it is the main configuration 

currently used in clinical practice [37]. Theoretically, this is the configuration that provides 

the most stability due to the amount of screws that penetrate through both cortex of the 

bone. Using 6 screws to penetrate through both cortex of the bone is a great idea when 

thinking about the stability that it will provide between the bone and the DCP plate. The 

use of 6 bicortical screws will ensure that the plate is very well attached to the cortex of 

the bone. In addition, using 6 bicortical screws will create a greater spread of the stress 

coming from external forces, throughout the plate. However, this has a negative effect on 

the bones. Six bicortical screws penetrating through both cortical sections of the bone, 

creates a larger decrease on bone mass, which leads to a greater loss of bone density. 
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Such decrease in bone density can increase the possibilities of bone failure under the 

effects of external compression forces. 

 
Figure 35. Configuration of Screws for Group 1 

 
 

 The purpose of this study is to test alternative configurations to the control 

group. The test groups consist of 2 bicortical screws and 4 unicortical screws, each with a 

different order combination of bicortical and unicortical screws. These groups have been 

chosen based on the combination of two ideas. First, the use of unicortical screws will 

reduce bone loss. The presence of the two-bicortical screws in the posterior cortex allows 

for the bone plate to be fully rigid without taking out so much bone mass. Second, there 

are still 6 screws connecting the bone plate to the anterior cortex of the bone that will 

ideally still provide the necessary stability to the bone structure. This study aims to prove 

the above statements while also figuring out which of the three order combinations 

provides a better distribution of external axial compression forces. 

For the purpose of this study, the holes of the bone plate will be referred to with 

numbers descending from proximal to distal hole, as shown in Figure 36. In other words, 

hole 1 will always be located closest to the proximal end of the femur bone and hole 7 

will always be closest to the distal end of the femur bone. It is important to note that for 

all configurations, including Group 1, hole 4 has no screw going through. This represents 
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the middle section of the shaft and also the location at which the transverse fracture will 

be created.  

Figure 36. Bone Plate Hole Legend 
 
 

Group 2, shown in Figure 37 (a), consists of two bicortical screws in the holes 3 

and 5, while holes 1, 2, 6, and 7 have unicortical screws. Group 3, shown in Figure 37 

(b), consists of two bicortical screws in the holes 2 and 6, while holes 1, 3, 5, and 7 have 

unicortical screws. Group 4, shown in Figure 37 (c), consists of two bicortical screws in 

the holes 1 and 7, while holes 2, 3, 5, and 6 have unicortical screws. Conducting the 

biomechanical testing of these three configurations will lead to the analysis and possible 

explanation of the effects created by the positioning of the two-bicortical screws. 

 
Figure 37. Configuration of Screws for (a) Group 2, (b) Group 3, and (c) Group 4 
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 Furthermore, the study consisted of nine total stages. Each of them served an 

essential purpose that leads to the accuracy of the data. The stages of the experiment’s 

procedure are the following: 

1. Bone skinning 

2. Bone Measuring 

3. Bone Plate Fixation with Screws 

4. Creation of Bone Fracture 

5. Creation of Epoxy 

6. MTS Set Up 

7. Mechanical Testing 

8. Analysis and Data Collection 

9. Statistical Analysis 

Throughout these stages the bones were frozen only after the bone measuring. 

From the point the bones were defrosted for the bone plate fixation, they were kept in the 

fridge at a temperature of 32°F but not frozen again. The bones were only allowed to 

reach room temperature during the bone plate fixation, creation of the fracture, creation 

of the epoxy, and the Mechanical testing. Freezing of the bones was a beneficial and 

necessary step for the study. The bones were skinned before the orthopedic hardware 

arrived (for efficiency purposes). Since bones are a biological structure, it runs the risk of 

losing or changing its mechanical characteristics. Bone experts recommend freezing of 

the bones in a dry environment with a constant temperature. There is not a particular 

temperature necessary for freezing, as long as it is constant. Rapid fluctuations in 

temperature and humidity could cause bone to swell and shrink repeatedly, resulting in 
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crumbling of the bone. In addition, if the bones are let out for a long period of time, the 

bone will become brittle and fall apart [57].  

Maintaining the original characteristics of the bone is crucial to ensure that after 

testing, the results will reflect the true mechanical characteristics and elastic/plastic 

behavior of the bone. Moreover, freezing does not create any effects in the chemical or 

mechanical characteristics; it is purely a temperature change, which can be restored by 

defrosting. Thus, freezing of the bones was the best method to retain the mechanical 

characteristics of the study. In addition, all bones were frozen in the same environment 

and for the same duration, which allowed keeping those variables consistent.  

The following sections further explain each of the stages done for the full 

procedure of the study. 

3.7.1 Bone Skinning 

The very first step of the complete procedure for this study consists of skinning of 

the porcine femur bones. When bought, the femur bones were given with muscles, 

cartilage, tendons, and ligaments still attached to the bone, as shown in Figure 38 (a). 

The purpose of this study is to test the biomechanical effects of bone plate fixation with 

different screw configurations. To recreate an accurate simulation of the effects of the 

orthopedic hardware on porcine femur bones, it was necessary to eliminate any other 

components other than the bone itself.  

There are several reasons for this step. Since the bone plate is supposed to sit right 

on the bone cortex, it is important to avoid any other biological or non-biological tissues 

from the entire shaft of the bone. The extra tissue and other components located at the 
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cancellous area of the bone must also be extracted. Even though the study is not testing 

the cancellous area of the bone, this section is to be fixated with the epoxy at both the 

proximal and distal ends of the femur. To achieve a better fixation, it was necessary to 

extract any extra components covering the bone. Last but not least, the study aims to test 

the behavior of the bone structure in response to the different configurations selected. The 

presence of any other non-bone components could alter these effects as it may provide 

additional strength or a change in density to the bone. To obtain the most accurate results 

all 35 bones were skinned. 

The procedure for skinning the porcine femur bones consisted of using tools, such 

as scalpels, scissors, forceps, etc., to remove all sorts of non-bone structures. The ideal 

procedure for skinning the bone would be to cut the deeper tissues first, which would 

make it easier to then remove the shallower tissue. The final product would consist of the 

pure bone structure without any external flesh, as shown in Figure 38 (b). 

 
(a)             (b) 

Figure 38. (a) Before and (b) After the Skinning Procedure 
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3.7.2 Bone Measuring 

Once the bones were fully skinned, the next step was to take several 

measurements of the bones. The measurements taken were the diaphysis length, the 

circumference at the proximal, diaphysis, and distal shaft, the weight, and the shaft 

diameter. Recording of these measurements served several purposes in the study. The 

bone with the smallest diaphysis length defined the length of the DCP bone plates. The 

length of the unicortical and bicortical screws was chosen based on the maximum shaft 

diameter. Since there are different weights and sizes throughout the sample pool, having 

the record of all these measurements may further help on the analysis of the data as a way 

to standardize some of the results. Refer to Appendix C for a full record of the bone 

measurements. 

3.7.3 Bone plate fixation with screws 

 This study aims to conduct a biomechanical testing of the effects of different 

configurations of screws in bone plate fixation. The fixation of the bone plates was a 

critical step because the study focuses on the effects that the orthopedic hardware has on 

the porcine femur bones. There were many details that demanded great precision 

throughout this process. A mistake in the fixation of the bone plate could create a bias in 

the results obtained after the mechanical testing. In other words, any error made during 

the bone plate fixation procedure would disqualify the bone for testing. 

The first step was to secure the bone plate to the bone shaft. To perform this step, 

zip ties were used at two locations, as shown in Figure 39. When placing the zip tights, it 

was important to make sure the bone plate was being held in place. Any sliding of the 
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plate could create a mistake when drilling through the bone. The bone plate was placed in 

the middle of the anterior side of the bone shaft. It was crucial for the bone plate to be set 

straight since this would later impact the mechanical testing in terms of the effects of the 

axial loading. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 39. Use of Zip Tights to Hold Bone Plate in Place 
 
 

In preparation for drilling through the bone cortex, the bone was placed in the JIT 

milling machine. As shown in Figure 40 (a), the bone was secured into place by the 

clamp in a horizontal axis. It was very important to place the bone in a way that the 

cortex through the holes of the bone plate was perpendicular to the drill. Before drilling, 

the bone had to be set in a locked axis that allowed the drill to go through all 6 of the 

holes. Once this axis was found, the JIT milling machine was able to lock the horizontal 

axis so that the bone would not move out of it. Then, the bone could be moved along the 

horizontal axis for the drilling to happen.  

The drilling and insertion of the screws occurred in a specific order. The order 

consisted of drilling one hole, inserting the screw in that hole, and then moving into the 

second hole. This procedure allowed for a better precision of the bone fixation. It also 
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provided safety, in case the plate got moved, to make sure that all holes drilled into the 

bone would perfectly align with the holes of the bone plate. The order of the drilling was 

from inner to outer hole, in a superior to inferior direction. In other words, the first hole 

to be drilled was hole 3 (inner superior hole). Then, hole 5 would be drilled (inner 

inferior hole), as shown in Figure 40 (b). The process would follow with hole 2 

(middle/superior), hole 6 (middle/inferior), hole 1 (outer/superior), and ending with hole 

7 (outer, inferior). This order was essential as part of the plate-bone interface mechanics. 

The alternating order of screw insertion was meant for the torque to be applied in 

compression without negating each other. This procedure assimilates the clinical process 

of fixating the bone plate. The order also helps for the two bone fragments to come closer 

together due to the direction of the torque. 

After each hole was drilled, the hole was cleaned before insertion of the screw, as 

shown in Figure 40 (c).  This was necessary because leftover bone debris could create 

complications when inserting the screw into the bone. Finally, insertion of the screw 

would take place, as shown in Figure 40 (d). In addition, the drilling of each hole would 

depend on the configuration of the group for each specific bone. Meaning, if a hole was 

assigned for a unicortical screw, the drill would only go through the first cortex of the 

bone. If a hole was assigned for a bicortical screw, the drill would go through both 

cortices of the bone. 
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(a)       (b) 

 
(c)      (d) 

Figure 40. Main procedure for Bone Plate Fixation: (a) Placement, (b) Drilling, (c) 
Clean Up, and (d) Screwing 

 
 

 The insertion of the screws was a critical step. The purpose of this study is to 

compare how the different combinations of unicortical and bicortical screws affect the 

biomechanical characteristics of the bone-plate interface. Based on this statement, the 

insertion of the screws represents one of the most important stages of the experimental 

phase of the study.  

 A clinical screwdriver was used for the insertion of the screws. When inserting 

the screw, the screwdriver must be aligned with the screw and perpendicular to the bone 
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cortex, as shown in Figure 41 (a). As the screwing occurs, mild axial compression must 

be applied on the screwdriver to ensure better grip of the screw on the bone. Once the 

screw is almost all the way through the plate, the screw must be tightened without over 

applying torque. Excessive application of torque at the point of tightening could result in 

loss of the grip. The final result should compress the plate to the bone, as shown in 

Figure 41 (b). Special attention must be given to bicortical screws. Since bicortical 

screws must go through both cortexes, it is imperative that the screw is kept 

perpendicular to the bone throughout the entirety of the procedure. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a)    (b) 
Figure 41. Insertion of Screw: (a) Alignment of Screwdriver, (b) Screw Inserted Into 

Bone 
 
 

As mentioned before, a clinical screwdriver was used for the screwing procedure. 

Since the orthopedic hardware is made of special materials (stainless steel) and head 

screw shape (hexagonal), it was necessary to implement the clinical screwdriver meant 
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for this type of screws. The use of common screwdrivers can result in over torque of the 

screw head and failure of the screwing phase. For example, an attempt was made on 

sample 2 by performing the screwing phase with a common screwdriver. As a result, the 

screws were not able to go all the way through the bone, as shown in Figure 42.  

 

 
Figure 42. Sample 2: Failure due to Screwdriver 

 
 
3.7.4 Creation of Bone Fracture 

 A further purpose of this study is to evaluate the performance of the different 

configurations of bicortical and unicortical screws and the plate as a rehabilitation device. 

The bone plate’s main functionality is to provide stability to a bone that has undergone a 

prior fracture of some sort. The bone plate fixation provides support to the fractured bone 

while the bone is going through the period of bone repair. The orthopedic plate holds 

both bone fragments close enough so that formation of callus and further bone healing 

may occur. In addition, the bone plate relieves stress off of the bone, which is absorbed 

by the plate and screws at the interphase. The use of bone plate fixation is extremely 

beneficial due to its significant support on the bone and relief of stress. 

 For the purpose of this study, it was necessary to simulate a fracture of the bone. 

Since it is a simulation, the fracture was made after the fixation of the bone plate. The 
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simulation of the fracture will provide the necessary conditions on the bone to obtain 

accurate data of the effects of the bone plate on the fractured bone. In terms of the 

fracture, it was decided that a transverse fracture would be simulated in every bone. The 

fracture was to be located at the midshaft of the bone. When transverse fractures occur in 

long bones, they are most likely to happen at the midshaft area of the bone. This occurs 

because the midshaft section represents the main weak point of the femur bone. The 

fracture simulated for all bones was set to be 10 mm of fracture length. The resulting 

fractures ranged from 8 mm to 11 mm in all bones.  

 To create the midshaft transverse fracture, the section to be cut was marked with a 

red Sharpie. This section was determined at hole 4, as shown in Figure 43. When creating 

the fracture it was important to maintain certain distance from the screws located at holes 

3 and 5. If the fracture intersects either of the screws, the fixation would be compromised 

and the bone would not yield accurate data during testing. 

 

 
Figure 43. Marked Area for Creation of Midshaft Fracture 

 
 

 A hacksaw, shown in Figure 44 (a), was used for the creation of the fracture. A 

manual hacksaw represented a better fit than a power saw. The hacksaw was able to 

provide more stability while cutting through the cortical bone. It also allowed for the cut 
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to be more precise and straight. In addition, it was safer to use the hacksaw over the 

power tool since the hacksaw allows for more user control and less vibrations throughout 

the bone, which maintains bone plate safety. Once the fracture was made at both lines, 

the excess cortical piece was removed, shown in Figure 44 (b). The final product, shown 

in Figure 44 (c), consisted of the two bone fragments purely connected by the fixated 

bone plate. 

 

 
(a)      (b) 

 

(c) 
Figure 44. Fracture Simulation Procedure: (a) Hacksaw, (b) Excess Bone, (c) Fractured 

Bone 
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3.7.5 Creation of Epoxy 

The biomechanical test of this study focuses mainly on the plate to bone 

interphase. To obtain accurate results of the effects of bone plate fixation on the bone, the 

simulation must include fixation of the femur head at the proximal end of the femur and 

the condyles of the femur at the distal end of the bone. The fixation at these ends will 

serve to ensure that the axial compression force created by the MTS distributes through 

the midshaft and plate interphase. Thus, the main bone structure under analysis for this 

study is the shaft of the femur bone. Therefore, fixation of the femur head and condyles 

will only benefit the simulation, as it will create a more realistic environment. 

The head and condyle fixation was formed by an epoxy. Fiberglass resin and 

hardener were used to create the epoxy. The solution was composed of approximately 

355 ml of the resin and 80 drops of hardener. This solution was then stirred for about 3 

minutes and then directly poured into the mold until the mold was filled. An epoxy 

consists of covering the end section of the bone with the mixture.  As shown in Figure 

45, the bone was suspended by a clamp and placed in an empty wooden mold covered by 

a plastic sheet before pouring the solution. For the setup of the bone there are two 

important factors to follow. First, the bone must be placed perpendicular to the table. This 

will ensure that the bone plate is completely vertical. It is crucial that this is achieved 

with every bone. The purpose of this factor is to ensure that when the bone is placed in 

the MTS fixtures, the bone plate is aligned with the axis of the MTS loading frame. This 

way the axial compression will be applied in the same axis of the bone plate, yielding 

more realistic and accurate results.  
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Figure 45. Bone Setup for Epoxy 

 
 

Second, when pouring the solution into the wooden mold, the empty space inside 

the mold will be taken up by the solution from bottom to top. The solution will envelop 

the bone up to the top of the mold. The solution must not, however, reach the bone plate 

at any point, as shown in Figure 46. If the solution was to reach and cover even a small 

section of the bone plate, the plate to bone interphase would be affected and their 

interaction would not be accurate.  

 

 
Figure 46. Bone Epoxy at rest 
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Once the mold was filled, the solution was allowed to sit for 75 minutes. The 

fiberglass and hardener mixture causes an exothermic reaction. Heat is released which 

allows the solution to harden as it cools down. The epoxy must rest until becoming hard 

and cold for the femur head to be well fixated. Otherwise, the epoxy could break during 

testing resulting on a test failure. Once this process was done, the same process was 

carried out for the other head of the bone, as shown in Figure 47. 

 

 
Figure 47. Bone Proximal and Distal Ends were Epoxy 

 
 

3.8 Model for the Mechanical Testing 

All four configurations of porcine femur bone were evaluated through a 

biomechanical test based on axial compression. As shown in Figure 48, the total sample 

size of the study consisted of 28 porcine femur bones. These were divided into four 

groups, each consisting of a different configuration of unicortical and bicortical screw 

combinations. Each group underwent the test for axial compression. 
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Figure 48. Schematic of Conducting Biomechanical Test in Porcine Femur Bone 
 
 

The axial compression was composed of two MTS tests: cyclic and axial failure, 

as shown in Figure 49. First, the bone underwent a low cycle cyclic test. The cyclic test 

applied repeated loading constantly changing from 0 to 500 N of axial compression for 

7,500 cycles at a 1.5 Hz frequency. The parameters were chosen to mimic walking based 

on the simulation assumption of a 50 kg individual weight bearing on the bone implant 

system 500 times (steps) per day, for a total of 15 days post surgery. Walking therapy is 

essential after the surgery has taken place. Clinical cases recommend a very minimum 

amount of walking every day throughout the first two weeks of rehabilitation. Practicing 

500 steps per day for the first two weeks will be a manageable load for the implant and 

the patient, and it will also avoid blood clot and muscle atrophy [18, 62]. The 0 to 500 N 

axial compression force represents enough loading to create elastic deformation on the 

implant, but it is also a safe load that will not drive any of the implants to plastic 

deformation. The sampling rate of this test was 50 Hz. The full length of the simulation 

was 83.33 minutes.  

The main purpose of this test was to simulate the behavior of the plate on a 

rehabilitation environment over time. This test will then allow for evaluation of any 
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deformation through the simulation by analyzing the stiffness at the beginning of the 

cyclic test (pre-stiffness) and the stiffness towards the end of the test (post-stiffness). The 

pre-cyclic assessment served to provide yield results of the implants’ stiffness and 

mechanical behavior right after the surgical procedure. The post-cyclic assessment 

provided information about the implant’s stiffness and mechanical behavior 15 days into 

the rehabilitation process. These results will be further analyzed in Chapter 4. 

Following the cyclic test, the bone was taken through a failure test. The failure 

test consisted of axial compression at a 0.1 mm/sec rate. The total displacement was set 

to 15 mm for all specimens to predict axial failure. This rate and total displacement will 

allow the collection of enough data to later better represent the full mechanical behavior 

of the implant. The duration of the full test was 2.5 minutes, unless the bone failed before 

reaching the 15 mm displacement. The purpose of this test was to investigate the 

configuration’s behavior under major compression force. This test will then allow for 

evaluation of the axial stiffness, yield stress, and ultimate strength of the bone (Refer to 

Appendix F for full schematic of the cyclic and axial failure tests). 



 

 

82 

 
Figure 49. Summary of Axial Compression Tests in Porcine Femur Bones 

 
 

3.9 Data Collection and Data Analysis 

 After the conclusion of every test on the MTS, the Multipurpose Elite commercial 

software, provided by the MTS Company, collected and exported all of the data from the 

test. The program would then store the data into a text file (.txt) format for data analysis. 

Each text file was then converted into an Excel file. The data for both the cyclic and the 

axial failure tests was analyzed through the use of different techniques in Excel. The 

main factor being analyzed in both tests is the axial stiffness, which is Equation (4). 
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Thus, when graphing the axial compression (y-axis) by the displacement (x-axis) 

from a data set, the resulting graph would represent the elastic and plastic deformations 

of the sample. In addition, the slope from the best line of fit for this graph would be equal 

to the axial stiffness of the sample. 

The cyclic test provided information on pre- and post-stiffness in a rehabilitation 

environment over time. To obtain the pre-stiffness, a set of data (cycles 10 through 15) 

was selected and the axial compression vs. displacement graph was created. The graph 

shows the elastic deformation of the implant as it goes back and forth between loading 

and unloading of the sample. From this graph, the pre-stiffness and the displacement, 

over the cycles selected, were found. Similarly, to get the post-stiffness, a set of data 

(cycles 7490 through 7495) was selected and the axial compression vs. displacement 

graph was created. From this graph, the post-stiffness and the displacement, over the 

cycles selected, were found. In addition, the displacement was calculated by finding the 

difference between d2 and d1 (i. e. d2 - d1), as shown in Figure 50.  
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Figure 50. Determination of Stiffness and displacement example 

 
 

As far as the axial failure test, there were three variables of interest: the axial 

stiffness, the axial yield strength, and the ultimate failure force. Selecting all of the data 

produced by the test and then excluding the section after the failure point, created the 

axial failure graphs. The axial stiffness was found by calculating the slope created by the 

best line of fit for the graph. The ultimate failure force was calculated by determining the 

largest data point in the y-axis, before the failure of the specimen. Finally, the axial yield 

strength was found by the use of the offset method. A 0.2% offset linear regression line 

(0.133 mm offset over total 15 mm of axial displacement) was made on the force vs. 

displacement graph, as shown in Figure 51. This offset line was formed with the same 

slope of the tested bone implant within the elastic region (before failure). The axial yield 

strength resulted from the intersection of the offset linear regression and the force vs. 

displacement curve.  
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Figure 51. Determination of Yield Point by use of Offset Method in Excel 

 
 

 Once all five variables were obtained for each of the samples, the data was 

averaged for every variable within the groups. The mean difference found for each group 

was used to evaluate the performance of the group. In addition, the standard deviations 

for each group were calculated.  Using the averages for the axial stiffness, the axial yield 

strength, the ultimate failure force and the fracture stress for each group, a model of the 

force vs. displacement curve, representing the 7 samples within the group, was 

constructed. The curves for all four groups were analyzed and compared between each 

other.  

Furthermore, static and dynamic free body diagrams were created to evaluate the 

system of forces occurring at the bone plate and screws to bone interface for each of the 

groups. Each system was evaluated separately by applying mechanical concepts of the 

sum of the forces and sum of the moments acting at the plate/screw to bone interphase. 

The formulas derived for each group were compared and analyzed. The free body 
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diagram constructs served as a way to evaluate the results obtained through the 

biomechanical testing of porcine femur bones. 

 

3.10 Statistical Analysis 

 As part of the performance evaluation of each group, a statistical analysis was 

performed to investigate the quality of the data from a statistical standpoint. This field 

can be applied to any type of research that contains any sort of quantifiable data. The goal 

of statistics is to provide information about the quality of the data. Statistics allow for 

further analysis and interpretation of the normality and significant difference within and 

between data. It can further provide information about outliers, data discrepancies, data 

demographics, etc.  

 There are numerous software applications that include the tools for conducting 

full statistical analyses. The statistical analysis of this study was performed with the use 

of Minitab. This statistical software is user-friendly program that includes a great amount 

of tools for conducting statistical analyses. Minitab 17 was the specific version used for 

this study. This software tends to be used for teaching purposes, but it contains enough 

applications for full statistical analysis. 

 Statistics may be divided into descriptive and inferential statistics. Descriptive, or 

qualitative, statistics refers to the information that represents the statistical characteristics 

of a group of data. Examples of descriptive statistics of a group include the mean, 

standard deviation, standard error, skewedness, etc. Inferential, or quantitative, statistics 

is based on the implementation of statistical tests to yield relationships between and 
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within the data groups. Examples of inferential statistics include the Shapiro-Wilk Test, 1 

and 2 sample t-tests, one-way ANOVA, regression analysis, etc. These tests may serve 

different purposes, such as showing the normality of the data and the proving significance 

of the difference between two or more groups [26]. 

 The statistical analysis for this study has two main goals: proving the normality of 

the data and defining the statistical significance of the difference between groups for each 

variable considered in the study. For every test, a null (HO) and an alternative (HA) 

hypothesis were created. The null hypothesis is always used to represent equality in the 

comparison. The alternative hypothesis is always used to represent a difference in the 

comparison. The hypothesis is evaluated through the p-value obtained from the test. A p-

value lower than the confidence interval means that the null hypothesis can be rejected. A 

P-value higher than the confidence interval means that the null hypothesis fails to be 

rejected. The confidence interval was set to 95% for all tests. 

 To test for the normality of the data, three different tests were considered: 

Anderson-Darling test, Ryan-Joiner normality test, and Kolmogorov-Smirnov normality 

test. The Anderson-Darling (AD) test uses the expected normal distribution of the data 

and compares it to the actual distribution given by the data. If the difference is too large, 

the data is not considered normal. The Ryan-Joiner (RJ) normality test conducts a 

comparison between the data and the normal scores of the data. If the RJ coefficient is 

close to 1, the data is likely to be normal. The Kolmogorov-Smirnov (KS) normality test 

conducts a comparison between the sample data and the distribution expected if the data 

was normal. If there is a large difference present, the data is not normal [42]. 

 Following the test for normality, a one-way ANOVA test was conducted to check 
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for the significant difference of values. ANOVA stands for analysis of variances. An 

ANOVA test is able to compare significant difference between two or more groups. All 

groups went through an ANOVA test for each variable. The ANOVA test evaluates 

significant difference between and within the groups. A comparison of the variances was 

performed along every one-way ANOVA test. The comparisons of variances allow us to 

check for the integrity of the ANOVA test. The Tukey Pairwise test for comparisons was 

used to check the integrity when assuming equal variances. The Games-Howell Pairwise 

test for Comparisons was used to check the integrity when not assuming equal variances. 

Please refer to Chapter 6 and Appendix E, for detailed development of the statistical 

analysis. 
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CHAPTER 4 

IN-VITRO EXPERIMENTAL RESULTS 

The purpose of this study was to conduct a biomechanical analysis of the elastic 

and plastic behaviors of different configurations of bicortical and unicortical screws in 

dynamic compression bone plate fixation. The study aims to utilize the results provided 

by the experiment to develop a deeper understanding of the advantages of each of these 

configurations of bone plate fixation as a rehabilitation device. To carry out this 

comparison, specific mechanical properties gathered from each tested sample are to be 

discussed throughout this section. The variables analyzed include: displacement and 

stiffness originated from the pre- and post-stiffness assessment of the cyclic test, and 

axial stiffness, ultimate failure strength, and yield strength provided by the axial failure 

test. Furthermore, this chapter will also provide a comparison of the representative, 

averaged, failure behavior of each group. This overall discussion will lead to the 

conclusion of each group’s benefits and characteristics as a rehabilitation device for 

internal fixation of transverse fracture in femur bones. 

 

4.1 Axial Compression 

4.1.1 Cyclic Analysis 

The cyclic test created an environment of constant repetitive compressive load 

applied on the femur bone. Throughout this test, the bone mechanical properties were 
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kept within the elastic region. This test provided the simulation of a daily gait for a 

patient in rehabilitation, for a total of 15 days post-surgery simulation. The stiffness was 

analyzed at the early (cycles 10-16) and late (cycles 7490-7496) stage of the simulation. 

These specific cycles were chosen to conduct a comparison of the mechanical behavior 

before and after the two-week period, while also allowing for proper calibration of the 

data. The total results for displacement and stiffness are shown in Table 6. These results 

represent the averages of each group (n=7). 

 
Table 6. Final Stiffness Results of Porcine Femur Bone Cyclic Analysis 

 Pre-Stiffness Post-Stiffness 

Displacement 
(mm) 

Stiffness 
(N/mm) 

Displacement 
(mm) 

Stiffness 
(N/mm) 

Group 1 Mean 0.55 909 0.41 1181 

Std. 0.063 117 0.049 156 

Group 2 Mean 0.523 958 0.461 1046 

Std. 0.05 104 0.06 162 

Group 3 Mean 0.49 1083 0.423 1160 

Std. 0.089 287 0.072 207 

Group 4 Mean 0.487 1096 0.406 1240 

Std. 0.141 445 0.106 521 
 

The average pre-stiffness was determined on the slope of the force vs. 

displacement graph. The values for each group represent the averages of the axial pre-

stiffness values for all 7 samples within the group. These stiffness values are 

representative of the linear region of the implant system. In other words, these values 
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describe the elastic behavior of the bone under axial compression. The axial stiffness 

values for each of the samples can be found in Appendix A.  

The average axial pre-stiffness is 909 ± 117 N/mm for Group 1 (the control 

group), 958 ± 104 N/mm for Group 2, 1083 ± 287 N/mm for Group 3, and 1096 ± 445 

N/mm for Group 4, as shown in Figure 52.  

 

Figure 52. Average Pre-Stiffness at Early Simulation Stage of Femur Bone 
 
 

The average displacement under pre-stiffness is 0.55 ± 0.063 mm for Group 1 (the 

control group), 0.523 ± 0.050 mm for Group 2, 0.49 ± 0.089 mm for Group 3, and 0.487 

± 0.141 mm for Group 4, as shown in Figure 53.  
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Figure 53. Average Displacement at Early Simulation Stage of Femur Bone 

 
 

Stiffness represents the mechanical resistance of a body, within its elastic region, 

to deformation or deflection caused by an applied force [16]. By analyzing the pre-stiffness 

results of the cyclic test, the resistance to deformation provided by each of the different 

configurations of screws at the beginning of the rehabilitation process can be compared. 

Based on the data, Group 1 has the lowest pre-stiffness and largest displacement. Group 4 

is the group with the largest pre-stiffness and lowest displacement. In between Groups 1 

and 4 are Groups 3 and 2. Of these two groups, Group 3 has lower pre-stiffness and 

higher displacement than Group 4, and Group 2 has a lower pre-stiffness and larger 

displacement than Group 3.  

The relation between stiffness and displacement is indirectly proportional. In 

other words, as stiffness increases, displacement decreases, and vice versa [62]. This 

concept is rational because a material with greater stiffness, or resistance to deformation, 

will allow less displacement, or deformation. The results for pre-stiffness follow this 
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concept, which leads to the conclusion that the data agrees with the theoretical 

expectations of these mechanical properties.  

The comparison of the percentage performance between each group was 

conducted. Based on the pre-stiffness results, Group 1 is found to be 5.41% less than 

Group 2, 19.17% less than Group 3, and 20.53% less than Group 4. Group 2 is found to 

be 13.05% less than Group 3, and 14.35% less than Group 4. Group 3 is found to be 

1.15% less than Group 4. Overall, the configurations can be ranked based on pre-stiffness 

performance in the following order: Group 4 > Group 3 > Group 2 > Group 1. 

The average axial post-stiffness is 1181 ± 156 N/mm for Group 1 (the control 

group), 1046 ± 162 N/mm for Group 2, 1160 ± 207 N/mm for Group 3, and 1240 ± 521 

N/mm for Group 4, as shown in Figure 54.  

 
 

Figure 54. Average Post-Stiffness at Late Simulation Stage of Femur Bone 
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The average displacement under post-stiffness is 0.41 ± 0.049 mm for Group 1 

(the control group), 0.461 ± 0.06 mm for Group 2, 0.423 ± 0.072 mm for Group 3, and 

0.406 ± 0.106 mm for Group 4, as shown in Figure 55.  

 

 
Figure 55. Average Displacement at Late Simulation Stage of Femur Bone 

 
 

By analyzing the post-stiffness results of the cyclic test, the resistance to 

deformation provided by each of the different configurations of screws 15 days into the 

rehabilitation process can be compared. Based on the data, Group 2 has the lowest post-

stiffness and largest displacement. Group 4 is the group with the largest post-stiffness and 

lowest displacement. In between Groups 2 and 4 are Groups 3 and 1. Of these two 

groups, Group 1 has lower post-stiffness and larger displacement than Group 4, and 

Group 3 has a lower post-stiffness and larger displacement than Group 4.  

The relation between stiffness and displacement is indirectly proportional. In 

other words, as stiffness increases, displacement decreases, and vice versa [62]. This 
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concept is rational because a material with greater stiffness, or resistance to deformation, 

will allow less displacement, or deformation. The results for post-stiffness follow this 

concept, which leads to the conclusion that the data agrees with the theoretical 

expectations of these mechanical properties.  

The comparison of the percentage performance between each group was 

conducted. Based on the post-stiffness results, Group 1 is found to be 11.41% more than 

Group 2, 1.81% more than Group 3, and 5.02% less than Group 4. Group 2 is found to be 

10.83% less than Group 3, and 18.55% less than Group 4. Group 3 is found to be 6.96% 

less than Group 4. Overall, the configurations can be ranked based on post-stiffness 

performance in the following order: Group 4 > Group 1 > Group 3 > Group 2. 

All specimens of the four groups underwent the low cycle cyclic test. The cyclic 

test applied repeated loading constantly changing from 0 to 500 N of axial compression 

for 7,500 cycles at 1.5 Hz frequency. The parameters were based on the simulation 

assumption of a 50 kg individual weight bearing on the bone implant system 500 

times/day for a total of 15 days post surgery. The sampling rate of this test was 50 Hz. 

The full length of the simulation was 83.33 minutes. The main purpose of this test was to 

simulate the behavior of the plate on a rehabilitation environment over time. In other 

words, the test analyzes the creation of micro motion between the plate/screw to bone 

interface with the main goal of detecting the deformation, or fatigue, throughout 15 days 

of rehabilitation post surgery [36]. 

 From the descriptive point of view, all bones tested, but one, were successful 

through the cyclic test. Sample 7 was the only bone that failed the test due to a wrong 

setup of the settings. However, sample 7’s replacement was sample 31, which surpassed 
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the test with no issue. Moreover, the test itself did not create any permanent failure on the 

bones, allowing them to remain in their elastic region, as shown in Figure 56. All 28 

samples were then taken into the axial failure test for the purpose of evaluating the 

behavior of the bone through the elastic region and into the plastic region. 

 

 
Figure 56. Post-Cyclic Test snapshot of Femur Bone Sample 31: Anterior View (Left) and 

Lateral View (Right) 
 
 

4.1.2 Axial Failure Test 

The axial failure test was conducted to investigate the mechanical behavior of the 

screw configurations, using a non-destructive strain rate of 0.1 mm/sec, through the 

elastic and plastic properties of the plate/screw system to femur bone interface. This test 
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provides the complete mechanical behavior of the system, which then allows for a full 

analysis of each configuration’s performance under major axial load. Axial stiffness, 

axial yield strength, and ultimate failure force were the mechanical properties analyzed 

from this test. To obtain these three variables, the full data range yield from the test of 

each bone was built to create the Force Vs. Displacement curve, which showed the elastic 

and plastic performance of the bone over the change in axial load. The total results for 

axial stiffness, axial yield strength, and ultimate failure force are shown in Table 7. These 

results represent the averages of each group (n=7). 

 
Table 7. Final Results of Porcine Femur Bone Axial Failure Test 

  Axial Stiffness 
(N/mm) 

Axial Yield 
Strength (N) 

Ultimate Failure 
Force (N) 

Group 1 Average 407 3910 4949 

Std. 145 1776 2678 

Group 2 Average 445 4268 5743 

Std. 91 1837 3026 

Group 3 Average 460 5107 6065 

Std. 143 2608 3052 

Group 4 Average 680 7002 8499 

Std. 225 2187 1492 

 

The axial stiffness was calculated by creating the best line of fit for the data in the 

elastic region. The slope of this line provided the axial stiffness for the sample. The 

values for each group represent the averages of the axial stiffness values for all 7 samples 

within the group. The axial stiffness values for each of the samples can be found in 

Appendix A. The average axial stiffness is 407 ± 145 N/mm for Group 1 (the control 
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group), 445 ± 91 N/mm for Group 2, 460 ± 143 N/mm for Group 3, and 680 ± 225 N/mm 

for Group 4, as shown in Figure 57.  

 

 
Figure 57. Average Axial Stiffness of Femur Bone Under Compressive Failure 

 
 

 As mentioned before, axial stiffness represents the mechanical resistance of a 

body, within its elastic region, to deformation or deflection caused by an applied force 

[16]. By analyzing the axial stiffness results of the axial failure test, the resistance to 

deformation provided by each of the different screw configurations throughout elastic 

region leading to the plastic region and to the failure of the system can be compared. 

Based on the data, Group 1 has the lowest axial stiffness. Group 4 is the group 

with the largest axial stiffness. In between Groups 1 and 4 are Groups 3 and 2. Of these 

two groups, Group 3 has lower stiffness than Group 4, and Group 2 has a lower stiffness 

than Group 3.  
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The comparison of the percentage performance between each group was 

conducted. Based on the axial stiffness results, Group 1 is found to be 9.32% less than 

Group 2, 12.97% less than Group 3, and 67.06% less than Group 4. Group 2 is found to 

be 3.34% less than Group 3, and 52.81% less than Group 4. Group 3 is found to be 

47.87% less than Group 4. Overall, the configurations can be ranked based on axial 

stiffness performance in the following order: Group 4 > Group 3 > Group 2 > Group 1. 

The axial yield strength was calculated by implementing the Offset Method. A 

0.2% offset linear regression line (0.133 mm offset over total 15 mm of axial 

displacement) was made on the force vs. displacement graph. This offset line was formed 

with the same slope of the tested bone implant within the elastic region (before failure). 

The axial yield strength resulted from the intersection of the linear regression and the 

force vs. displacement curve. The values for each group represent the averages of the 

axial yield strength for all 7 samples within the group. The axial yield strength values for 

each of the samples can be found in Appendix A. The average axial yield strength is 3910 

± 1776 N for Group 1 (the control group), 4268 ± 1837 N for Group 2, 5107 ± 2608 N for 

Group 3, and 7002 ± 2187 N for Group 4, as shown in Figure 58.  
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Figure 58. Average Axial Yield Strength of Femur Bone Under Compressive Failure 

 
 

Axial yield strength is considered to be the point between the elastic and plastic 

interphase. In other words, this is the lowest stress that produces a permanent 

deformation on the material leading it to failure. The axial yield strength is found at the 

yield point [39]. By comparing the results provided by the axial yield strength of each 

group, the ability of each group to remain in elastic region as the axial load increases can 

be compared. This means that a material with higher axial yield strength will be able to 

receive higher compression loads and still go back to its natural shape since it remains in 

the elastic region. 

Based on the data, Group 1 has the lowest axial yield strength. Group 4 is the 

group with the largest axial yield strength. In between Groups 1 and 4 are Groups 3 and 

2. Of these two groups, Group 3 has lower yield strength than Group 4, and Group 2 has 

lower yield strength than Group 3.  

The comparison of the percentage performance between each group was 

conducted. Based on the axial yield strength results, Group 1 is found to be 9.15% less 
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than Group 2, 30.61% less than Group 3, and 79.09% less than Group 4. Group 2 is found 

to be 19.66% less than Group 3, and 64.07% less than Group 4. Group 3 is found to be 

37.10% less than Group 4. Overall, the configurations can be ranked based on axial yield 

strength performance in the following order: Group 4 > Group 3 > Group 2 > Group 1. 

The ultimate failure force was calculated by determining the largest data point in 

the y-axis before the failure of the specimen. The values for each group represent the 

averages of the ultimate failure force for all 7 samples within the group. The ultimate 

failure force values for each of the samples can be found in Appendix A. The average 

ultimate failure force is 4949 ± 2678 N for Group 1 (the control group), 5743 ± 3026 N 

for Group 2, 6065 ± 3052 N for Group 3, and 8499 ± 1492 N for Group 4, as shown in 

Figure 59.  

 

 
Figure 59. Average Ultimate Failure Force of Femur Bone Under Compressive Failure 
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The ultimate failure force is classified as the greatest amount of force that a 

material can absorb before failure occurs [13]. In other words, a higher ultimate failure 

force allows for a material to avoid fracture under larger compressive forces. A material 

with higher ultimate failure has a greater resistance to fracture. 

Based on the data, Group 1 has the lowest ultimate failure force. Group 4 is the 

group with the largest ultimate failure force. In between Groups 1 and 4 are Groups 3 and 

2. Of these two groups, Group 3 has lower ultimate failure force than Group 4, and Group 

2 has a lower ultimate failure force than Group 3.  

The comparison of the percentage performance between each group was 

conducted. Based on the ultimate failure force results, Group 1 is found to be 16.04% less 

than Group 2, 22.54% less than Group 3, and 71.72% less than Group 4. Group 2 is found 

to be 5.604% less than Group 3, and 47.98% less than Group 4. Group 3 is found to be 

40.12% less than Group 4. Overall, the configurations can be ranked based on ultimate 

failure force performance in this order: Group 4 > Group 3 > Group 2 > Group 1. 

All specimens of the four groups underwent the compression to failure test. The 

failure test consisted of axial compression at a 0.1 mm/sec rate. The total displacement 

was set to 15 mm for all specimens to predict axial failure. The duration of the full test 

was 2.5 minutes, unless the bone failed before reaching the 15 mm displacement. The 

purpose of this test was to investigate the configuration’s behavior under major 

compression force, driving the sample from the elastic to the plastic region, and then to 

failure.  

From the descriptive point of view, all the bones that were tested, failed. This 

means that the axial failure test of all bones was successful. Furthermore, the axial failure 
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tests, created axial compression force through the MTS that translates energy from the 

bone to the plate/screw interface. At first, the plate/screw interface supports the bone 

structure by providing stability to the bone through reaction forces at the plate/screw to 

bone interface. This static environment provides the ability for the bone to remain at the 

elastic region [36]. Thus, the bone implant construct retains its natural shape. Then, the 

MTS produced enough force that the bone plate reaches its yield point. At this moment, 

the bone implant construct enters the plastic region and the plate begins to bend. As load 

keeps on increasing, the sample reaches its ultimate failure force, which then leads to 

bone fracture. As shown in Figure 60, failure of the bone implant construct created a 

fracture on the anterior superior section of the shaft, right above the bone plate. In 

addition, the bone plate remains with a bended shape, after testing, due to failure of its 

mechanical properties.  

 

 
Figure 60. Post-Axial Failure Test Snapshot of Femur Bone Sample: Anterior 

View (Left) and Lateral View (Right) 
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4.2 Discussion of Material Mechanical Behavior of Porcine Femur Bone In-vitro Test 

4.2.1 Average Representation of Each Group 

 This study aims to conduct a comparison of the biomechanical behaviors of each 

different screw configuration in the bone plate fixation of femur bones. In Section 4.1, 

each of the main mechanical properties presented on this test were compared between 

each group. The mechanical properties included: axial stiffness, axial yield strength, and 

ultimate failure force. The comparison between each group for a particular property 

offered relevant results that contributed to the understanding of how each of the groups 

behaves throughout the elastic and plastic region of the material. However, it is also 

important to conduct an analysis of the overall, averaged mechanical behavior of the 

system for each group and a comparison between each of these behaviors.  

 A representation of the mechanical behavior under the axial failure test of each 

averaged group was created. This was done using the results that were analyzed in 

Section 4.1. The first part is the elastic region of the graph and was simulated by using 

the axial stiffness, which represents the slope of the line. This formula was used to cover 

the linear section in the Force Vs. Displacement graph. Since the linear portion of the 

graph ends before the system reaches its axial yield strength, the linear formula was 

applied for x = 0, 1, 2, … , 7, 8, where x represents displacement. This selection was 

determined because the yield points for all groups were located between x = 9, 10, and 

11. After the linear portion was created, three more data points were added to the data set. 

These included the axial yield strength, the ultimate failure strength, and the failure 

stress. By implementation of these three data points, the plastic region of the system was 

simulated.  
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The average representation of the mechanical behavior for Group 1 is shown in 

Figure 61. This graph shows how the system for Group 1 retains its elastic properties 

until it is subjected to a load of 3910 N of axial compression. The elastic region of the 

system extends for 9.57 mm of displacement along the x-axis. This indicates that the 

system can be axially compressed up to 9.57 mm, and still come back to its natural shape. 

Once the system reaches the yield point, and crosses into the plastic region, there is an 

increase in the axial stiffness. In other words, a larger amount of load is applied over a 

lower change in length. This behavior occurs until the system reaches its ultimate failure 

force under a compressive load of 4949 N. The ultimate failure force occurs at 11.13 mm 

of displacement. This shows that after the system has entered the plastic region, it is able 

to absorb 1039 N and compress for 1.56 mm more before fracture occurs. Following this 

point, the mechanical behavior of the system exhibits a negative slope until it reaches the 

fracture stress at 3786 N. The curves simulated do not mimic the exact trajectory of a 

material because this is the representation of a composite (plate, screws, and bones) 

material. 

 

 
Figure 61. Average Mechanical Behavior for Group 1 
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The average representation of the mechanical behavior for Group 2 is shown in 

Figure 62. This graph shows how the system for Group 2 retains its elastic properties 

until it is subjected to a load of 4268 N of axial compression. The elastic region of the 

system extends for 9.52 mm of displacement along the x-axis. This indicates that the 

system can be axially compressed up to 9.52 mm and still come back to its natural shape. 

Once the system reaches the yield point and crosses into the plastic region, there is an 

increase in the axial stiffness. In other words, a larger amount of load is applied over a 

lower change in length. This behavior occurs until the system reaches its ultimate failure 

force under a compressive load of 5743 N. The ultimate failure force occurs at 10.81 mm 

of displacement. This shows that after the system has entered the plastic region, it is able 

to absorb 1475 N and compress for 1.29 mm more before fracture occurs. Following this 

point, the mechanical behavior of the system exhibits a negative slope until it reaches the 

fracture stress at 5380 N.  

 

 
Figure 62. Average Mechanical Behavior for Group 2 
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The average representation of the mechanical behavior for Group 3 is shown in 

Figure 63. This graph shows how the system for Group 3 retains its elastic properties 

until it is subjected to a load of 5107 N of axial compression. The elastic region of the 

system extends for 10.65 mm of displacement along the x-axis. This indicates that the 

system can be axially compressed up to 10.65 mm, and still regain its natural shape. Once 

the system reaches the yield point, and crosses into the plastic region, there is an increase 

in the axial stiffness. In other words, a larger amount of load is applied over a lower 

change in length. This behavior occurs until the system reaches its ultimate failure force 

under a compressive load of 6065 N. The ultimate failure force occurs at 11.5 mm of 

displacement. This shows that after the system has entered the plastic region, it is able to 

absorb 957 N and compress for 0.85 mm more before fracture occurs. Following this 

point, the mechanical behavior of the system exhibits a negative slope until it reaches the 

fracture stress at 5254 N.  

 

 
Figure 63. Average Mechanical Behavior for Group 3 
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 The average representation of the mechanical behavior for Group 4 is shown in 

Figure 64. This graph shows how the system for Group 4 retains its elastic properties 

until it is subjected to a load of 7002 N of axial compression. The elastic region of the 

system extends for 10.51 mm of displacement along the x-axis. This indicates that the 

system can be axially compressed up to 10.51 mm and still regain its natural shape. Once 

the system reaches the yield point and crosses into the plastic region, there is an increase 

in the axial stiffness. In other words, a larger amount of load is applied over a lower 

change in length. This behavior occurs until the system reaches its ultimate failure force 

under a compressive load of 8499 N. The ultimate failure force occurs at 11.61 mm of 

displacement. This shows that after the system has entered the plastic region, it is able to 

absorb 1496 N and compress for 1.10 mm more before fracture occurs. Following this 

point, the mechanical behavior of the system adheres a negative slope until it reaches the 

fracture stress at 4748 N.  

 

 
Figure 64. Average Mechanical Behavior for Group 4 
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4.2.2 Mechanical Behavior Comparison 

 An overall comparison of the mechanical behaviors for each group is shown in 

Table 8. This comparison was broken down into the elastic and plastic deformation of 

each group. The total axial load and total displacement under each region, for each group, 

are shown to compare the groups’ performance in each different aspect. 

 
Table 8. Breakdown of Mechanical Performance for Elastic and Plastic Deformation 

Mechanical 
Performance 

Elastic Region Plastic Region 
Axial Load 

(N) 
Displacement 

(mm) 
Axial Load 

(N) 
Displacement 

(mm) 
Group 1 3910 9.57 123 1.56 
Group 2 4268 9.52 1112 1.53 
Group 3 5107 10.65 146 1.74 
Group 4 7002 10.51 2254 1.54 

 

A visual image of the results from Table 8 is provided in Figure 65. Through this 

graph, it is shown that Group 4 and Group 3 have a greater ability, in terms of 

displacement, to remain in the elastic region than Group 2 and Group 1. This is given by 

the fact that Groups 4 and 3 retain their linear form up to approximately 10.5 mm of 

displacement, whereas Groups 2 and 1 only retain their linear form up to approximately 

9.5 mm. These results show that configurations for Groups 3 and 4 have a better response 

to displacement within the elastic region.  

In addition, Group 4 shows a significantly greater ability, in terms of force 

absorbed, to remain within the elastic region than Groups 3, 2, and 1. This is 

demonstrated by the fact that Group 4 retains its linear shape up to approximately 7000 N 

of load applied by the MTS, whereas Groups 3, 2, and 1 only retain their linear form up 

to approximately 5000 N (for Group 3) and 4000 N (for Groups 2 and 1). These results 
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show that the configuration for Group 4 has a significantly better response to axial 

compression within the elastic region. 

 

 
Figure 65. Comparison of Average Mechanical Behavior for All Groups 

 
 

 To proceed into the comparison analysis of the mechanical behavior between 

groups at the plastic region, a closer view of the average representation graph was created 

and is shown in Figure 66. Group 3 has a greater ability, in terms of displacement, to 

remain in the plastic region than Group 4, Group 2, and Group 1. This is illustrated by the 

fact that Group 3 remains in the plastic region, before fracture, for approximately 1.74 

mm of displacement, whereas Groups 4, 2, and 1 only remain in the plastic region for 

approximately 1.54 mm before fracture of the bone occurs. These results show that the 

configuration for Groups 3 has a better response to displacement within the plastic 

region.  
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In addition, Group 4 shows a significantly greater ability, in terms of force 

absorbed, to remain in the plastic region than Groups 3, 2, and 1. This is established by 

the fact that Group 4 remains in the plastic region, before fracture, for approximately 

2254 N of load applied by the MTS, whereas Groups 3, 2, and 1 only remains in the 

plastic region, before fracture, for approximately 1112 N (for Group 2) and 130 N (for 

Groups 3 and 1). These results show that configuration for Group 4 has a significantly 

better response to axial compression within the plastic region. 

 

 
Figure 66. Closer View of Comparison of Average Mechanical Behavior for All Groups 
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CHAPTER 5 

ENGINEERING ANALYSIS 

 The goals of this study focus on understanding the mechanical behavior of 

different combinations of unicortical and bicortical screw constructs. This will further 

allow evaluation of each of the group’s performance as a system of bone fracture 

fixation. The end purpose of this study is to select the configuration that provides the 

most stability and support to the bone by evaluation of its mechanical properties. This 

construct will represent a better design for selection as a rehabilitation device and allow 

for improvement in the procedure of bone healing.  

 To reach these goals, the system interface of each configuration must be evaluated 

from a biomaterial and biomechanical standpoint. The bone, the dynamic compression 

plate, and the screws compose the system interface. The bone plate represents an external 

support structure for the bone. By holding the two bone fragments in the same place, the 

bone plates provide stability and alignment. The screws serve the role of connecting the 

bone and the bone plate. There are multiple interactions occurring at the interphase that 

constantly change at different stages of the testing. Each of the screws has a reaction to 

forces applied on the bone. Due to the dynamic behavior of the interface interactions, the 

groups must be analyzed from each different perspective. The comparison between 

groups, from the biomaterial and biomechanical standpoints will provide enough 

information to make the selection of the most adequate construct. In addition, 
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investigation of both biomaterial and biomechanical characteristics will allow for 

comparisons between the two, which will bolster support of the data.  

This study has previously conducted a full biomaterial analysis within and 

between the four bone plate configurations. The biomaterial analysis included the 

performance evaluation of the cyclic and failure tests implemented for testing of the 

femur bones. Through this in-vitro analysis, the material mechanical properties of each 

group were analyzed and compared. These mechanical characteristics offered a full 

evaluation of the elastic and plastic behaviors for each group. The stiffness and 

displacement, before and after the cyclic test, were used to evaluate the mechanical 

behavior of each group under a low compression force (500 N), in which the bone 

remains in the elastic region at all times. Then, through the axial failure test, the axial 

stiffness, yield strength, and ultimate failure force were obtained, which allowed for 

understanding of the elastic to plastic behavioral change in each construct. For complete 

biomaterial analysis see Chapter 4.  

However, in-vitro testing of the fixation systems does not represent enough 

information for full evaluation of configuration performance. In addition to the material 

biomechanical properties present at the interface, there are reaction forces and moments 

caused by the application of the axial compressive force generated by the MTS. The 

analysis developed in Chapter 4 does not include investigation of these biomechanical 

concepts. Thus, Chapter 5 shall carry out the full analysis of the forces and moments 

present at each group’s interface.  

To carry out this engineering analysis, free body diagrams (FBDs) of each system 

must be made. A FBD is a simplified representation of the system that enhances the 
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understanding of the forces and moments generated by external forces. A FBD was 

created for each group, and equations were derived by using the sum of the forces and 

sum of the moments for each system. On every system, there exist interactions between 

the bone and plate and also between bone and plate/screws. Bone and plate interactions 

include reaction forces due to the compression of the plate against the bone cortex. Bone 

and plate/screw interactions include reaction forces and resulting moments due to the 

torque applied to each screw during insertion into the bone. Comparison of these 

equations between the groups will allow us to recognize the biomechanical advantages of 

each construct. 

 As mentioned before, interactions happening at the interface may change based on 

the external forces being applied. Due to this factor, static and dynamic analyses of the 

forces must be done. Evaluation of both types of FBD will provide broader and more 

accurate analysis of the biomechanical forces acting at the interface. 

 

5.1 Static Analysis 

 The static analysis evaluates the sum of the forces and sum of the moments in a 

static environment. The complete sum of the forces and moments were equal to 0. This 

means that the system is in equilibrium. Meaning, the reaction forces of the plate/screw to 

bone interface, created by the external forces, are strong enough to counteract the 

external forces applied by the MTS. A static environment signifies that the system 

interface is always in the elastic region. Thus, the system is able to return to its original 

shape. The static analysis can be directly correlated to the stiffness and displacement 

properties found through the cyclic test, both before and after. Essentially, the FBDs 
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made for the static analysis will reflect the forces and moments occurring during the 

cyclic test.  

 For better understanding of the full interface system of each construct, a 

breakdown of the FBD for bicortical and unicortical screws were built. Development of 

the sum of the forces and sum of the moments for each type of screw will facilitate the 

analysis of the full system. 

5.1.1 Static Analysis of Bicortical Screw 

 A bicortical screw refers to a screw that penetrates through both cortices of the 

bone. The system of the FBD consists of external and reaction forces affecting the screw 

and created by the screw, respectively. The FBD shows a cross sectional view of the 

middle frontal plane of the femur bone.  The coordinate plane of this FBD is represented 

as the x- (horizontal) and y- (vertical) axes. Forces in the x-axis are perpendicular to the 

sagittal plane and parallel to the frontal axis of the body. Forces in the y-axis are 

perpendicular to the transverse plane and parallel to the longitudinal axis of the body. The 

x-axis is positive towards the left side of the bone. The y-axis is positive towards the 

superior part of the bone. The external force created by the MTS translates through both 

cortices of the bone. This external force becomes split, which results in half of the 

external (blue arrow) force being applied to each of the cortices in the negative y 

direction, as shown in Figure 67. The reaction forces resulting from the stiffness of the 

bicortical screw are: proximal reaction force (left black arrow), distal reaction force (right 

black arrow), and frictional force (red arrow). The proximal reaction force is directed 

towards point CP in the positive y direction. The distal reaction force is directed towards 

the point CD in the positive y direction. The frictional force is directed towards the point 
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O in the positive y direction. There are no forces in the x-axis or moments present in this 

FBD. The horizontal green line serves to represent counteract forces, resulting from the 

reaction forces, affecting the bone cortices. 

 

 
Figure 67. Static Free Body Diagram of a Bicortical Screw 
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 The sum of the forces in the x-axis, the sum of the forces in the y-axis, and the 

sum of the moments about point O are shown in Equations (5) through (11). The sum of 

the forces in the x-axis (5) is equal to 0 because there are no forces on the x-axis. In 

equilibrium state, the sum of the moments about point O is analyzed in the 

counterclockwise direction. As shown in (8) and (11) the external forces oppose the 

reaction forces. The sum of the moments and the sum of the forces both equal to 0 due to 

the static equilibrium of the system.

 

Where FFriction = Friction force between the DCP and the anterior bone cortex (N) 

 FReaction, P = Resulting force of the screw at proximal cortex to the plate (N) 

FReaction, D = Resulting force of the screw at distal cortex to the plate (N) 

FExternal = Axial compression force created by the MTS (N) 

Dd = Diameter of the bone (mm) 

Dt = Cortical thickness of the bone (mm) 

 The cortical thickness has been assumed to be uniform throughout the entire 

circumference. 
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5.1.2 Static Analysis of Unicortical Screw 

A unicortical screw refers to a screw that penetrates through only one cortex of 

the bone. The system of the FBD consists of external and reaction forces affecting the 

screw and created by the screw, respectively. The FBD shows a cross sectional view of 

the middle frontal plane of the femur bone.  The coordinate plane of this FBD is 

represented as the x- (horizontal) and y- (vertical) axes. Forces in the x-axis are 

perpendicular to the sagittal plane and parallel to the frontal axis of the body. Forces in 

the y-axis are perpendicular to the transverse plane and parallel to the longitudinal axis of 

the body. The x-axis is positive towards the left side of the bone. The y-axis is positive 

towards the superior part of the bone. The external force created by the MTS translates 

through both cortices of the bone. This external force becomes split, which results in half 

of the external (blue arrow) force being applied to each of the cortices in the negative y 

direction, as shown in Figure 68. The two reaction forces resulting from the stiffness of 

the unicortical screw are the proximal reaction force (black arrow) and the frictional force 

(red arrow). The proximal reaction force is directed towards point CP in the positive y 

direction. The frictional force is directed towards point O in the positive y direction. 

There are no moments or forces in the x-axis present in this FBD.  
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Figure 68. Static Free Body Diagram of an Unicortical Screw 

 
 

The sum of the forces in the x-axis, the sum of the forces in the y-axis, and the 

sum of the moments about point O are shown in Equations (12) through (18). The sum of 

the forces in the x-axis (12) is equal to 0, because there are no forces on the x-axis. The 

sum of the moments about point O is analyzed in the counterclockwise direction. As 

shown in (15) and (18) the external forces oppose the reaction forces. The sum of the 

moments and the sum of the forces both equal to 0 due to the static equilibrium of the 
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system. (15) and (18)  represent the final, simplified equilibrium equation for sum of the 

forces and sum of the moment, respectively.   

 

5.1.3 Static Analysis of Group 1 

Six bicortical screws compose group 1, the control group. Three screws are 

located in each of the bone fragments, proximal and distal. The screws are positioned on 

the transverse axis and perpendicular to the sagittal plane. The system of the FBD 

consists of external and reaction forces affecting the screws and created by the screws, 

respectively. The FBD shows a cross sectional view of the middle frontal plane of the 

femur bone.  The coordinate plane of this FBD is represented as the x- (horizontal) and y- 

(vertical) axises. Forces in the x-axis are perpendicular to the sagittal plane and parallel to 

the frontal axis of the body. Forces in the y-axis are perpendicular to the transverse plane 

and parallel to the longitudinal axis of the body. The x-axis is positive towards the left 

side of the bone. The y-axis is positive towards the superior part of the bone. The external 
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force created by the MTS is distributed throughout the top and bottom of the superior and 

inferior epoxies. The energy is transferred from proximal to distal end of the bone 

implant through the cancellous and cortical bone. The distribution of this force (blue 

arrows) becomes split as the force translates through the cortical region of the bone, 

which results in half of the external force being applied to each of the cortices in the 

negative y direction, as shown in Figure 69. The reaction forces resulting from the 

stiffness of the bicortical screws are three: proximal reaction force (left black arrows), 

distal reaction force (right black arrows), and frictional force (red arrows). The proximal 

reaction force is located at the superior aspect of the screw shaft, in the positive y 

direction. The distal reaction force is located at the inferior aspect of the screw shaft, in 

the positive y direction. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O in the 

positive y direction. The proximal reaction force is greater than the distal reaction force 

because of the presence of the frictional force. There are no forces in the x-axis or 

moments present in this FBD.  
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Figure 69. Static Free Body Diagram of the System Interface for Group 1 

 
 

The sum of the forces in the x-axis, the sum of the forces in the y-axis, and the 

sum of the moments about point O are shown in Equations (19) through (25). The sum of 

the forces in the x-axis (19) is equal to 0, because there are no forces on the x-axis. The 
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sum of the forces in the y-axis can be found by adding the sum of the reaction forces of a 

bicortical screw 6 times, as shown in (20). It is important to note that the external forces 

are not multiplied by 6 because there is only one external force, as seen in (22). The sum 

of the moments about point O, of each screw, is analyzed in the counterclockwise 

direction. (23) shows that the sum of the moments about point O can be found by adding 

the sum of the moments of a bicortical screw 6 times. As shown in (22) and (25) the 

external forces oppose the reaction forces. The sum of the moments and the sum of the 

forces both equal 0 due to the static equilibrium of the system. (22) and (25)  represent 

the final, simplified equilibrium equation for sum of the forces and sum of the moments, 

respectively.  

 

5.1.4 Static Analysis of Group 2 

Two bicortical and four unicortical screws compose group 2. The bicortical 

screws are placed on the two inner holes of the plate. Three, 2 unicortical and 1 

bicortical, screws are located in each of the bone fragments, proximal and distal. The 

screws are positioned on the transverse axis and perpendicular to the sagittal plane. The 
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system of the FBD consists of external and reaction forces affecting the screws and 

created by the screws, respectively. The FBD shows a cross sectional view of the middle 

frontal plane of the femur bone.  The coordinate plane of this FBD is represented as the 

x- (horizontal) and y- (vertical) axises. Forces in the x-axis are perpendicular to the 

sagittal plane and parallel to the frontal axis of the body. Forces in the y-axis are 

perpendicular to the transverse plane and parallel to the longitudinal axis of the body. The 

x-axis is positive towards the left side of the bone. The y-axis is positive towards the 

superior part of the bone. The external force created by the MTS is distributed throughout 

the top and bottom of the superior and inferior epoxies. The energy is transferred from 

proximal to distal end of the bone implant through the cancellous and cortical bone. The 

distribution of this force (blue arrows) becomes split as the force translates through the 

cortical region of the bone, which results in half of the external force being applied to 

each of the cortices in the negative y direction, as shown in Figure 70.  

The three reaction forces resulting from the stiffness of the bicortical screws are 

the proximal reaction force (left black arrows), distal reaction force (right black arrows), 

and frictional force (red arrows). The proximal reaction force is located at the superior 

aspect of the screw shaft, in the positive y direction. The distal reaction force is located at 

the inferior aspect of the screw shaft, in the positive y direction. The frictional force is 

created by the compression between the bone/screw and plate, at the interface, and it is 

directed towards the point O in the positive y direction. The proximal reaction force is 

greater than the distal reaction force because of the presence of the frictional force. 

The two reaction forces resulting from the stiffness of the unicortical screw are 

the proximal reaction force (black arrows) and the frictional force (red arrows). The 
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proximal reaction force is located at the cortex of the bone proximal to the plate, in the 

positive y direction. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O in the 

positive y direction. There are no forces in the x-axis present in this FBD.  

 

 
Figure 70. Static Free Body Diagram of the System Interface for Group 2 



 

 

126 

The sum of the forces in the x-axis, the sum of the forces in the y-axis, and the 

sum of the moments about point O are shown in Equations (26) through (32). The sum of 

the forces in the x-axis (26) is equal to 0 because there are no forces on the x-axis. The 

sum of the forces in the y-axis can be found by adding the sum of the reaction forces of a 

bicortical screw 2 times and the sum of the reaction forces of a unicortical screw 4 times, 

as shown in (27). It is important to note that the external forces do not increase with the 

addition of screw forces because there is only one uniform external force, as seen in (29). 

The sum of the moments about point O, of each screw, is analyzed in the 

counterclockwise direction. (30) shows that the sum of the moments about point O can be 

found by adding the sum of the moments of a bicortical screw 2 times and the sum of the 

moments of a unicortical screw 4 times. As shown in (29) and (32), the external forces 

oppose the reaction forces. The sum of the moments and the sum of the forces both equal 

to 0 due to the static equilibrium of the system. (29) and (32) represent the final, 

simplified equilibrium equation for sum of the forces and sum of the moment, 

respectively.   
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5.1.5 Static Analysis of Group 3 

Two bicortical and four unicortical screws compose group 3. The bicortical 

screws are placed on the two middle holes of the plate. Three, 2 unicortical and 1 

bicortical, screws are located in each of the bone fragments, proximal and distal. The 

screws are positioned on the transverse axis and perpendicular to the sagittal plane. The 

system of the FBD consists of external and reaction forces affecting the screws and 

created by the screws, respectively. The FBD shows a cross sectional view of the middle 

frontal plane of the femur bone.  The coordinate plane of this FBD is represented as the 

x- (horizontal) and y- (vertical) axises. Forces in the x-axis are perpendicular to the 

sagittal plane and parallel to the frontal axis of the body. Forces in the y-axis are 

perpendicular to the transverse plane and parallel to the longitudinal axis of the body. The 

x-axis is positive towards the left side of the bone. The y-axis is positive towards the 

superior part of the bone. The external force created by the MTS is distributed throughout 



 

 

128 

the top and bottom of the superior and inferior epoxies. The energy is transferred from 

proximal to distal end of the bone implant through the cancellous and cortical bone. The 

distribution of this force (blue arrows) becomes split as the force translates through the 

cortical region of the bone, which results in half of the external force being applied to 

each of the cortices in the negative y direction, as shown in Figure 71.  

The three reaction forces resulting from the stiffness of the bicortical screws are: 

proximal reaction force (left black arrows), distal reaction force (right black arrows), and 

frictional force (red arrows). The proximal reaction force is located at the superior aspect 

of the screw shaft, in the positive y direction. The distal reaction force is located at the 

inferior aspect of the screw shaft, in the positive y direction. The frictional force is 

created by the compression between the bone/screw and plate, at the interface, and it is 

directed towards the point O in the positive y direction. The proximal reaction force is 

greater than the distal reaction force because of the presence of the frictional force. 

The two reaction forces resulting from the stiffness of the unicortical screw are 

the proximal reaction force (black arrows) and the frictional force (red arrows). The 

proximal reaction force is located at the cortex of the bone proximal to the plate, in the 

positive y direction. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O. There are no 

forces in the x-axis present in this FBD.  
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Figure 71. Static Free Body Diagram of the System Interface for Group 3 

 
 

The sum of the forces in the x-axis, the sum of the forces in the y-axis, and the 

sum of the moments about point O are shown in Equations (33) through (39). The sum of 
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the forces in the x-axis (33) is equal to 0 because there are no forces on the x-axis. The 

sum of the forces in the y-axis can be found by adding the sum of the reaction forces of a 

bicortical screw 2 times and the sum of the reaction forces of a unicortical screw 4 times, 

as shown in (34). It is important to note that the external forces do not increase with the 

addition of screw forces because there is only one uniform external force, as seen in (36). 

The sum of the moments about point O, of each screw, is analyzed in the 

counterclockwise direction. (37) shows that the sum of the moments about point O can be 

found by adding the sum of the moments of a bicortical screw 2 times and the sum of the 

moments of a unicortical screw 4 times. As shown in (36) and (39) the external forces 

oppose the reaction forces. The sum of the moments and the sum of the forces both equal 

to 0 due to the static equilibrium of the system. (36) and (39) represent the final, 

simplified equilibrium equation for sum of the forces and sum of the moment, 

respectively.  
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5.1.6 Static Analysis of Group 4 

Two bicortical and four unicortical screws compose group 4. The bicortical 

screws are placed on the two outer holes of the plate. Three, 2 unicortical and 1 

bicortical, screws are located in each of the bone fragments, proximal and distal. The 

screws are positioned on the transverse axis and perpendicular to the sagittal plane. The 

system of the FBD consists of external and reaction forces affecting the screws and 

created by the screws, respectively. The FBD shows a cross sectional view of the middle 

frontal plane of the femur bone.  The coordinate plane of this FBD is represented as the 

x- (horizontal) and y- (vertical) axises. Forces in the x-axis are perpendicular to the 

sagittal plane and parallel to the frontal axis of the body. Forces in the y-axis are 

perpendicular to the transverse plane and parallel to the longitudinal axis of the body. The 

x-axis is positive towards the left side of the bone. The y-axis is positive towards the 

superior part of the bone. The external force created by the MTS is distributed throughout 

the top and bottom of the superior and inferior epoxies. The energy is transferred from 

proximal to distal end of the bone implant through the cancellous and cortical bone. The 

distribution of this force (blue arrows) becomes split as the force translates through the 

cortical region of the bone, which results on half of the external force being applied to 

each of the cortices in the negative y direction, as shown in Figure 72.  

The three reaction forces resulting from the stiffness of the bicortical screws are: 

proximal reaction force (left black arrows), distal reaction force (right black arrows), and 

frictional force (red arrows). The proximal reaction force is located at the superior aspect 

of the screw shaft, in the positive y direction. The distal reaction force is located at the 

inferior aspect of the screw shaft, in the positive y direction. The frictional force is 
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created by the compression between the bone/screw and plate, at the interface, and it is 

directed towards the point O in the positive y direction. The proximal reaction force is 

greater than the distal reaction force because of the presence of the frictional force. 

The two reaction forces resulting from the stiffness of the unicortical screw are 

the proximal reaction force (black arrows) and the frictional force (red arrows). The 

proximal reaction force is located at the cortex of the bone proximal to the plate, in the 

positive y direction. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O. There are no 

forces in the x-axis present in this FBD.  
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Figure 72. Static Free Body Diagram of the System Interface for Group 4 

 
 

The sum of the forces in the x-axis, the sum of the forces in the y-axis, and the 

sum of the moments about point O are shown in Equations (40) through (46). The sum of 
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the forces in the x-axis (40) is equal to 0 because there are no forces on the x-axis. The 

sum of the forces in the y-axis can be found by adding the sum of the reaction forces of a 

bicortical screw 2 times and the sum of the reaction forces of a unicortical screw 4 times, 

as shown in (41). It is important to note that the external forces do not increase with the 

addition of screw forces because there is only one uniform external force, as seen in (43). 

The sum of the moments about point O, of each screw, is analyzed in the 

counterclockwise direction. (44) shows that the sum of the moments about point O can be 

found by adding the sum of the moments of a bicortical screw 2 times and the sum of the 

moments of a unicortical screw 4 times. As shown in (43) and (46) the external forces 

oppose the reaction forces. The sum of the moments and the sum of the forces both equal 

0 due to the static equilibrium of the system. (43) and (46) represent the final, simplified 

equilibrium equation for sum of the forces and sum of the moment, respectively.  
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5.2 Dynamic analysis 

 A goal of this study is to develop understanding of the full mechanical behavior of 

each configuration for bone plate fixation. This includes the mechanical characteristics of 

each construct under both the elastic and plastic regions. Elastic behavior under low 

repetitive force has been previously explored through the static analysis, and a correlation 

of it was made to the pre- and post-cyclic assessments. This comparison comprehends the 

mechanical behaviors under equilibrium. A dynamic analysis must be done to further 

study the mechanical properties present without equilibrium. This will provide 

information about each construct’s behavior under larger non-destructive forces. The 

dynamic analysis will make the connection elastic/plastic deformation and the failure 

phenomenon. The results of this analysis will be correlated to those yielded by the axial 

failure test in Chapter 4.  

 The dynamic analysis uses dynamic FBDs to understand the procedure leading to 

implant failure. Implant failure occurs as a bending of the plate at the interface section 

with the least bone contact, in this case it is the fracture gap [36]. As the MTS applies a 

loading force on the bone, energy is absorbed and counteracted by the internal reaction 

forces of the bone implant construct. This energy absorption occurs from proximal to 

distal end of the bone. The system is kept at equilibrium until the load applied becomes 

greater than the internal forces. At this point, also known as the yield point, the sample 

abandons its elastic properties and becomes plastic. The implant construct begins to bend, 

which indicates plastic deformity of the system. Bending of the plate can be explained by 

the buckling theorem, which refers to the deformation of a beam due to a moment caused 

by external axial loading [66]. Through this theorem, the critical buckling load can be 
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defined, which represents the point of the curve between the elastic and plastic regions. 

The critical buckling load coincides with the axial yield strength [36]. The critical buckling 

load can be calculated with (47). 

 

 Where Fc = Critical buckling load (N) 

  E  = Young’s Modulus of Cortical Bone (MPa) 

  Le = Effective length of the implant system (mm) 

 Le is denoted by (48).  

 

The effective length is divided by two because the bone is fixed at both the 

proximal and distal end [62]. I represents the area moment of inertia of the bone (mm4) and 

it is given by (49) and (50). 

 

 Dt = ro
4 - ri

4 because the cortical thickness has been assumed to be constant 

throughout the bone’s circumference. The area moment of inertia is an important factor 

because it determines the location of bending. The section of the system with the smallest 

area moment of inertia will present the physical bending. As previously mentioned, 
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bending occurs at the fracture gap for the systems in this study. Further loading is applied 

and the buckling effect of the system keeps on developing, which occurs under plastic 

properties. Bending continues to occur until the system reaches its ultimate failure force 

and failure is fulfilled.  

Dynamic FBDs were made for each of the implant configurations. The legend for 

all notation used in the dynamic FBDs is shown in Figure 73.  

 

 
Figure 73. Legend for Dynamic Free Body Diagrams 

 
 

The moment that the bone creates about the screw rotates around the central 

frontal axis of the screw (green line), parallel to the sagittal plane and about the frontal 

axis of the body, as shown in Figure 74. 
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Figure 74. Representation of Moments About Screw Axis 

 
 

5.2.1 Dynamic Analysis of Group 1 

 Six bicortical screws compose group 1, the control group. Three screws are 

located in each of the bone fragments, proximal and distal. The screws are positioned on 

the transverse axis and perpendicular to the sagittal plane. The system of the FBD 

consists of external and reaction forces affecting the screws and created by the screws, 

respectively. The external force created by the MTS is distributed throughout the top and 

bottom of the superior and inferior epoxies. The energy is transferred from proximal to 

distal end of the bone implant through the cancellous and cortical bone. The distribution 

of this force (blue arrows) becomes split as the force translates through the cortical region 

of the bone, which results in half of the external force being applied to each of the 

cortices in the negative y direction, as shown in Figure 75. The reaction forces resulting 

from the stiffness of the bicortical screws are three: proximal reaction force (left black 

arrows), distal reaction force (right black arrows), and frictional force (red arrows). The 
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proximal reaction force is located at the superior aspect of the screw shaft, in the positive 

y direction. The distal reaction force is located at the inferior aspect of the screw shaft, in 

the positive y direction. The proximal reaction force is greater than the distal reaction 

force because the closer a force is located to the fix point, the greater it becomes. The 

frictional force is created by the compression between the bone/screw and plate, at the 

interface, and it is directed towards the point O in the positive y direction. There are no 

forces in the x-axis present in this FBD.  

 The force system of this FBD is not in equilibrium. To explain the dynamic 

change in the reaction forces, an early static stage and dynamic stage were made. During 

the early static stage, axial loading activates a moment of the screws at the proximal end 

of the implant system. More energy is absorbed at the cortex proximal to the bone plate 

than at the distal cortex. Bone moments, denoted as MBone, Early (light blue arrows), about 

the frontal axis result to counteract the screw moment and keep the system in place, as 

shown in Figure 75 (a).  

Further application of the axial external force occurs. The sum of MEarly is not 

capable of counteracting the moment created by the screws. The system is taken from 

elastic to plastic region, and the implant starts to fail from proximal to distal end of the 

bone plate. Once in the plastic region, the proximal bone fragment is not able to absorb 

energy. This energy is now transferred to the bone plate and the distal bone fragment, as 

shown in Figure 75 (b). At the bone plate, energy absorption creates a plate moment 

about the sagittal axis and bending occurs in accordance to the buckling theorem. 

MPlate,large (light green arrow) is drawn to show the inclination of the proximal bone 

fragment due to plate bending. MPlate, small (dark orange arrow) is drawn to represent the 
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inflection of the bone plate at the bending point. Together, these two moments 

demonstrate the bending deformation of the plate due to the buckling effect. Energy 

absorbed at the distal fragment of the bone happens as bone moment, denoted by MBone, 

Late (dark green arrows). These bone moments counteract the moment created by the 

screws and also provide support against the plate bending. However, the moment of the 

plate is greater than the moments created by the bone. Consequently, bending still occurs.  

 

 
(a)                  (b) 

Figure 75. Dynamic Free Body Diagram of the System Interface for Group 1: (a) Early 
Static Stage and (b) Dynamic Stage 
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5.2.2 Dynamic Analysis of Group 2 

Two bicortical screws and four unicortical screws compose group 2. Three 

screws, 1 bicortical and 2 unicortical, are located in each of the bone fragments, proximal 

and distal. The screws are positioned on the transverse axis and perpendicular to the 

sagittal plane. For Group 2, the two-bicortical screws are found in the inner holes of the 

bone plate. The system of the FBD consists of external and reaction forces affecting the 

screws and created by the screws, respectively. The external force created by the MTS is 

distributed throughout the top and bottom of the superior and inferior epoxies. The 

energy is transferred from proximal to distal end of the bone implant through the 

cancellous and cortical bone. The distribution of this force (blue arrows) becomes split as 

the force translates through the cortical region of the bone, which results in half of the 

external force being applied to each of the cortices in the negative y direction, as shown 

in Figure 76.  

The reaction forces resulting from the stiffness of the bicortical screws are three: 

proximal reaction force (left black arrows), distal reaction force (right black arrows), and 

frictional force (red arrows). The proximal reaction force is located at the superior aspect 

of the screw shaft, in the positive y direction. The distal reaction force is located at the 

inferior aspect of the screw shaft, in the positive y direction. The proximal reaction force 

is greater than the distal reaction force, because the closer a force is located to the fixed 

point, the greater it is. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O in the 

positive y direction.  
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The reaction forces resulting from the stiffness of the unicortical screw are two: 

proximal reaction force (black arrows) and frictional force (red arrows). The proximal 

reaction force is located at the cortex of the bone proximal to the plate, in the positive y 

direction. The frictional force is created by the compression between the bone/screw and 

plate, at the interface, and it is directed towards the point O. There are no forces in the x-

axis present in this FBD.  

 The force system of this FBD is not in equilibrium. To explain the dynamic 

change in the reaction forces an early static stage and dynamic stage were made. During 

the early static stage, axial loading activates a moment of the screws at the proximal end 

of the implant system. More energy is absorbed at the cortex proximal to the bone plate 

than at the distal cortex. Bone moments, denoted as MBone, Early (light blue arrows), about 

the frontal axis result to counteract the screw moment and keep the system in place, as 

shown in Figure 76 (a). Notice that less bone moments result in this system in 

comparison to the control group. 

Further application of the axial external force occurs. The sum of MEarly is not 

capable of counteracting the moment created by the screws. The system is taken from 

elastic to plastic region and the implant starts to fail from proximal to distal end of the 

bone plate. Once in the plastic region, the proximal bone fragment is not able to absorb 

energy. This energy is now transferred to the bone plate and the distal bone fragment, as 

shown in Figure 76 (b). At the bone plate, energy absorption creates a plate moment 

about the sagittal axis and bending occurs in accordance to the buckling theorem. 

MPlate,large (light green arrow) is drawn to show the inclination of the proximal bone 

fragment due to plate bending. MPlate, small (dark orange arrow) is drawn to represent the 
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inflection of the bone plate at the bending point. Together, these two moments 

demonstrate the bending deformation of the plate due to the buckling effect. Energy 

absorbed at the distal fragment of the bone happens as bone moment, denoted by MBone, 

Late (dark green arrows). Notice that less bone moments result in this system in 

comparison to the control group. These bone moments counteract the moment created by 

the screws and also provide support against the plate bending. However, the moment of 

the plate is greater than the moments created by the bone. Consequently, bending still 

occurs.  

 

 
(a)                  (b) 

Figure 76. Dynamic Free Body Diagram of the System Interface for Group 2: (a) Early 
Static Stage and (b) Dynamic Stage 
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5.2.3 Dynamic Analysis of Group 3 

Two bicortical screws and four unicortical screws compose group 3. Three 

screws, 1 bicortical and 2 unicortical, are located in each of the bone fragments, proximal 

and distal. The screws are positioned on the transverse axis and perpendicular to the 

sagittal plane. For Group 3, the two-bicortical screws are found in the middle holes of the 

bone plate. The system of the FBD consists of external and reaction forces affecting the 

screws and created by the screws, respectively. The external force created by the MTS is 

distributed throughout the top and bottom of the superior and inferior epoxies. The 

energy is transferred from proximal to distal end of the bone implant through the 

cancellous and cortical bone. The distribution of this force (blue arrows) becomes split as 

the force translates through the cortical region of the bone, which results in half of the 

external force being applied to each of the cortices in the negative y direction, as shown 

in Figure 77.  

The reaction forces resulting from the stiffness of the bicortical screws are three: 

proximal reaction force (left black arrows), distal reaction force (right black arrows), and 

frictional force (red arrows). The proximal reaction force is located at the superior aspect 

of the screw shaft, in the positive y direction. The distal reaction force is located at the 

inferior aspect of the screw shaft, in the positive y direction. The proximal reaction force 

is greater than the distal reaction force because the closer a force is located to the fixed 

point, the greater it is. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O in the 

positive y direction.  
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The reaction forces resulting from the stiffness of the unicortical screw are two: 

proximal reaction force (black arrows) and frictional force (red arrows). The proximal 

reaction force is located at the cortex of the bone proximal to the plate, in the positive y 

direction. The frictional force is created by the compression between the bone/screw and 

plate, at the interface, and it is directed towards the point O. There are no forces in the x-

axis present in this FBD.  

 The force system of this FBD is not in equilibrium. To explain the dynamic 

change in the reaction forces an early static stage and dynamic stage were made. During 

the early static stage, axial loading activates a moment of the screws at the proximal end 

of the implant system. More energy is absorbed at the cortex proximal to the bone plate 

than at the distal cortex. Bone moments, denoted as MBone, Early (light blue arrows), about 

the frontal axis result to counteract the screw moment and keep the system in place, as 

shown in Figure 77 (a). Notice that less bone moments result in this system in 

comparison to the control group. 

Further application of the axial external force occurs. The sum of MEarly is not 

capable of counteracting the moment created by the screws. The system is taken from 

elastic to plastic region, and the implant starts to fail from proximal to distal end of the 

bone plate. Once in the plastic region, the proximal bone fragment is not able to absorb 

energy. This energy is now transferred to the bone plate and the distal bone fragment, as 

shown in figure 77 (b). At the bone plate, energy absorption creates a plate moment about 

the sagittal axis and bending occurs in accordance to the buckling theorem. MPlate,large 

(light green arrow) is drawn to show the inclination of the proximal bone fragment due to 

plate bending. MPlate, small (dark orange arrow) is drawn to represent the inflection of the 
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bone plate at the bending point. Together, these two moments demonstrate the bending 

deformation of the plate due to the buckling effect. Energy absorbed at the distal 

fragment of the bone happens as bone moment, denoted by MBone, Late (dark green arrows). 

Notice that less bone moments result in this system in comparison to the control group. 

These bone moments counteract the moment created by the screws and also provide 

support against the plate bending. However, the moment of the plate is greater than the 

moments created by the bone. Consequently, bending still occurs.  

 

 
(a)                  (b) 

Figure 77. Dynamic Free Body Diagram of the System Interface for Group 3: (a) Early 
Static Stage and (b) Dynamic Stage 
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5.2.4 Dynamic Analysis of Group 4 

Two bicortical screws and four unicortical screws compose group 4. Three 

screws, 1 bicortical and 2 unicortical, are located in each of the bone fragments, proximal 

and distal. The screws are positioned on the transverse axis and perpendicular to the 

sagittal plane. For Group 4, the two-bicortical screws are found in the outer holes of the 

bone plate. The system of the FBD consists of external and reaction forces affecting the 

screws and created by the screws, respectively. The external force created by the MTS is 

distributed throughout the top and bottom of the superior and inferior epoxies. The 

energy is transferred from proximal to distal end of the bone implant through the 

cancellous and cortical bone. The distribution of this force (blue arrows) becomes split as 

the force translates through the cortical region of the bone, which results in half of the 

external force being applied to each of the cortices in the negative y direction, as shown 

in Figure 78.  

The reaction forces resulting from the stiffness of the bicortical screws are three: 

proximal reaction force (left black arrows), distal reaction force (right black arrows), and 

frictional force (red arrows). The proximal reaction force is located at the superior aspect 

of the screw shaft, in the positive y direction. The distal reaction force is located at the 

inferior aspect of the screw shaft, in the positive y direction. The proximal reaction force 

is greater than the distal reaction force because the closer a force is located to the fixed 

point, the greater it is. The frictional force is created by the compression between the 

bone/screw and plate, at the interface, and it is directed towards the point O in the 

positive y direction.  
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The reaction forces resulting from the stiffness of the unicortical screw are two: 

proximal reaction force (black arrows) and frictional force (red arrows). The proximal 

reaction force is located at the cortex of the bone proximal to the plate, in the positive y 

direction. The frictional force is created by the compression between the bone/screw and 

plate, at the interface, and it is directed towards the point O. There are no forces in the x-

axis present in this FBD.  

 The force system of this FBD is not in equilibrium. To explain the dynamic 

change in the reaction forces an early static stage and dynamic stage were made. During 

the early static stage, axial loading activates a moment of the screws at the proximal end 

of the implant system. More energy is absorbed at the cortex proximal to the bone plate 

than at the distal cortex. Bone moments, denoted as MBone, Early (light blue arrows), about 

the frontal axis result to counteract the screw moment and keep the system in place, as 

shown in Figure 78 (a). Notice that less bone moments result in this system in 

comparison to the control group. 

Further application of the axial external force occurs. The sum of MEarly is not 

capable of counteracting the moment created by the screws. The system is taken from 

elastic to plastic region and the implant starts to fail from proximal to distal end of the 

bone plate. Once in the plastic region, the proximal bone fragment is not able to absorb 

energy. This energy is now transferred to the bone plate and the distal bone fragment, as 

shown in Figure 78 (b). At the bone plate, energy absorption creates a plate moment 

about the sagittal axis and bending occurs in accordance to the buckling theorem. 

MPlate,large (light green arrow) is drawn to show the inclination of the proximal bone 

fragment due to plate bending. MPlate, small (dark orange arrow) is drawn to represent the 
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inflection of the bone plate at the bending point. Together, these two moments 

demonstrate the bending deformation of the plate due to the buckling effect. Energy 

absorbed at the distal fragment of the bone happens as bone moment, denoted by MBone, 

Late (dark green arrows). Notice that less bone moments result in this system in 

comparison to the control group. These bone moments counteract the moment created by 

the screws and also provide support against the plate bending. However, the moment of 

the plate is greater than the moments created by the bone. Consequently, bending still 

occurs.  

 

 
(a)                  (b) 

Figure 78. Dynamic Free Body Diagram of the System Interface for Group 4: (a) Early 
Static Stage and (b) Dynamic Stage 
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5.3 Discussion of Engineering Analysis 

5.3.1 Discussion of Overall Static Performance 

The static analysis was performed with the purpose of investigating the reaction 

forces and resulting moments throughout the elastic deformation of each bone implant 

construct. This analysis may be correlated to the results found through the pre- and post-

stiffness/displacement from the cyclic test. The combination of these two analyses (cyclic 

and static performance results) offers a better understanding of each group’s construct. 

Agreement in the correlation of both analyses serves as reassurance of the validity of the 

data and results.  

In Chapter 4, the groups were ranked by their performance in each mechanical 

property yield by the cyclic test. The relative comparison of these rankings can be 

observed in Table 9. The rankings are organized from left to right placing the group with 

the best performance on the first column and the group with the worst performance in the 

right column. 

 
Table 9. Summary of Average Performance Comparison by Each Property of Cyclic 
Analysis 

Property Ranking Based on Average Performance 

Pre-Stiffness (N/mm) Group 4 
1096 

 Group 3 
1083 

Group 2 
958 

Group 1 
909 

Pre-Displacement (mm) Group 4 
0.487 

 Group 3 
0.49 

Group 2 
0.523 

Group 1 
0.55 

Post-Stiffness (N/mm) Group 4 
1240 

Group 1 
1181 

Group 3 
1160 

Group 2 
1046 

Post-Displacement (mm) Group 4 
0.406 

Group 1 
0.41 

Group 3 
0.423 

Group 2 
0.461 
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When considering displacement and stiffness of the pre- and post-cyclic 

assessment, it is important to remember that stiffness is indirectly proportional to 

displacement. In other words, the best performance for stiffness will have the largest 

average stiffness value while the best performance for displacement will have the lowest 

average displacement value. Recall that these two assessments are based in a static 

environment. Thus, when forces are applied into the bone, energy transferred into the 

bone structure is fully counteracted by the internal reaction forces of the interface system. 

Equilibrium is kept in the system, which shows the resistance to axial deformation, by the 

implant construct. In other words, higher resistance decreases axial displacement. The 

pre-cyclic assessment represents an investigation of the mechanical properties before the 

beginning of the rehabilitation process. The post-cyclic assessment represents an 

investigation of the mechanical properties 15 days into the rehabilitation process.  

From the pre-cyclic assessment, it is shown that Group 1 has the lowest stiffness 

and largest displacement. This means that the control group has the worst performance 

out of all four groups for this stage of the test. Group 1 is composed of 6 bicortical 

screws, while Groups 2, 3, and 4 have 4 unicortical screws and only 2 bicortical screws. 

As mentioned in Chapter 2, studies have shown that in internal fixation of bone plates, it 

is necessary to implement bicortical screws in every fixation configuration. This is said to 

be essential because the bicortical screws offer a support on the distal cortex, which 

creates a connection of the plate/screw to proximal bone cortex interface with the distal 

cortex. During the application of external forces, this allows for better translation of 

energy, as it travels through the cortices and into the screws of the implant.  
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However, the overwhelming presence of bicortical screws creates negative effects 

on the overall bone structure. There are several factors of the static engineering analysis 

that back up Group 4’s ranking. Bicortical screws are highly invasive since they penetrate 

through both cortices of the bone, which results in higher loss of bone mass. This leads to 

a decrease in the bone density, which compromises the structural support of the bone and 

reduces construct control. Since the bicortical screws have a larger path of insertion, the 

screw thread at the proximal cortex is worn out more than when inserting unicortical 

screws. This is due to the higher amount of torque and revolutions applied for the 

bicortical screw to pass through both cortices. Wearing of the thread reduces the 

compression at the plate/screw to bone interface. This further reduces the force of friction 

present at the interface of each screw.  

As seen on the static FBDs, the bicortical screws present more and larger reaction 

forces. These reaction forces create counteracting effects on the bone system, as seen in 

Figure 69 in Section 5.1.1. The presence of more and higher internal interactions reduces 

the construct’s ability to resist deformation. Smaller stiffness and larger displacement 

increase the moment created at the middle of the bone plate, which decreases the 

system’s ability to remain in the elastic region. Further analysis of this plate moment is to 

be done in Section 5.2.5 of the dynamic analysis. Due to lower bone density, lower 

frictional force, and increased moment of the plate, Group 1 will definitely show the 

worst performance in the pre-cyclic assessment.  

The results of the pre-cyclic assessment also show differences in performance 

between Groups 2, 3, and 4. Since these groups contain the same amount of bicortical and 

unicortical (2 and 4, respectively) screws, their mechanical properties are more similar in 



 

 

153 

the pre-cyclic assessment. Studies propose any internal fixation construct for a simple 

fracture contains at least 2 bicortical screws [1, 20]. This is meant to maintain the 

connectivity of the plate/screw to bone interface at the proximal cortex with the distal 

cortex. The main factor that creates a difference between these groups is the positioning 

of the bicortical screws. The data shows that when the screws are placed farther from the 

fracture, the construct implant provides greater stiffness to the bone. The effects that 

cause this difference in stiffness will be further analyzed in section 5.2.5 of the dynamic 

analysis.  

The post-cyclic assessment presents a contradiction to the results explained for 

the pre-cyclic assessment. As shown in Table 9, Group 1 has a better average 

performance than Groups 2 and 3. Group 4 remains with a better performance than Group 

1. Since this assessment was conducted 15 days into the rehabilitation procedure, these 

results offer a better understanding of each Group’s performance within the elastic 

region, over a period of time. Studies have shown that unicortical screws present lower 

stiffness than bicortical screws after repetitive, cyclic loading has been applied to the 

bone construct [37]. The results from the study by Wall et al. (2012) did not show this 

difference in stiffness, between unicortical and bicortical screws, to be statistically 

significantly different. However, their results do offer a correlation between screw length 

and stiffness provided over time, in which longer screws increase and shorter screws 

decrease in stiffness as repetitive loading is applied over time. Thus, in a post-assessment 

setting it can be concluded that screw length is directly proportional to stiffness. This is 

different from the pre-assessment setting, in which screw length was indirectly 
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proportional to stiffness because of the wearing of the thread caused by insertion of 

bicortical screws. 

Furthermore, the post-cyclic results agree with other studies of unicortical Vs. 

bicortical screw performance, and offer understanding of how the performance of each 

bone plate construct changes after 15 days of rehabilitation. From this assessment, it can 

be concluded that Group 1 increases its stiffness performance enough to surpass Groups 2 

and 3’s stiffness performance. Group 4 remains with higher stiffness than Group 1. This 

factor may be caused by the positioning of the bicortical screws at the outer holes of the 

plate. The past statement indicates that there may be a relation between the stiffness 

given by the length of the screw and the moment arm of the screw. According to the 

results from the post-cyclic assessment, a longer moment arm provides more stiffness 

than a longer screw length. The past concept explains the results of the post-cyclic 

assessment. Group 1 and 2 have equal moment arm of their first bicortical screws, which 

allows for Group 1 to have a larger stiffness over time, because of its advantage in screw 

length. Group 3 has a greater moment arm than Group 1, but it does not offer enough 

stiffness to beat Group 1. Finally, Group 4 has enough moment arm of bicortical screws 

to overcome Group 1’s screw length advantage in stiffness over time.  

5.3.2 Discussion of Overall Dynamic Performance 

The dynamic analysis was performed with the purpose of investigating the 

reaction forces and resulting moments throughout the elastic and plastic deformation of 

each bone implant construct. This analysis may be correlated to the results found through 

axial stiffness, axial yield strength, and ultimate failure force from the axial failure test. 

The combination of these two analyses (axial failure and dynamic performance results) 
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offers a better understanding of each group’s construct. In addition, agreement in the 

correlation of both analyses serves as reassurance of the validity of the data and results.  

In Chapter 4, the groups were ranked by their performance in each mechanical 

property yield by the axial failure test. The relative comparison of these rankings can be 

observed in Table 10. The rankings are organized from left to right placing the group 

with the best performance on the first column and the group with the worst performance 

in the right column. All groups achieved the same ranking for all three properties 

observed during axial failure test. 

 
Table 10. Summary of Average Performance Comparison by Each Property of Axial 
Failure Analysis 

Property Ranking Based on Average Performance 

Axial Stiffness (N/mm) Group 4 
(680) 

 Group 3 
(460) 

Group 2 
(445) 

Group 1 
(407) 

Axial Yield Strength (N) Group 4 
(7002) 

 Group 3 
(5107) 

Group 2 
(4268) 

Group 1 
(3910) 

Ultimate Failure Force (N) Group 4 
(8499) 

 Group 3 
(6065) 

Group 2 
(5743) 

Group 1 
(4949) 

 

These results indicate a clear difference of mechanical properties between the 

control group, Group 1, and the testing groups, Groups 2, 3, and 4. Group 1 ranked with 

the lowest performance under the application of increasing non-destructive axial force. 

This means that the use of 6 bicortical screws is not an optimal design to undergo large 

axial loading. The key factors that make the difference between the control and testing 

groups are the moments generated by the screws and the condition of the screw thread at 

the cortex proximal to the bone plate.  
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 In Section 5.3.1, it was discussed how the insertion of bicortical screws wears the 

thread of the proximal cortex due to repetitive screwing. This produces a loss of 

compression between the plate and the bone cortex. This does not affect Unicortical 

screws, because they require a lower amount of revolutions for full insertion. It can be 

concluded that unicortical screws tend to have a better grip and stability at the point of 

contact, between bone and screw, compared to bicortical screws. Loss of grip and 

stability due to worn out thread, as in the case of Group 1, may further affect interactions 

between bone and screws at during axial loading. 

As shown in the dynamic FBDs, the external force causes the screws of the 

implant to generate a moment on the bone. To counteract the moment of the screw, the 

bone must create a reaction moment at each point where the screw interacts with bone 

cortex [36]. This occurs first at the proximal bone fragment (denoted in the FBDs as light 

blue arrows) and then at the distal bone fragment (denoted in the FBDs as dark green 

arrows). In Group 1, there are six points of contact (two per screw) in each bone 

fragment, where the bone must apply a counteracting moment to hold the screws in place. 

Combined, this totals to twelve points of contact for Group 1. In contrast, the 

configurations for Groups 2, 3, and 4 include four points of contact (two at the bicortical 

screw and 1 per each unicortical screw) in each bone fragment. Combined, this totals to 

eight points of contact present on the testing groups. The relation of moment applied is 

3:2 (control: test group). This means that to maintain equilibrium, samples in Group 1 

requires one and a half times more energy than samples in Group 2, 3, and 4 (i. e. Mcontrol 

group = 1.5*Mtesting group). This higher energy requirement for Group 1 deteriorates the 

structure of the bone faster than for other groups, which leads to a lower resistance to 
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deformation. Concurrently, Group 1 will not be able to withhold as much load as Groups 

2, 3, and 4, at any of the regions during axial failure testing.  

The combination of these two factors creates an overall disadvantage for the 

implant construct of Group 1. All proximal threads of Group 1 run the risk of wearing, 

which will create additional difficulties when the bone is trying to counteract the moment 

of the screws created by the external force. The corresponding moment will be less likely 

to counteract the bending of the plate. Thus, Group 2, 3, and 4 will be able to resist 

greater axial loading.  

Furthermore, the data resulting from the in-vitro testing shows major differences 

between the mechanical properties of Groups 2, 3, and 4, refer to Chapter 4 for more 

information. Section 5.3.1 discussed the advantages of the two-bicortical screws’ 

placement along the bone plate for the testing groups. It was determined that the stiffness 

provided by the bicortical screws’ placement was related to a factor acting on the 

dynamic stage of force loading. Through the explanation of the dynamic FBDs in Section 

5.2, it was explained that the bone creates counteracting moments to oppose the effects of 

external forces. These effects include the screw moments and the bending moment of the 

bone plate.  

Larger separation between a screw and the external force’s point of contact results 

in a larger screw moment, due to its greater moment arm. In other words, screws located 

closer to the fracture gap will produce a greater moment which will consequently require 

more energy input in the form of bone moment. The bicortical screws for Group 2 are 

located closest to the fracture, which means that Group 2 will have a larger energy 

requirement than Groups 3 and 4. Moreover, the bicortical screws for Group 3 are located 
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at the middle holes for each side of the bone plate, which means that Group 3 will have a 

larger energy requirement than Groups 4. Finally, Group 4 will present the best 

performance because its bicortical screws are located closest to the origin of the external 

forces. Since Group 4 presents the smallest moment arm of the bicortical screws, its 

system does not require as much energy to counteract the external force as in the case of 

Groups 2 and 3. Thus, Group 4 is able to withhold higher axial loading 

 These concepts align correctly with the results shown by the data through the in-

vitro analysis. Combining these two analyses, it can be concluded that Group 4 shows the 

best performance as an internal fixator for the rehabilitation of fractured femur bone. 
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CHAPTER 6 

STATISTICAL ANALYSIS 

6.1 Normality Analysis 

 To test for normality, the data was run through three different normality tests: 

Anderson-Darling test, Ryan-Joiner normality test, and Kolmogorov-Smirnov normality 

test. All tests were run under a 95% confidence interval. The normality of the group was 

evaluated based on the p-value yielded by each test. The hypothesis assessment is the 

following: 

HO: Actual distribution of the data is equal or closely similar to the expected 

distribution 

HA: Actual distribution of the data is not closely similar to the expected normal 

distribution 

Selection of the null hypothesis means that the data is normal. If the p-value 

yielded by the test is lower or equal to 0.05, we reject the null hypothesis and the data is 

not normal. If the p-value yielded by the test is higher than 0.05, we fail to reject the null 

hypothesis and the data is normal.  

The purpose of running three different normality tests was to ensure the validity 

of the normality results. All tests agreed on the normality of each variable for each group. 

The p-values resulting from the Anderson Darling test are used to show whether the data 

is normal or not. Full results of all three normality tests can be found in Appendix E. A 

summary of the p-values generated through the normality tests is provided in Table 11.  
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Table 11. Summary of Normality Analysis 

Data P-Values 
Group 1 Group 2 Group 3 Group 4 

Pre-Displacement 0.908 0.502 0.104 0.332 
Pre-Stiffness 0.198 0.217 0.043 0.008 
Post-Displacement 0.344 0.257 0.585 0.325 
Post-Stiffness 0.121 0.085 0.791 0.008 
Axial Stiffness 0.041 0.371 0.316 0.524 
Axial Yield Strength 0.098 0.536 0.112 0.548 
Ultimate Failure Force 0.222 0.724 0.144 0.549 
  

Most groups presented a normal distribution of the data. A total of 4 cases came 

out to be non-normally distributed. The data variables for groups that were not normally 

distributed are highlighted in yellow in Table 11. A group with non-normal distribution 

for a specific variable does not have any negative meaning in other analyses, such as the 

in-vitro and engineering analyses made in Chapters 4 and 5, respectively. In other words, 

distribution of the data does not affect other non-statistical analyses performed. Data that 

is not normally distributed only means that the group is not applicable to go through a 

significant difference assessment (to be done in Section 6.2).  

 

6.2 Significant Difference Analysis 

Once the data was proven to have a normal distribution, an assessment of 

significant difference was conducted. Any cases that were not normally distributed were 

excluded from the significant difference analysis to ensure that these data groups would 

not affect the integrity of the test. Statistical significance means that a result is unlikely to 

happen by chance. To test for statistical significant difference, a One-way ANOVA was 

conducted for each variable. This test served the purpose of analyzing the data for any 

significant difference of the results between and within the groups for each specific 
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variable. All tests were run under a 95% confidence interval. The ANOVA test was run 

twice for each variable. The first time, equal variances were assumed. The second time, 

equal variances were not assumed. The statistical significant difference of each group for 

a specific variable was evaluated based on the p-value yielded by each test. The 

hypothesis assessment is the following: 

HO: Variance is equal for all groups 

HA: At least one group shows significant difference of variance 

Selection of the null hypothesis means that the data does not shown any statistical 

significant difference. If the p-value yielded by the test is lower or equal to 0.05, we 

reject the null hypothesis and the data shows a statistical significant difference. If the p-

value yielded by the test is higher than 0.05, we fail to reject the null hypothesis and the 

data shows no significant difference.  

 A summary of the results from One-way ANOVA tests for the variables obtained 

form the axial compression test is shown in Table 12. Under equal variance assumed, the 

pre-cyclic assessment showed p-values of 0.595 and 0.516 for the displacement and 

stiffness, respectively, and the post-cyclic assessment showed p-values of 0.506 and 

0.682 for the displacement and stiffness, respectively. When equal variances are not 

assumed, the pre-cyclic assessment showed p-values of 0.57 and 0.448 for the 

displacement and stiffness, respectively; and the post-cyclic assessment showed p-values 

of 0.405 and 0.456 for the displacement and stiffness, respectively.  
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Table 12. Summary of One-way ANOVA Tests for Axial Compression Data 
 

One-way 
ANOVA 

Pre-Cyclic Assessment Post-Cyclic Assessment 

Displacement Stiffness Displacement Stiffness 

Equal 
Variance 

F P-value F P-value F P-value F P-value 
0.64 0.595 0.78 0.516 0.80 0.506 0.51 0.682 

Unequal 
Variance 

F P-value F P-value F P-value F P-value 
0.70 0.570 0.95 0.448 1.05 0.405 0.93 0.456 

 

Since all p-values are greater than 0.05, we fail to reject the null hypothesis for all 

cases of the axial compression data. This does not invalidate the data nor does it affect 

non-statistical analyses of the data, which makes sense because the practical significance 

of the data does not relate to its statistical significance. These results only mean that there 

is no statistical significant difference shown between or within the groups for each of the 

variables from the axial compression test. Thus, the data may or may not have occurred 

by chance. 

A summary of the results from One-way ANOVA tests for the variables obtained 

form the axial failure test is shown in Table 13. Under equal variance assumed, axial 

stiffness, axial yield strength, and ultimate failure force showed p-values of 0.016, 0.053, 

and 0.097, respectively. When equal variances are not assumed, axial stiffness, axial 

yield strength, and ultimate failure force showed p-values of 0.122, 0.076, and 0.036, 

respectively.  

 
Table 13. Summary of One-way ANOVA Tests for Axial Failure Data 
One-way 
ANOVA Axial Stiffness Axial Yield 

Strength 
Ultimate Failure 

Force 
Equal 

Variance 
F P-value F P-value F P-value 

4.21 0.016 2.95 0.053 2.35 0.097 
Unequal 
Variance 

F P-value F P-value F P-value 
2.34 0.122 2.88 0.076 3.87 0.036 
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For the p-values that are greater than 0.05, we fail to reject the null hypothesis. 

This does not invalidate the data nor does it affect non-statistical analyses of the data, 

which makes sense because the practical significance of the data does not relate to its 

statistical significance. These results only mean that there is no statistical significant 

difference shown between or within the groups for each of the variables from the axial 

compression test. Thus, the data may or may not have occurred by chance. 

 Moreover, there are two cases (highlighted in yellow) that have a p-value lower 

than 0.05. These cases are the axial stiffness under equal variances and the ultimate 

failure force under unequal variances. For these two variables we have enough evidence 

to reject the null hypothesis. This means that the results for axial stiffness (assuming 

equal variances) and for ultimate failure (assuming unequal variances) are statistically 

significantly different, meaning that the results for these two variables are not attributed 

to chance. 

 Overall, the statistical analysis found statistical significance of the axial stiffness 

and the ultimate failure force values. All other properties were found to have no statistical 

significant difference. Further analysis of the statistical significance between group 

comparisons was performed through the Tukey and Games-Howell Comparison tests.  

These did not find any new statistical significant difference of the data. The full results of 

the ANOVA, Tukey, and Games-Howell tests can be found in Appendix E.  
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CHAPTER 7 

CONCLUSION 

7.1 Summary of Study 

 This study developed an experimental, theoretical, and statistical assessment of 

the performance by different hybrid configurations of bicortical and unicortical screws, as 

a rehabilitation device for internal bone plate fixation of midshaft transverse fracture of 

femur bone. The purpose of this study was to contribute to the overall understanding of 

the optimal design for improving rehabilitation of the bone through bone plate fixation. 

The study focused on investigating more about the effects that different hybrid 

configurations of unicortical and bicortical screws can create on the overall system. A 

background about bone fracture mechanics implications was offered in Chapter 2, which 

served the purpose of gaining better understanding of the of the factors that play a role 

into the physiology, treatment, and rehabilitation of midshaft femur transverse fractures. 

 A goal of the study was to conduct a biomechanical study of different internal 

fixation of long bone fracture using different configurations to analyze the elastic and 

plastic behaviors of each Group. Understanding of these mechanical properties provides 

evidence of their potential physiological function. Following the fixation of a fractured 

femur, the bone is subjected to low compressive forces in a daily basis. The implant must 

be able to provide enough mechanical support to enhance rehabilitation. The 

experimental assessment consisted of the testing of material mechanical properties by use 
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of the MTS. All porcine femur bones were taken through a cyclic and axial failure tests. 

The data was analyzed by comparing the change of axial force vs. the change of axial 

displacement.  

The stiffness and displacement at the start and end of the cyclic test were 

observed. Stiffness is known to be indirectly proportional to displacement. Thus, 

performance was evaluated by selection of the group with the highest stiffness and the 

lowest displacement. In the pre-cyclic assessment, Group 4 showed the best performance 

with a stiffness of 1096 N/mm and a displacement of 0.487 mm. Overall, Group 4 was 

found to have 20.53%, 14.35 %, and 1.15% more stiffness than Groups 1, 2, and 3, 

respectively. The pre-cyclic assessment simulates the elastic behavior of the system at the 

beginning of the rehabilitation process. These results indicate that Group 4 provides 

greater resistance to deformation following the surgery. In addition, all testing groups 

showed better performance than the control group at this stage. This provides evidence 

that hybrid constructs offer more stability and support right after surgery. When 

comparing the testing groups, stiffness was seen to increase when the bicortical screws 

were placed farther from the fracture gap. 

In the post-cyclic assessment, Group 4 showed the best performance with a 

stiffness of 1240 N/mm and a displacement of 0.406 mm. Overall, Group 4 was found to 

have 5.02%, 18.55 %, and 6.96% more stiffness than Groups 1, 2, and 3, respectively. 

The post-cyclic assessment simulates the elastic behavior of the system 15 days into the 

rehabilitation process. These results indicate that Group 4 still provides greater resistance 

to deformation after the bone has undergone two weeks of repetitive loading. In this case, 

the control group presented better stiffness than Groups 2 and 3. This gave proof that the 
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use of six-bicortical screw can be more beneficial to the system, over time, than the use 

of the hybrid configuration. Group 4 was still better than Group 1. These results offer 

evidence about the benefits of using bicortical screws and the placement of such screws. 

Studies have shown how the efficiency of a bicortical screw, in terms of stiffness, can 

improve after repetitive loading [37].  

Another factor that increases stiffness of the construct is the placement of the 

bicortical screws, as mentioned in the results of the pre-cyclic assessment. The relation of 

these two factors allows for understanding of design optimal stiffness. From these, it can 

be concluded that the use of six bicortical screws is more efficient, over time, than the use 

of a hybrid combination. However, placing the bicortical screws of the hybrid construct 

in the outer holes of the plate will contribute enough stiffness to surpass the traditional 

method. 

The axial compression analysis gave enough evidence to conclude that the 

configuration of Group 4 presents the optimal design, within the elastic region, for 

supporting axial loading right before and weeks after rehabilitation begins. According to 

this analysis, Group 4 should be a preferred method of fixation for femur transverse 

fracture in clinical application. 

The axial stiffness, axial yield strength, and ultimate failure force obtained from 

the axial failure test were used to evaluate the elastic and plastic behavior of the groups 

under high non-destructive loading. Bone healing is a long-term procedure. During this 

rehabilitation time, the bone implant may have to resist high loads of axial force. Thus, 

the best design constitutes one that can withhold higher loads while staying under the 

elastic region and lowering the chances of bone fracture. For each of these properties, the 
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group with the highest value was considered to be the optimal group because this meant 

that the system was able to resist larger loads under lower displacement.  

Axial stiffness was given by the slope of the line throughout the linear portion of 

the force vs. displacement graph. Group 4 showed the best performance with an axial 

stiffness of 680 N/mm. Overall, Group 4 was found to have 67.06%, 52.81%, and 

47.87% more stiffness than Groups 1, 2, and 3, respectively. The axial stiffness indicates 

the rate of deformation. These results indicate that Group 4 provides greater resistance to 

deformation under higher compressive loading. In addition, all testing groups showed 

better performance than the control group, at this stage. This provides evidence that 

hybrid constructs offer more stability and support under higher compressive loading. 

When comparing the testing groups, stiffness was seen to increase when the bicortical 

screws were placed farther from the fracture gap. For practical purposes, the results of 

Group 4 are significantly higher than the stiffness shown by the other groups. 

Axial yield strength was found through the offset method. A 0.2% offset was 

applied to all samples. Group 4 showed the best performance with a yield strength of 

7002 N. Overall, Group 4 was found to have 79.09%, 64.07%, and 37.1% more load than 

Groups 1, 2, and 3, respectively. The axial yield strength represents the force at which the 

system loses its elastic properties and goes into plastic behavior. These results indicate 

that Group 4 is able to support significantly higher axial loading before going into plastic 

deformation. In addition, all testing groups showed better performance than the control 

group, at this stage. This provides evidence that hybrid constructs have the capacity to 

support higher compressive loading than the control group. When comparing the testing 

groups, yield strength was seen to increase when the bicortical screws were placed farther 
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from the fracture gap. For practical purposes, the results of Group 4 are significantly 

higher than the yield strength shown by the other groups. This also signifies that Group 4 

will be able to resists higher impact movements within elastic behavior than other groups 

would. 

Ultimate failure force was found by finding the highest loading absorbed by the 

system within the plastic region. Group 4 showed the best performance with an ultimate 

failure force of 8499 N. Overall, Group 4 was found to have 71.72%, 47.98%, and 

40.12% more load than Groups 1, 2, and 3, respectively. The ultimate failure force 

represents the highest force that the system can withhold and at which the system gives in 

to failure. These results indicate that Group 4 is able to support significantly higher axial 

loading before fracturing. In addition, all testing groups showed better performance than 

the control group, at this stage. This provides evidence that hybrid constructs have the 

capacity to support higher compressive loading than the control group. When comparing 

the testing groups, ultimate failure force was seen to increase when the bicortical screws 

were placed farther from the fracture gap. For practical purposes, the results of Group 4 

are significantly higher than the ultimate failure force shown by the other groups. This 

also signifies that Group 4 will be able to resists higher impact movements within plastic 

behavior than other groups would. 

Results show that Group 4 has an overall significantly greater capacity to 

withhold larger amounts of axial loading, while maintaining its material properties. These 

results are relevant because they show a predominant and significant advantage of Group 

4 as a rehabilitation device. Based on these axial compression and failure analyses, the 

study recommends the implementation of Group 4’s configuration for clinical procedure. 
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This study investigated the benefits of stability and performance provided by the 

physical forces present in the system. Recognizing the forces that are generated during 

axial loading on the femur bone can help understand the issue and how to solve it. This 

way, an engineering assessment can be made in terms of the bone plate and screw 

system. This information can be used for further development of fixation plates to 

specifically provide the forces that enhance bone support and stability. To conduct this 

analysis, static and dynamic free body diagrams were studied.  

The static analysis considered the system of each configuration under equilibrium. 

The free body diagrams of this section represented the action of forces during the 

application of repetitive axial loading. The results obtained from the cyclic test were 

correlated to this analysis. Firstly, bicortical screws decrease bone density as they 

reduced more bone mass than unicortical screws. Through this theoretical investigation, it 

was determined that bicortical screws tend to create more stress at the proximal screw 

thread in interaction with the proximal cortex. This is done through the repetitive 

screwing that bicortical screws undergo, which results in wearing of the bone thread. This 

means that bicortical screws tend to be looser at the connection with the proximal cortex. 

Plate compression is compromised by this factor, which results in reduction of the 

frictional force. Ultimately, this causes a decrease of the overall system stiffness. In 

addition, bicortical screws have more interactions with the bone than unicortical screws. 

A greater amount of interactions resulted in a greater amount of reacting forces of the 

bone structure, which may lead to higher deformation of the bone under lower loading. 

As Group 1 has a greater quantity of bicortical screws, it is considered has the least 

effective group to undertake axial loading. This static assessment was able to agree with 
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the values obtained through the in-vitro testing. These results show that the traditional 

configuration presents more complications during rehabilitation than a hybrid 

configuration. 

The dynamic analysis considered the system of each configuration once 

equilibrium was lost. The free body diagrams of this section represented the action of 

forces during the application of higher non-destructive axial loading. The results obtained 

from the axial failure test were correlated to this analysis. In Chapter 5, it was discussed 

that bicortical screws generate a larger screw moment on the bone than unicortical 

screws. Thus, a system with more bicortical screws must use a higher energy input, 

throughout the elastic behavior and right before going into plastic deformation, to 

counteract the effects of the external forces. This concept leads to conclude that testing 

groups can counteract external forces with lower energy input. When comparing the 

efficiency of the system between the testing groups, the main factor studied was the 

placement of the bicortical screws. From the dynamic diagram analyses, enough proof 

was given about the advantage of placing the bicortical screws at the ends of the plate. 

This results in smaller moments created at the bicortical screws and improves the total 

stiffness of the system. These results agree with the conclusions made from the 

compression to failure in-vitro testing.  

The overall engineering analysis served to provide broader knowledge of the 

forces implicated in the implant system. This analysis fully agreed with the results 

obtained from the in-vitro analysis. Group 4 is further recommended for implementation 

of midshaft transverse fracture fixation.  
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The study investigated the quality of the results from a statistical standpoint. For 

experimental results to be considered in clinical settings, the data must be justified by 

statistical strength. The statistical analyses focus on proving normality of the data and 

weighting the significant difference for each variable found. Only four cases were 

classified as not normally distributed, which were not included in the analysis of 

variances. The data that was normally distributed was then tested for statistical significant 

difference. Neither of the groups proved significance for any of the mechanical properties 

yielded during the cyclic analysis. This is not surprising; the results from the in-vitro 

testing do not show practical significance either for any of these properties. When testing 

the significance of the properties found through the axial failure test, axial stiffness and 

ultimate failure forces showed statistical significant difference of their results. This 

agrees with the practical significance seen on the results from these variables. Lastly, the 

data for yield strength was not statistically significant, but the in-vitro results did show 

practical significance of this property. 

The overall goal of the study was to provide a full biomechanical evaluation of 

the rehabilitation performance from four different screw configurations of bone plate 

fixation. This goal was met and conclusions were drawn for every analysis. Overall 

results indicate that Group 4 is the most suitable design for bone plate internal fixation of 

midshaft transverse femur fracture. It was also concluded that the traditional method 

creates a greater amount of complications as the fixation system. Group 4 was identified 

as the best group and recommended for clinical use from different analytical standpoints. 

A greater understanding of the unicortical and bicortical effects of the system was 

achieved. Finally, the study was successful as the purpose was met.  
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7.2 Future Studies 

The main goal of this study was to develop understanding of the mechanical 

behaviors of internal bone plate fixation as a rehabilitation device for transverse fracture 

in femur bones. The study specifically focused on testing different configurations of 

unicortical and bicortical screws on internal fixation of dynamic compression plates. The 

experiment compared the different reaction forces and mechanical properties generated 

by each configuration, through the same set of tests. The reaction forces analyzed were 

the sum of the forces and moments. The mechanical properties analyzed included axial 

stiffness, displacement, axial yield strength, and ultimate failure force. The study was 

concluded to be successful because testing was fully completed and the data provided 

enough information to rank the performance of each group. Group 4 was found to have 

the best structure due to its higher stiffness and plastic behavior. 

This study has potential for further development. Testing for this study consisted 

of a total sample pool of 28 porcine bones allowing for each of the four groups to consist 

of 7 bones (n=7). Due to the small sample size, most of the data was not statistically 

significantly different. Only the data for axial stiffness and ultimate failure force was 

proven to have statistical significance through the statistical tests. Increasing the sample 

size of each group would allow for a better understanding of the mechanical behavior of 

each configuration, as well as provide a better probability to achieve statistical 

significance of the results. Reaching statistical significance of the results would allow us 

to prove the hypothesis set throughout the study from a statistical standpoint. An ideal 

sample size of this experiment consists of 900 to 1000 samples per group. 
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The study can further benefit from the addition of another configuration of 

screws. This group would consist of 6 unicortical screws and no bicortical screws 

present. This group would act as control group because studies have previously shown 

that procedure of internal bone plate fixation requires at least two bicortical screws to 

yield any benefits [46]. The purpose of this control group is to quantize the mechanical 

behavior of this configuration and compare it with the other groups. 

This study consisted of two tests that were performed for every sample. These 

tests were cyclic axial compression and axial compression until failure. It would be 

meaningful to conduct a torsional test of all groups. This would allow us to further 

understand the mechanical behaviors of each configuration under torsional forces 

applied. The addition of a torsional test would provide information on the angle of 

fracture and the angle of twist for each configuration. 

The study analyzed the data from a Force Vs. Displacement perspective. It was 

not necessary to find the stress and strain to analyze the mechanical behavior of each 

configuration. However, conducting the stress and strain analysis of this study could 

potentially provide a better understanding of the data by comparing it to the Force Vs. 

Displacement data. 

         Moreover, this experiment was developed with the use of porcine femur bones. 

Future studies could conduct the same format of the testing, but use different specimens. 

Several of these specimens include human cadaver, deer bone, and surrogate composite 

bone. The study could also vary by performing this experiment on different long bones, 

such as humerus, radius, ulna, tibia, or fibula; and simulating different fractures, such as 

oblique, spiral oblique, or butterfly fractures. 
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         The orthopedic hardware for the study consisted of 7 holes DCP bone plates and 

non-locking screws. Further studies could test the same configuration, but use LCP bone 

plates. LCP bone plates provide a thread for the head of the locking screw to create more 

stability of the plate/screw to bone interphase. This alteration creates different reactions 

of forces at the interphase, which yields a different mechanical behavior. In addition, the 

test could also vary by using different number of holes in the plate. The increase of holes 

in the plate would decrease its screw density. Studies have shown that a lower screw 

density leads to greater stability of the system [20]. 

         Last but not least, this study performed the insertion of screws perpendicular to 

the cortex of the bone. The addition of a lag screw (or a screw that crosses the cortices of 

the bone at an angle) would provide a different dynamic to the reaction forces, which 

could potentially result in improvement of the configurations’ mechanical behavior. 
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