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ABSTRACT

Screws are common orthopaedic hardware used to secure a fractured bone. After the
bone has healed, the screws may be removed, and the vacant screw holes introduce a potential
site for re-fracture, which is a known complication. The current study simulated a laboratory
torsional fracture test of a composite analogue tibia with vacant screw holes by using a finite
element (FE) model, and the results from the simulation were compared to those obtained
experimentally. Variations of the FE model were also analyzed to investigate the effects of
failure model, screw holes, element size, rotation direction, and simplification of the model’s
geometry. This FE model was set up the same as the experimental torsion test, with a section
from the distal portion of the tibia. The proximal end of the section was subjected to an axial
load and rotated, while the distal end was fixed. The FE model contained 102,126 first order
tetrahedral elements and 24,817 nodes, and it utilized an isotropic linear elastic material law with
material properties obtained from the composite analogue manufacturer. Comparisons between
the FE model variations considered the fracture torque, fracture angle, torsional stiffness,
principal stress contour, and maximum shear stress contour. The results predicted a fracture
torque within the standard deviation of the experimental data, and the percent of strength
reduction caused by the screw holes agreed with experimental data.
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CHAPTER 1
INTRODUCTION

Bone fracture is influenced by many different factors, two of which are geometric
disturbances and loading conditions. Geometric voids are introduced during orthopaedic surgery
when plates and screws are used to secure a bone. When the hardware is removed, holes remain
where the screws were located. Stress concentrations develop around the holes when a load is
applied to the bone, and re-fracture may occur at the site of the hole.
The Orthopaedic Research Institute (ORI) of Via Christi Regional Medical Center in
Wichita, Kansas conducted a biomechanical study to evaluate the effect of filling screw holes
with calcium phosphate cement. Testing was performed on both human cadaver tibiae and
composite analogue tibiae. The tibiae were cut into two sections, the proximal portion was used
for a three-point bending test and the distal portion was used for a torsional test. All of the tibiae
sections had three orthopaedic screws inserted and removed. Half of the tibiae sections had the
screw holes treated with the calcium phosphate cement, while the other half were tested with
untreated screw holes.
The current study is an extension of the research conducted at the ORI that simulates the
ORI torsional fracture test of a composite analogue tibia with vacant screw holes by using a FE
model. Developing a FE model and validating it against experimental data can be an asset for
future experimentation since the FE model can be used for preliminary testing of factors to
determine if an effect is detected prior to conducting in vitro testing, and this can reduce, or
eliminate, the cost of future experimental testing.
The present study is the first research to use a FE model to characterize the torsion
fracture of a composite analogue tibia with vacant holes. Seven configurations of the FE model
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are analyzed, and the FE results are compared against the experimental data from the ORI and
between the different FE configurations.

Preliminary work was conducted to select an

appropriate material definition for the FE model.
1.1. Objective
The objectives of this study are: 1) To develop a FE model to simulate an ultimate
torsional test of the distal section of a composite analogue tibia with three untreated holes; 2) To
advance the understanding of long bone torsional fracture by investigating the effects of screw
holes and rotation direction; 3) Contribute to the improvement of FE modeling of long bone
fracture by investigating the effects of failure model, element size, and simplification of the
model’s geometry.
1.2. Background and Literature Review
Re-fracture after plate removal has been attributed to bone atrophy and stress
concentrations at the site of the vacant screw holes. Bone atrophy occurs under the orthopaedic
plate as a result of stress shielding and vascular compromise. Rosson et al. [1] investigated the
effects of atrophy and screw holes on the reduction of bone strength. The study performed a
three point bending test on rabbit tibiae. To simulate bone atrophy, a group of the test specimen
underwent a demineralization process in which the tibiae were submersed in demineralizing
fluid. Results showed that the bones with a single hole reduced the normal energy absorbing
capacity by double the reduction shown by the bones with reduced mineral content, simulating
bone atrophy. Thus, it is concluded that the holes have a more significant role in the reduction of
bone strength after the removal of orthopaedic screws and plates.
Since screw holes are a significant factor in the strength reduction of bones after the
removal of orthopaedic hardware, a number of studies have been conducted to evaluate different
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aspects of the strength reduction caused by holes. Both experimental models and FE models
have been used to study the topic.
The effect of the hole size on the torsional strength was studied by Edgerton et al. [2].
The study investigated circular single-cortex defects in paired sheep femora, and the diameter of
the defect (d) was varied and measured as a ratio (d/D) relative to the outer bone diameter (D).
This ratio was varied from 10% to 60%. The results, shown in Figure 1.1, indicate that the small
defects, with a ratio of 10%, did not show a significant reduction in torsional strength, while a
defect of 20% showed a 34% reduction in strength. When d/D was greater than 10%, the defect
caused a significant reduction in torsional strength and the reduction in torsional strength had a
linear relationship with the diameter of the defect.

Figure 1.1 Edgerton et al. [2] results showing fracture torque ratio verses defect ratio
Clark et al. [3] investigated varying the shape of the hole. The study looked at elongating
the hole in both the width and length. The specimens, paired femora from adult human cadavers,
were loaded in torsion to fracture. The study found that varying the hole width reduced the
strength more significantly than varying the length.
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Hipp et al. [4] used a FE model to study how fracture risk associated with transcortical
defects in torsional loaded long bones are affected by the size of the defect, cortical
circumference, cortical thickness, and cortical cross-sectional geometry. The numerical results
were compared with in vitro results from Edgerton et al. [2]. The FE model used a cylindrical
tube to simulate the sheep femora tested by Edgerton and a maximum effective stress failure
criteria.

The following parameters were investigated: (1) differing material properties to

compare non-linear, isotropic elastic-plastic material definition to a linear elastic, orthotropic
material; (2) varied hole size, expressed as a ratio between the hole diameter and the outer bone
diameter; (3) varied wall thickness of the cortical wall with several different hole diameters; (4)
non-uniform wall thickness; (5) curvature along the bone long axis; (6) varying the shape of the
hole by elongating it.
As shown in Figure 1.2, Hipp et al. found that applying the non-linear, isotropic elasticplastic material resulted in torsional strengths greater than those determined experimentally.
Applying the linear elastic, orthotropic material resulted in torsional strengths less than that
determined experimentally. Both material models showed a linear relationship between the hole
size and the reduction in torsional strength when the defect was greater than 10%. The holes
elongated along the long axis of the bone resulted in an additional reduction of the torsional
strength between 7% and 16%. Changing the cortical wall thickness was shown to have a
significant effect on the torsional strength, while introducing curvature to the bone and
asymmetric wall thickness did not significantly affect the torsional strength.
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Edgerton et al. experimental results
Hipp et al. FE model with orthotropic linear elastic material
Hipp et al. FE model with isotropic elastic plastic material

Figure 1.2 Edgerton et al. [2] and Hipp et al. [4] results showing fracture torque ratio verses
defect ratio
Kuo et al. [5] used both an experimental model and a FE model to investigate the effect
of holes in a cylindrical tube tested in torsion. The study looked at the strength reduction caused
by a single-cortex hole of varying diameter, the effect of the hole size on the location of peak
stress, and the difference in stress concentration factors between a single-cortex hole and a
double-cortex hole.

To eliminate geometric and material related discrepancies between

specimens, an acrylic tube was tested experimentally, and the experimental model was simulated
in a FE model. The defect ratio, which is the hole diameter divided by the outer tube diameter,
was varied between 10 to 60%. The FE model was loaded to the failure torques obtained from
the experimental testing.
Using the experimental model, Kuo et al. found that the defect ratio of a single-cortex
hole is linearly related to the strength reduction of the tube, as shown in Figure 1.3. The Kuo et
al. results agree with the Hipp et al. [4] linear elastic FE model. Kuo et al. also found that the
defect size also effects the location of the peak stress. The effect was examined by comparing
5

the helix angle at the initial fracture site and the associated fracture path for each specimen. A
linear relationship was determined between the shift angle and the defect ratio. For small defect
ratios, the angle of the helix was 45º as shown by Path a in Figure 1.4. For larger defect ratios,
the angle of the helix was shifted towards horizontal by nearly 30º as shown by Path b in Figure
1.4. Using the FE model, Kuo et al. found that the hole size affects the stress concentration
factor.

Enlargement of the hole size resulted in a direct, linear, increase in the stress

concentration factor. There was no significant change in the stress concentration factor when the
single and double cortex holes were compared.

Figure 1.3 Kuo et al. [5] results showing strength reduction in terms of the fracture torque ratio
verses defect ratio
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Figure 1.4 Kuo et al. [5] shifted fracture path
The aforementioned studies have investigated the torsional strength of long bones with
holes using both experimental tests and FE models. The FE models in these studies use the
geometrical model of a cylindrical tube. To the author’s knowledge, no study related to the
effect of transverse holes in long bones subjected to torsional loading has employed a FE model
based on the geometry of a Fourth-Generation composite analogue tibiae (model #3402, Pacific
Research Laboratories, Inc., Vashon, Washington).
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CHAPTER 2
COMPUTATIONAL TOOLS

This chapter reviews the various Computer Aided Design (CAD) and FE tools used to
develop the tibia model and interpret the results.
2.1. Computer Aided Design Tool – CATIA V5
CATIA V5 is a CAD program used within a wide variety of industries, including the
aircraft industry and the automotive industry. It supports product development processes such as
concept development, design, manufacturing, and analysis. It is a powerful design tool that can
be used to model two-dimensional drawings, three-dimensional parts, assemblies, and kinematic
simulations [6].
2.2. FE Tools
The following sections describe the tools used to create the FE model, process the model,
and review the results. The pre-processor is used for tasks such as creating the model geometry,
loads, boundary conditions, material definition, and mesh. The processor analyzes the model
defined by the pre-processor and calculates the results. The post-processor is used to visualize
and review results.
2.2.1. Pre-Processor - Altair HyperMesh
Altair HyperMesh is a finite-element pre-processor that is used to develop geometry,
perform geometric editing, and create a mesh. HyperMesh provides exceptional interfacing
capabilities because it supports different CAD and FE file formats, and it has editing tools that
enable geometry clean up, which improves mesh quality and reduces meshing time. It also offers
a variety of mesh generation capabilities for both two-dimensional and three-dimensional
models, including an auto-meshing module for tetrahedral meshing of closed volumes [7].
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2.2.2. Processor - Altair RADIOSS
Altair RADIOSS is a FE solver for linear and non-linear simulations. RADIOSS can be
used to analyze a wide variety of design problems in which the structural and system behavior
can be simulated using FE and multi-body dynamics analysis. The analysis capabilities of
RADIOSS are comparable to those of other standard FE and multi-body dynamics solvers [8].
2.2.3. Post-Processor - Altair HyperView
Altair HyperView is used to post-process and visualize FE analysis, digital video, and
multi-body system simulation. HyperView enables window synchronization of animation and
XY plotting features, which enhances results visualization and correlation. It also supports result
comparisons and model queries for single and overlaid models. The software can be used to
build, edit, and manipulate 2D curves and 3D plots. Furthermore, plots can be annotated with
notes, and editing can be performed on legends, axis labels, curve expressions, headers, and
footers [9].
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CHAPTER 3
FE MODEL DEVELOPMENT

This chapter explains in detail the FE model development with an overview of the ORI
experiment, discussion on interpreting the experimental model into a FE models, description of
the FE model configurations, step-by-step development of model geometry, and description of
the FE model creation.
3.1. Overview of ORI Biomechanical Test and Setup
The ORI conducted testing on six Fourth-Generation composite analogue tibiae, model
#3402, from Pacific Research Laboratories, Inc. (PRL) in Vashon, Washington. Each specimen
was cut into two sections for two test conditions, three-point bending and torsion, as shown in
Figure 3.1. Three screw holes were used to introduce stress fracture patterns that occur when
multiple screw holes are drilled and tapped in vivo. A custom designed holding fixture, shown in
Figure 3.2, with two 6-hole 4.5 mm plates was used to standardize the drill and tap position onto
each of the tibiae.

A

B

Figure 3.1 Sectional cut of tibia. A: Test section for three-point bending test; B: Test section for
torsion test
10

Figure 3.2 Holding fixture to standardize the drilling and tapping position onto the tibiae.
For the torsion test, which is simulated in the current study, the specimens were
proximally and distally locked with dental cement (CAD-scan, Garreco Incorporated, Heber
Springs, Arkansas) in the custom designed holding fixtures as shown in Figure 3.3. The holding
fixtures were positioned and secured onto the actuator of an MTS Bionix servohydraulic
materials testing system (MTS Model 858, Eden Prairie, Minnesota), and the tibia’s
intramedullary shaft was carefully aligned with the rotational axis of the MTS machine. A
compressive load of 15 N, under load control, was applied axially to each specimen, and then
torque was applied from 0 Nm to complete structural failure at a loading rate of 0.25 deg/sec.
Testing was initiated with three preconditioning torque cycles from 0 Nm to 15 Nm at 0.25
deg/sec, and then the load was applied continuously until failure occurred while rotational angle
and torque were collected every 0.1 seconds. The average torsional stiffness was calculated as
the torque-rotation slope multiply by the specimen’s exposed length.
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Figure 3.3 Torsion test setup
3.2. Interpreting Laboratory Model into a FE Model
When simulating a laboratory model in a computational model, some adjustments to the
original test can and should be made to reduce the complexity of the computational analysis. The
following sections discuss discrepancies between the models.
3.2.1. Omission of Cancellous Bone
Bone is composed of two major bone tissues, as shown in Figure 3.4: cortical bone is the
hard outer layer and cancellous bone is the spongy interior layer. The composite analogue tibia
has two different materials to represent the bone tissues: short fiber filled epoxy for cortical bone
and rigid polyurethane for cancellous bone. A preliminary analysis by Papini et al. [10] found
that omitting the cancellous bone from a computational model resulted in axial and torsional
stiffness within 1% of those obtained when modeling both the cancellous and cortical bone, and
this was attributed to the fact that the modulus of cancellous bone is more than an order of
magnitude smaller than that of cortical bone. The moduli of the composite tibia materials are
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listed in Table 3.1. Since the material representing the cancellous bone has a modulus that is
more than one hundred times smaller than that of the material representing cortical bone, the
cancellous bone was omitted from the FE model to reduce computation time.
Cortical Bone
Cancellous Bone

Figure 3.4 Bone cross section showing cortical bone and cancellous bone [11]
TABLE 3.1 FOURTH-GENERATION COMPOSITE TIBIA MATERIAL PROPERTIES,
DATA BASED ON ASTM D-695 AND D-1621 [12].
Compressive
Modulus (GPa)

Material
Short fiber filled epoxy (Cortical bone)

16.7

Rigid polyurethane (Cancellous bone)

0.155

3.2.2. Omission of Screw Threads
The experimental specimens had 4.5 mm cortical screws inserted and removed in order to
simulate the orthopaedic hardware removal, and the procedure tapped the bone by leaving the
groves from the screw threads. The impressions left by the threads create potential sites for
fracture initiation, and bones with screw holes have been shown to fracture at a lower torque than
bones with drill holes [13]. Screw holes are an important aspect of fracture initiation and
potential pre-cracking due to interference fit, however such features reduce mesh size, reduce
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mesh quality, and increase analysis time.

In FE models, small geometric features may be

eliminated to reduce model complexity. Former FE research related to holes in bones subjected
to torsion, conducted by Hipp et al. [4] and Kuo et al. [5], did not model screw threads. Cheung
et al. [14] also simplified FE model geometry by eliminating screw threads and modeling screws
as rods with the average diameter of the screw. In the current study, the screw threads were not
modeled, and smooth holes with an average diameter of the cortical screws were used to
represent the screw holes.
3.2.3. Scaled Rotational Velocity
Unlike the experimental model, the FE model is not sensitive to changes in rotational
velocity, as long as the energy ratio is less than 1%. During the experiment, torque was applied
to the specimens at an angular velocity of 0.25 degrees/sec. To reduce the run time for the FE
model, the angular velocity was scaled to 2.5 degrees/ms. The ratio of kinetic energy to total
energy was checked to ensure that it is less than 1%, thus verifying that the scaled rotational
velocity is acceptable.
3.2.4. Boundary Conditions for Proximal and Distal Ends
At the ORI, a length of 30 mm on both the proximal and distal ends was fixed in dental
cement. To simulate this fixation in the FE model, boundary conditions were applied to the outer
surface nodes on the proximal and distal ends. However, the length of bone used for applying
the boundary conditions was 15 mm, instead of 30 mm used for the experiment. Unlike the
experimental model, the FE model does not require 30 mm of bone surface to ensure the bone is
properly fixed. Therefore, the shorter fixation length was used in the FE model to reduce the size
of the model, which decreases analysis time.
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3.3. Configurations for Simulation
Different configurations of the FE model are used in order to examine the impact of the
fracture limitation, screw holes, element size, rotation direction, and simplification of the
model’s geometry. The configurations are listed in Table 3.2 and shown in Figure 3.5. The
different parameters of the configurations are listed in Table 3.3.
TABLE 3.2 BRIEF DESCRIPTION OF THE FE MODEL CONFIGURATIONS

A

Configuration

Configuration Description

A

Simulation of ORI Experiment

B

Different Fracture Limit

C

No Screw Holes

D

Reduced Element Size

E

Reversed Rotation

F

Cylindrical Tube with Holes

G

Cylindrical Tube without Holes

B

C

D

E

F

G

Figure 3.5 FE configurations. Arrows indicate rotation direction and solid color at the ends show
where the boundary conditions are applied.
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TABLE 3.3 PARAMETERS OF THE FE MODEL CONFIGURATIONS
FE Model Configurations
Parameters

A

Angle of Twist Failure Model

X

Max Stress Failure Model
Three Holes

X

B

C

D

E

F

G

X

X

X

X

X

X

X

X

X

X

No Holes
1 mm Elements

X
X

X

X

0.73 mm Elements
External Rotation (Clockwise)

X
X

X

X

X

X

X

X
X

X

X

X

Internal Rotation (Counterclockwise)
Tibia Model

X

X
X

X

X

X

Cylindrical Tube Model

X

3.3.1. Configuration A – ORI Experiment
Configuration A simulates the ORI experiment, and results from the model are compared
to ORI results. The geometry of the model is of the distal portion of a Fourth-Generation
composite analogue tibia. The model is fixed at the distal end and is rotated at the proximal end
in the clockwise direction about the tibia’s mechanical axis to simulate an external twist. This
model includes three equally spaced transverse holes that pass through the cortical bone. For this
configuration, the fracture limit is defined by the average angle of twist at fracture as determined
by the ORI experiment.
3.3.2. Configuration B – Fracture Limit Based on Maximum Stress
Configuration B defines the fracture limit according to the composite analogue tibia
manufacturer’s maximum stress limitations for tension, compression, and shear. The model’s
geometry, boundary conditions, and applied loads are the same as Configuration A. Results from
this configuration are compared to Configuration A and are used as a base line for comparison
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against the remaining configurations, since the remaining configurations also define the fracture
limit according maximum stress.
3.3.3. Configuration C – Without Screw Holes
Configuration C eliminates the three screw holes present in the ORI experiment and
simulates an intact tibia. Results from Configuration C and B are compared to investigate the
effect of the screw holes on the bone strength.
3.3.4. Configuration D – Smaller Element Size
Configuration D reduces the size of the elements around the holes from 1 mm to 0.73
mm, and this configuration is compared to Configuration B to see if reducing the element size
changes the results.
3.3.5. Configuration E – Reversed Rotation
Configuration E reverses the rotation direction that was used during the ORI experiment.
The proximal end is rotated in the counterclockwise direction to simulate an internal twist.
Results from Configuration E are compared to Configuration B to investigate the effect of
torsional load rotational direction.
3.3.6. Configuration F – Simplified Geometry with Holes
For Configurations F and G, the geometry is simplified to a cylindrical tube with inner
and outer diameters based on the polar moment of inertia of the tibia section used in
Configurations A through E. Results from Configuration F and B are compared to investigate
the effect of simplifying the geometry with holes.
3.3.7. Configuration G – Simplified Geometry without Holes
This configuration uses the same cylindrical tube as Configuration F, but this
configuration does not have holes.

Results from Configuration F and G are compared to
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investigate the effect of the holes in the simplified tube geometry, and the reduction in strength
between Configurations F and G is compared to the reduction in strength between Configurations
B and C, which are models with the tibia geometry. Furthermore, Configurations C and G are
compared to investigate the effect of simplifying the geometry without holes.
3.4. Model Geometry
In order to create a FE model, there first must be a solid model to mesh, and surfaces are
required to define the solid model. This section discusses the surfaces, the surface edits, and
solids.
3.4.1. Surface Creation
This section discusses surface creation of the tibia, cortical screw, and geometrically
simplified tibia model.
3.4.1.1. Tibia Surfaces
Surface scans of a Fourth-Generation composite analogue tibia (model #3402) were
obtained from PRL. The files contained polygon meshes of the outer and inner surfaces of the
left tibia cortical bone. Images of the polygon mesh are shown in Figure 3.6.

(A)

(B)

(C)

Figure 3.6 Left tibia polygon mesh received from PRL. (A) Outer cortical surface. (B) Inner
cortical surface. (C) Close up view of polygon mesh
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For orientation purposes, a line was created to represent the mechanical axis of the tibia,
and the model was positioned to align the mechanical axis with the global z-axis.

The

mechanical axis of the tibia is located along a line passing through the intercondylar eminence
and the center of the inferior articular surface. Reference Figure 3.7 for a labeled image of the
tibia.

Figure 3.7 Anterior view of the right tibia
The 3D data from PRL contained a scan of the entire length of the tibia, but only a
section from the distal end was used at the ORI. For the experiment, 76 mm (three inches) of the
distal end was removed, and the portion between the tuberosity of the tibia and the trimmed distal
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end was divided into two sections of equal length. This resulted in a section approximately 120
mm in length. Similarly, the 3D data was sectioned with planes normal to the mechanical axis,
and portions outside of this 120 mm section were removed. Figure 3.8 shows the placement of
the section planes.

Figure 3.8 Section planes and tibia. The length of tibia between the planes was utilized.
HyperMesh was used to create surfaces from the polygon mesh. The surface function
subdivides shell elements into subsets if it does not succeed in creating a single surface, therefore
a complex surface mesh, like the PRL polygon mesh, results in multiple surfaces. The surfaces
generated from the polygon mesh of the outer cortical surface are shown in Figure 3.9.
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Figure 3.9 Surfaces generated by HyperMesh based on the polygon mesh.
The automatically generated and subdivided surfaces were acceptable for the creation of
the intact tibia without holes, however the irregular edges lead to deformities around the holes.
Surface deformities, such as shown in Figure 3.10, drive element size down and adversely affect
mesh quality.

Figure 3.10 Surface deformity, circled in red, caused by irregular surface edges
To eliminate deformities, the surfaces around the holes were generated separately.
Patches of the polygon mesh around the holes were separated, as shown in Figure 3.11, and small
strips of surfaces were individually created to control the edges. The strips were then joined
together, as shown in Figure 3.12, and deformities were eliminated around the holes.
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Figure 3.11 Separate surfaces around the holes were created to control surface edges. Three
patches on the outer medial surface are shown.

Figure 3.12 Controlled surface generation around holes.
To generate the proximal and distal ends of the tibia section, a planar surface normal to
the z-axis was trimmed with the inner and outer cortical surfaces. Figure 3.13 shows the surfaces
developed by intersecting the planes and surfaces. These proximal and distal end surfaces
combined with the inner and outer cortical surfaces define the boundary of the tibia section and
are used to generate the solid model.
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Figure 3.13 Distal and proximal surfaces of the tibia section.
3.4.1.2. Cortical Screws – Cylinder Surfaces
Cylinders were used to represent the cortical screws, and like Cheung et al. [14], the
cylinders are dimensioned with the average diameter of the screw. The specification defining the
screw, ASTM F543-02 HA 4.5, provides the major diameter, 4.50 mm, and minor diameter, 3.00
mm. The average diameter of the screw is 3.75 mm.
3.4.1.3. Geometrically Simplified Bone Model – Cylindrical Tube Surfaces
In Configurations F and G, a cylindrical tube is used to model a geometrically simplified
bone. The polar moment of inertia of an object is related to the object’s ability to resist torsion;
therefore, it is important that the inner and outer diameters of the cylindrical tube be calculated to
match the polar moment of inertia as the tibia section. The polar moment of inertia for a shaft or
tube may be calculated using standard equations, however the tibia section is not perfectly
cylindrical, so the standard equations for a shaft or tube are not applicable. Therefore, the polar
moment of inertia was estimated by dividing the tibia model’s mass moment of inertia, measured
in CATIA V5, by the material density and the length of the bone section. Then, Equation 3.1,
which shows how polar moment of inertia, J, of a solid shaft is related to the radius of the shaft,
c, was used to determine that an inner radius of 7.1 mm and an outer radius of 11.4 mm are
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required to mimic the polar moment of inertia of the tibia. These calculated radii were used to
dimension the cylindrical tube representing a simplified bone model.

(3.1)
3.4.2. Surface Edits
HyperMesh uses a surface based mesh generation, therefore the mesh layout and quality
depends directly upon the surface topology. Small features or imperfections in the surface
geometry drive both the element size and mesh quality down if not addressed. This section
discusses the edits used to prepare the surfaces for meshing.
3.4.2.1. Edge and Point Edits
HyperMesh generated many surfaces from the polygon mesh of the tibia, and if surface
edges are not suppressed, FE edges and nodes are forced on all the surface edges. In order to
generate a quality mesh across the surface of the tibia, the shared surface edges were suppressed,
as shown in Figure 3.14, and this allows the many surfaces to be treated as a single surface.
Similarly, points influence FE mesh generation because nodes are forced onto points, as shown
in Figure 3.15. To obtain a uniform mesh, unwanted points in the tibia model were suppressed.

Figure 3.14 Tibia model with suppressed surface edges (dotted lines) and trimmed surfaces (solid
lines).
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Figure 3.15 FE nodes are forced onto points.
3.4.2.2. Surface Trim
In order to define boundary conditions, the outer surface was trimmed 15 mm from both
the proximal and distal end, as shown in Figure 3.14. Trimming the surface enables the selection
of the surface nodes on proximal and distal ends, which have boundary conditions applied to
them.
3.4.3. Solid Creation
The solid models of the tibia, the cylinder representing the cortical screw, and the
cylindrical tube for the geometrically simplified bone were created using the bounding surfaces
of a closed volume. The holes representing the vacant screw holes were introduced using a
Boolean operation, however, prior to completing the Boolean operation, the cylinders were
positioned, as shown in Figure 3.16 and Figure 3.17, to mimic the placement used during the
ORI experiment. The cylinders are approximately perpendicular to the medial surface and pass
through the mechanical axis of the tibia model. The middle of the three screws is equidistant
from the ends of the tibia section, and the other two screws are 18 mm above and below. With
their position defined, the cylinders were removed from both the tibia and the cylindrical tube,
leaving holes as shown in Figure 3.18 and Figure 3.19.
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Figure 3.16 Position of cylinders. View is of proximal end.

60 mm
18 mm
18 mm

Figure 3.17 Position of the cylinders. View is of medial surface.

Figure 3.18 Tibia section with holes.
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Figure 3.19 Cylindrical tube holes.
3.5. FE Model
This section discusses the components of the FE model, including the mesh, material
definition, failure model, loads, and boundary conditions.
3.5.1. The Mesh
All of the configurations are meshed with solid four node tetrahedral elements (TETRA4)
with an element size of 1 mm. This element size ensures that there are sufficient elements
surrounding the holes, while still maintaining a reasonable time step. The thinnest portions of
the tibia have at least three elements across the cortical wall thickness. The FE model of
Configuration A contains 102,126 elements and 24,817 nodes.

Common nodes between

elements are counted only once.
For Configuration D, the element size around the holes was reduced by placing 16 points,
each 0.73 mm apart, on each hole edge. Since nodes are forced onto points, the elements around
the holes have an edge length of 0.73 mm. Configuration D contains 109,354 elements and
26,469 nodes.
3.5.1.1. Solid Mesh Quality
The FE mesh is compared to quality criterion to ensure model accuracy and efficiency.
The mesh quality directly affects the time step calculations, which in turn affects the
computation time. The minimum element size is of particular significance, since the time step is
directly related to element length. Furthermore, the quality check will detect severely distorted
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elements, which can cause an increase in stiffness due to the distortion. Table 3.4 outlines the
ideal values for the mesh quality parameters and the results from the Configuration A check.
The elements that did not meet the ideal values for the quality parameters were visually
reviewed, and none of the elements were significantly deformed or misshapen. Each of the
model configurations were reviewed and found to be acceptable.
TABLE 3.4 MESH QUALITY CRITERION AND RESULTS

Ideal Value

Out of Range
Value

Warpage

<5

-

Aspect Ratio

<5

-

Skew

< 60

-

Tetra Collapse

> 0.5

0.31

Minimum Length

> 0.3

-

Jacobian Ratio

> 0.7

-

Volumetric Skew

< 0.6

0.88

Volume Aspect Ratio

<5

-

Tria Min Interior Angle

> 20

19.99

Quality Parameter

Tria Max Interior Angle
< 120
125.69
Note: Dash indicates that all elements meet the ideal value.
3.5.1.2. Rigid Element
The model contains one rigid element, which connects the exterior surface nodes of the
proximal end, as shown in Figure 3.20. There is one node in the center that is rigidly connected
to the other nodes. The axial load and rotational velocity are applied to the central node of the
rigid.

28

Figure 3.20 Rigid at proximal end of tibia section and associated nodes.
3.5.2. Material Model
A material model must be assigned to define the behavior of the numerical model. This
section discusses the employed material model and the preliminary study used to select it.
3.5.2.1. Linear Elastic Material
An isotropic linear elastic material model is used to simulate the fiber filled epoxy of the
composite analogue tibia. The linear elastic material model is commonly used for FE model
comparisons, and previous FE studies on long bones have employed the linear elastic material
definition [4, 15, 16, 17].
According to Heiner et al. [18] the composite analogue material representing cortical
bone is uniform and isotropic because it is a mixture of short E-glass fibers and epoxy resin that
is pressure injected around a foam core. For this reason, an isotropic material model was
selected.
The three material properties required to define the model are listed in Table 3.5. PRL
provided the modulus and density, and the value for Poisson’s ratio was assigned to be consistent
with former composite long bone FE models [10, 15, 19].
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TABLE 3.5 LINEAR ELASTIC MATERIAL PROPERTIES
Young’s
Modulus (GPa)

Density
(kg/mm3)

Poisson’s
Ratio

10.1

1.64˟10-6

0.3

3.5.2.2. Preliminary Study on Material Models
A preliminary study examined two alternative material models: hyper-elastic and elasticplastic. The hyper-elastic model was not selected because it produced results equivalent to the
linear elastic model. The elastic-plastic model simulated the non-linearity exhibited by the
composite bone, but it was not selected because the values used to define the material model
require further testing to validate.
The first of the two alternative material models was a hyper-elastic model that simulates
an Ogden-Mooney Rivlin material defined by Equation 3.2, where the strain energy is W, the
principal stretches are λ1, λ2, and λ3, and the user inputs are µ and α.

(3.2)
Although this is a non-linear material model, all reasonable inputs produced linear
results. A typical value for α is between 1 and 10, however, non-linearity was not exhibited until
α was raised to a value of 120. After close examination of the model, it was determined that the
stretches exhibited by the bone were too small to initiate the non-linear behavior of the OgdenMooney Rivlin model.

Based on the experimental data the principal stretch was roughly

calculated to increase from 1.00 to 1.02. Since the principal stretch is nearly 1 during the
duration of the test, all reasonable values for α result in linear behavior, rather than the desired
non-linear behavior.
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The second alternative material model was the elastic-plastic material defined by
Johnson-Cook model. With this model, the material behaves as a linear elastic material when the
stress is lower than the yield stress, and allows for plastic deformation when the stress goes
beyond the yield stress. During plastic deformation, Equation 3.3 is used to define stress. In the
equation, σ is stress, a is yield stress, b is hardening modulus, εp is plastic strain, and n is the
hardening exponent.

(3.3)
Values for yield stress, hardening modulus, hardening exponent, density, Young’s
modulus, and Poisson’s ratio were required to define the material.

Many variations of

parameters were applied to replicate the material behavior demonstrated in the ORI experiment,
and the values determined to best replicate the ORI data are listed in Table 3.6. The values for
Young’s modulus and density remained unchanged from the values provided by PRL. Figure
3.21 shows that the elastic-plastic material model mimics the non-linear behavior of the
composite tibia, however, the input values used to define the numerical material model have not
been validated. The assigned values may or may not properly define the fiber filled epoxy
material properties of the composite tibia. Further testing of the composite material would be
required to determine if an elastic-plastic material definition is appropriate and what the proper
values are for these parameters. Since the validity of the parameter values is questionable, the
elastic-plastic material model was not utilized.
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TABLE 3.6 ELASTIC-PLASTIC MATERIAL PARAMETERS
Parameter

Assigned Value

Initial Density, ρ

1.64˟10-6 kg/mm3

Young’s Modulus, E

10.1 GPa

Poisson’s Ratio, υ

0

Yield Stress, a

0.025 GPa

Hardening Modulus, b

1.2 GPa

Hardening Exponent, n

0.4

Figure 3.21 Torque verses angle plot of ORI data and the elastic-plastic FE model of the tibia
containing three holes.
3.5.3. Failure Models
Failure models are used to define when the FE model reaches the fracture limit. Two
failure models are employed during this study, one for Configuration A that is based on the angle
of twist and another for Configurations B through G that is based on the maximum stress. For
Configuration A, fracture is assumed to occur when the angle of twist reaches the average
fracture angle determined by the ORI experiment, 9.3 degrees. For Configurations B through G,
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fracture is assumed to occur when any node in the model reaches a maximum stress limitation in
tension, compression, or shear. PRL provided the maximum stress limitations listed in Table 3.7.
TABLE 3.7 STRESS LIMITATIONS
Stress

Maximum (MPa)

Tension

106

Compression

157

Shear

93.2

3.5.4. Loads and Boundary Conditions
This section discusses the axial load, rotational velocity, and boundary conditions applied
to the FE model.
3.5.4.1. Axial Load
A 15 N axial load is applied in compression to the rigid element at the proximal end of
the tibia. The data points used to define the load curve are listed in Table 3.8. Rather than
applying the load instantaneously, the axial load is slowly ramped up to the desired velocity and
then held constant. The ramp avoids an instantaneous acceleration at the initial time step.
TABLE 3.8 AXIAL LOAD DEFINITION
Time (ms)
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
50

Force (kN)
0.0000
0.0004
0.0014
0.0031
0.0052
0.0075
0.0098
0.0119
0.0136
0.0146
0.0150
0.0150
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3.5.4.2. Rotational Velocity
Rotational velocity is applied about the z-axis to the rigid element. Since the geometry is
that of a left tibia, clockwise rotation of the proximal end is used to simulate external rotation and
counterclockwise rotation to simulate internal rotation. Application of the rotational velocity is
delayed until the axial load is fully applied. When applied, the velocity is slowly ramp up and
then held constant, as shown in Figure 3.22. The velocity is scaled from that used during ORI
testing, as mentioned in Section 3.2.3.

Figure 3.22 Rotational velocity curve.
3.5.4.3. Boundary Conditions
Boundary conditions are used to restrict motion, or limit the degrees of freedom, of the
central node of the rigid element and the surface nodes on the distal portion. Translation and
rotation about the x-axis and y-axis are constrained on the center node of the rigid element. This
allows freedom for translation and rotation about the z-axis. On the distal end, the outer surface
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nodes of the tibia are constrained in all degrees of freedom, which fixes the end. Figure 3.23
shows the constrained nodes on the distal end.

Figure 3.23 Nodes constrained on distal end.
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CHAPTER 4
FE MODEL RESULTS

This chapter contains the results of the FE analysis. The fracture torque, angle of rotation
at fracture, and torsional stiffness of each configuration are summarized in Table 4.1. Torsional
stiffness is calculated by multiplying the slope of torque verse angle curve by the exposed length.
Contours of major principal stress, minor principal stress, and maximum shear stress are
contained in Figure 4.2, Figure 4.3, and Figure 4.4 respectively. In the principal stress contours,
positive values indicate tension and negative values indicate compression.
TABLE 4.1 SUMMARY OF RESULTS
Torque at Rotation Angle Torsional
Fracture
at Fracture
Stiffness
(Nm)
(Deg)
(Nm2/deg)

Configuration

Configuration Description

A

Simulation of ORI Experiment

120.1

9.3

1.06

B

Maximum Stress Fracture Limit

54.0

4.2

1.06

C

No Screw Holes

67.4

5.1

1.11

D

Reduced Element Size

53.8

4.2

1.06

E

Reversed Rotation

54.1

4.2

1.06

F

Tube with Holes

81.7

4.8

1.45

G

Tube without Holes

120.8

6.8

1.48

For configurations with holes, high stress concentrations are located around each hole.
The high principal stress concentrations occur at an angle of 45 degrees around the holes, and
high shear stress concentrations occur in the transverse and vertical directions. The node with
the peak principal stress is generally located around the center hole on the lateral surface.
Exceptions to this are Configuration E, which has a peak principal stress around the lower hole,
and Configuration F, which has a peak principal stress located inside the upper hole, just inside
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the outer surface.

When the fracture limit is reached, the holes are elongated, rather than

perfectly circular, as shown in Figure 4.1. Around the holes, high levels of tensile stress are
located at a positive 45 degrees, while high levels of compressive stress are located at a negative
45 degrees. The stress concentrations around the holes in the cylindrical tube model have the
same maximum stress values, but the tibia holes have differing values due to variation in the tibia
diameter and cortical wall thickness. The highest major principal stress values around the holes
in Configuration B are listed in Table 4.2.

(B)

(A)

Figure 4.1 Hole deformation shown by center hole on lateral side of Configuration B.
Deformation exaggerated for visualization. Units are GPa. (A) Major principal stress contour
(B) Minor principal stress contour
TABLE 4.2 CONFIGURATION B PEAK TENSILE STRESS AT EACH HOLE

Upper Hole
Middle Hole
Lower Hole

Tensile Stress (MPa)
Medial Side
Lateral Side
88.4
80.1
106.0
90.1
94.9
102.8

For the configurations without holes, high principal and shear stress concentrations occur
in the transverse direction near the boundary conditions on both ends. Configuration C has a peak
principal stress at the distal end on the medial side, and Configuration G has a peak principal
stress at the proximal end.
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For Configuration A, the fracture limit is based on the angle of twist determined by the
ORI. When this angle of twist is achieved, 4.95% of the nodes exceed the maximum tensile,
compressive, and/or shear stress of the composite analogue tibia. All of the other configurations
have a fracture limit based on the maximum stress. Configurations B through F reach the tensile
limit prior to exceeding the compressive and shear limits, but Configuration G reaches the shear
stress limitation first.
Error, which is calculated with Equation 4.1, was reviewed for each configuration, and
the maximum error was 0.74%.

(4.1)
The maximum shear stress, τmax, around a hole in a tube can be estimated using Equation
4.2, where K is the theoretical stress concentration factor, T is the torque, c is the radius, and J is
the polar moment of inertia. This equation is applied to Configuration F to cross check the FE
analysis. The theoretical stress concentration factor, which is based on geometry and loading, is
1.55 for a shaft in torsion with a transverse hole of a 0.16 diameter ratio. At a torque of 81.7 Nm,
the maximum shear stress is calculated as 64 MPa, which is close to the 59 MPa determined by
the FE analysis.

(4.2)
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A

A

B

B

C

C

D

D

E

F

G

E

Figure 4.2 Major principal stress contours. Lateral view on top row and medial view of on the
bottom row.
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A

A

B

B

C

C

D

D

E

F

G

E

Figure 4.3 Minor principal stress contours. Lateral view on top row and medial view of on the
bottom row.

40

A

A

B

B

C

C

D

D

E

F

G

E

Figure 4.4 Maximum shear stress contours. Lateral view on top row and medial view of on the
bottom row.
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CHAPTER 5
DISCUSSION OF RESULTS

This chapter contains the comparisons of the experimental results and the FE results.
5.1. Configuration A Compared to ORI Experiment
The ORI and the FE model results are plotted in Figure 5.1, and the maximum torque and
torsional stiffness are compared in Figure 5.2. The lower slope of the FE model indicates a lower
torsional stiffness, but both models indicate similar fracture torques. The fracture torque of the
FE model is 3% below the average experimental fracture torque and is within the standard
deviation of the ORI results. The torsional stiffness of the FE model is 22% below the average
experimental torsional stiffness.

Figure 5.1 Torque verses angle plot of ORI results and FE model Configuration A.
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Figure 5.2 Maximum torque and torsional stiffness plot.
During the ORI experiment the composite tibia fractured on the medial surface in a path
along a helix passing through the center of the central hole with an angle of approximately 45
degrees, as shown in Figure 5.3. The FE model indicates high stress concentrations in the area
around the holes at an angle of 45 degrees above horizontal, which indicates a potential fracture
site.
Furthermore, the FE model agrees with the findings of Kuo et al. [5], who performed a
torsion test on acrylic tubes with a single-cortex hole and found the fracture path for small defect
ratios, 10-40%, formed a helix with an angle of 45 degrees. As the defect ratio was increased to
50-60%, the helix angle was shifted towards the horizontal as much as 30 degrees. The defect
ratio of the FE model is 16%, which is within the range of the small defect ratios, and it indicates
high stress concentrations around the holes at an angle of 45 degrees.
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Figure 5.3 Fracture of composite tibia and principal stress contour of Configuration A at fracture
limit.
5.2. Configuration A verses Configuration B – Different Failure Models
For Configuration A, failure is based on the angle of twist determined by the ORI, and for
all of the other configurations, failure occurs when any node in the model reaches a maximum
stress limitation in tension, compression, or shear. Configurations A and B are compared in
Table 5.1 and show that Configuration B has a 55% lower fracture torque and fracture angle.
This confirms that the maximum stress failure model is conservative, since it is unlikely for
fracture to occur when a single node exceeds a maximum stress.
TABLE 5.1 RESULTS COMPARISON FOR CONFIGURATIONS A AND B

Configuration

Configuration Description

Torque at
Fracture
(Nm)

A

Angle of Twist Failure

120.1

9.3

1.06

B

Maximum Stress Failure

54.0

4.2

1.06
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Rotation Angle
at Fracture
(Deg)

Torsional
Stiffness
(Nm2/deg)

5.3. Configuration B verses Configuration C – Three Holes verses No Holes
Configuration B, with three vacant screw holes, is compared to Configuration C, without
any screw holes, in Table 5.2. The results show that Configuration C, without holes, has a 25%
higher fracture torque, a 21% higher angle of rotation at fracture, and a 4% higher torsional
stiffness. Higher values were anticipated since eliminating the screws holes increases structural
strength.
The effect a hole and its size on the torsional strength was studied by Edgerton et al. [2]
with circular single-cortex defects in paired sheep femora. Figure 5.4 shows the results of the
experiment conducted by Edgerton et al. and the bone strength reduction predicted by the FE
model. The defect ratio analyzed in the FE model, 0.16, was not explicitly tested by Edgerton et
al., but the results of the FE model, 80.2%, agree with the linear interpolation between two of the
experimentally tested defect ratios. This suggests that the FE model can predict the loss of
strength caused by holes, however, it is uncertain how much difference or similarity there is
between the geometry and material properties of the experimentally tested sheep femora and the
composite analogue tibia in the FE model. To validate the bone strength reduction predicted by
the FE model, an intact composite analogue tibia should be tested in the same manner as the
composite analogue tibia with screw holes.
TABLE 5.2 RESULTS COMPARISON FOR CONFIGURATIONS B AND C

Configuration

Configuration Description

Torque at
Fracture
(Nm)

B

Three Screw Holes

54.0

4.2

1.06

C

No Holes

67.4

5.1

1.11

45

Rotation Angle
at Fracture
(Deg)

Torsional
Stiffness
(Nm2/deg)

Experimental findings from Edgerton et al.
FE Tibia (based on Configurations B and C)
Cylindrical tube FEM (based on configurations F

Figure 5.4 Torsional strength reduction results from Edgerton et al. [2] compared to the FE
results.
5.4. Configuration B verses Configuration D – Reduced Element Size
Configuration B, with an element size of 1 mm, is compared to Configuration D, which
has an element size of 0.73 mm around the holes. The results are equivalent and are summarized
in Table 5.3. There is a slight difference, 0.3%, in fracture torque, however this difference may
be neglected because data is recorded at different intervals for each configuration. Since torque
is increased by approximately 1.5% per time step, the configurations can be considered equal.
Reducing the element size did not change the results; therefore, an element size of 1 mm is
acceptable.
TABLE 5.3 RESULTS COMPARISON FOR CONFIGURATIONS B AND D

Configuration

Configuration Description

Torque at
Fracture
(Nm)

B

Element Size of 1 mm

54.0

4.2

1.06

D

Element Size of 0.73 mm

53.8

4.2

1.06
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5.5. Configuration B verses Configuration E – Different Rotation Directions
Configuration B, with clockwise rotation, is compared to Configuration E, with
counterclockwise rotation. The rotation on Configuration B simulates a tibia fracture caused by
external rotation, while Configuration E simulates a fracture caused by internal rotation. As
shown in Table 5.4, the FE analysis indicates that the rotation direction does not affect the
fracture torque, fracture angle, or torsional stiffness. There is a slight difference, 0.1%, in the
fracture torque, but this small variation is negligible due to variations in time steps.
Although the fracture torque, fracture angle, and torsional stiffness are equivalent,
changing the direction of rotation affects the stress concentrations. Figure 5.5 shows that the
high stress concentrations around the holes are shifted 90 degrees, which also indicates that the
fracture path would be shifted 90 degrees. Furthermore, the peak stress in Configuration B is
located around the center hole on the lateral side, whereas Configuration E has a peak stress
around the lower hole on the lateral side. This indicates that the variation in the tibia geometry
causes different stress distributions for the different rotation directions.
TABLE 5.4 RESULTS COMPARISON FOR CONFIGURATIONS B AND E

Configuration

Configuration Description

Torque at
Fracture
(Nm)

B

Externally Rotated

54.0

4.2

1.06

E

Internally Rotated

54.1

4.2

1.06
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(A)

(B)

Figure 5.5 Principal stress contours. View of medial side. (A) Configuration B (B)
Configuration E
5.6. Configuration B verses Configuration F – Simplified Geometry with Holes
Configuration B, with the composite tibia geometry, is compared to Configuration F,
with the geometry of a cylindrical tube. These configurations are compared to investigate the
effect of geometrically simplifying the model, since previous FE models investigating the effect
of holes on the torsional strength of bone were completed using cylindrical tube models rather
than the geometry of a bone.
The results are summarized in Table 5.5. Configuration F has a 51% higher fracture
torque, a 13% higher fracture angle, and a 37% higher torsional stiffness. The difference in
torsional stiffness may be attributed to the variation in diameter and cortical wall thickness along
the length of the tibia section. At the proximal end the maximum radial distance from the
mechanical axis is 20.2 mm and the maximum wall thickness is 9.1 mm, whereas these
measurements at the distal end are 13.2 mm and 5.8 mm respectively. Approximating a polar
moment of inertia based on the cross section of the distal end results in a value that is 48% lower
than that of the cylindrical tube.
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Comparing the stress contours of the two configurations shows that both indicate high
stress concentrations in similar patterns around the holes and areas of increased stress at the ends,
as seen in Figure 5.6. The overall distribution of stress is more uniform in Configuration F.
Figure 5.7 shows that the configurations have different peak principal stress locations, with
Configuration B being located on the outer surface at the middle hole and Configuration F being
located on the inside of the upper hole.
Although the cylindrical tube was dimensioned to have the same polar moment of inertia
as the tibia section, the tube and tibia did not handle the torsional loading equivalently.
TABLE 5.5 RESULTS COMPARISON FOR CONFIGURATIONS B AND F

Configuration

Configuration Description

Torque at
Fracture
(Nm)

B

Tibia with Holes

54.0

4.2

1.06

F

Cylindrical Tube with Holes

81.7

4.8

1.45

(A)

(B)

(C)

Rotation Angle
at Fracture
(Deg)

Torsional
Stiffness
(Nm2/deg)

(D)

Figure 5.6 Principal stress contour. (A) Medial view of Configuration B. (B) Lateral view of
Configuration B. (C) Front view of Configuration F. (D) Back view of Configuration F.
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Configuration B

Configuration F

Figure 5.7 Major principal stress contours with peak stress indicated.
5.7. Configuration F verses Configuration G – Three Holes verses No Holes
Configuration F, with the cylindrical tube containing three vacant screw holes, is
compared to Configuration G, which is the cylindrical tube without any holes. This comparison
is similar to the comparison between Configurations B and C, but the Configurations F and G are
modeled with a cylindrical tube rather than the tibia geometry. Table 5.6 shows the results of the
FE analysis for Configurations F and G, and it shows that Configuration G has a 48% higher
fracture torque, a 43% higher angle of rotation at fracture, and a 2% higher torsional stiffness.
Higher values were anticipated since eliminating the holes increases structural strength.
The ratio of bone strength reduction between FE model Configurations F and G is 67.6%,
and this is compared to the Edgerton et al. results in Figure 5.8. The cylindrical tube model
predicts a 16% lower ratio than the tibia model.
Similar to the current study, Hipp et al. [4] used a FE model of a cylindrical tube to
investigate the loss of strength due to transcortical defects in long bones loaded in torsion and
compared the results from the FE model to the experimental results obtained by Edgerton et al.
[2]. The results of the Hipp et al. linear elastic model are included in Figure 5.8.
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Similar Hipp et al., the current study predicts a lower ratio of strength than that
determined by Edgerton et al. The defect ratio analyzed in the FE model was not explicitly
tested by Edgerton et al. or Hipp et al., but comparing the results of the current study to linear
interpolations of the former studies shows that the currents study agrees more closely with the
Edgerton et al. than does the Hipp et al. linear elastic model.
Unlike the Hipp et al. model, the geometry and the material properties of the current
study were not selected to mimic the experiment conducted by Edgerton et al. The tube used in
the Hipp et al. model had an outer radius of 9.8 mm and an inner radius of 6.4 mm, whereas the
current study is conducted on a tube with an outer radius of 11.4 mm and an inner radius of 7.1
mm. With these different radii, the cylindrical tube representing the tibia has a polar moment of
inertia that is nearly twice that of the tube used in the Hipp et al. model. Furthermore, the
material properties assigned in the two models also differ. The Hipp et al. model assigned
orthotropic properties with an average elastic modulus more than 50% higher than that used in
the current study. These differences make the validity of this comparison questionable.
TABLE 5.6 RESULTS COMPARISON FOR CONFIGURATIONS F AND G

Configuration

Configuration Description

Torque at
Fracture
(Nm)

F

Cylindrical Tube with Holes

81.7

4.8

1.45

G

Cylindrical Tube without Holes

120.8

6.8

1.48
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Experimental findings from Edgerton et al.
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FE Cylindrical Tube from Hipp et al.

Figure 5.8 Torsional strength reduction results from Edgerton et al. [2], the current study, and
Hipp et al. [4].
5.8. Configuration C verses Configuration G – Simplified Geometry without Holes
Configuration C, with the composite tibia geometry, is compared to Configuration G,
with the geometry of a cylindrical tube.

The results are summarized in Table 5.7, and

Configuration F has a 79% higher fracture torque, a 35% higher fracture angle, and a 34% higher
torsional stiffness. Comparing the stress contours of the two configurations, which can be
referenced in Figure 4.2, Figure 4.3, and Figure 4.4, shows that both have areas of increased
stress at the ends, near the boundary conditions, and that the stress distribution in Configuration
G is more uniform than that of Configuration C. Furthermore, the stress distribution through a
cross section, Figure 5.9, shows that the distribution on bone model is not uniform like the tube
model, however both models have higher stress areas further from the axis of rotation, on the
outer surface.
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As noted when comparing the tibia model with holes to the tube model with holes, the
tube and tibia did not handle the torsional loading equivalently.
TABLE 5.7 RESULTS COMPARISON FOR CONFIGURATIONS C AND G

Configuration

Configuration Description

Torque at
Fracture
(Nm)

Rotation Angle
at Fracture
(Deg)

Torsional
Stiffness
(Nm2/deg)

C

Tibia without Holes

67.4

5.1

1.11

G

Cylindrical Tube without Holes

120.8

6.8

1.48

Figure 5.9 Cross sectional view of major principal stress contours for Configurations C and G.
Section cut is through the high stress concentrations near the fixed end.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions
A FE model was successfully developed to simulate experimental testing and predicted a
fracture torque within the standard deviation of experimental results. Advancements were made
on the understanding of long bone torsional fracture by investigating the effects of screw holes
and rotation direction. The FE model predicted a fracture strength reduction due to holes that
agrees with experimental studies, and changing the rotation direction shifted areas of high stress
but did not affect the fracture torque. Improvements were made on FE modeling of long bone
fracture by investigating the effects of failure model, element size, and simplification of the
model’s geometry. Changing the failure model from an angle of twist limitation to maximum
stress resulted in a 55% lower fracture torque. Reducing the element size did not affect the
results, indicating that the utilized element size was appropriate. Simplifying the geometry of the
model to a cylindrical tube resulted in a 79% higher fracture torque and a 16% lower fracture
strength reduction due to holes.
6.2. Recommendations
Overall the FE model has been shown to be a useful tool for simulating experimental
testing, however, the following recommendations can be used to further improve the model. The
linear elastic material used in the current analysis is not the ideal material model to simulate the
composite bone material; a hyper-elastic model would be more appropriate. Use of another FE
processor may be required to model a suitable hyper-elastic model. It would also be useful to
analyze a variation of the model with screw threads, because the additional detail may provide
insight about the site of fracture initiation. To validate comparative studies, it is recommended
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that an intact composite analogue tibia be tested. For further advancement of the model, material
properties representing human bone should be incorporated, and results should be compared to
those obtained with cadaver specimens.
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