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Abstract:

It has been observed that fractured bones which are stabilized with a titanium fracture fixation plate,
once healed, often refracture at an edge of the plate. This is believed to be caused by stress
concentrations in the bone that take place at the location of the edges of the plate. Various implant
parameters are known to affect these concentrations of stress, but we further hypothesized that the
material of the plate has the most significant influence in reducing these concentrations, here referred
to as ‘peak stresses’. Moreover, it was reasoned, based on relevant literature, that minimizing the
peak stresses was not the only criteria that should be considered for the design of an optimal implant,
the effect of the Interfragmentary strain on the healing outcome in the early stages after implantation
is also crucial for the success of the implant. Otherwise the bone will never heal in the first place.

Thus, by assuming that different regions of the plate have a different influence in the peak stresses, it
was suggested that a stiffness graded plate could minimize the peak stresses while still allowing for an
acceptable interfragmentary strain at the early stages of healing, through an optimization. In order to
prove or disprove all the hypotheses mentioned above, a Finite Element model of a fracture fixation
construct was developed. For the selection of many of the modelling assumptions, a literature study
was carried out. For the selection of the contact properties to be used, a graphical comparison study
was done. For choosing an appropriate mesh, a mesh study was implemented.

Using this Finite Element model, it was possible firstly to show that while the material properties of
the plate do in fact appear to be very influential in reducing the peak stresses, the thickness seems to
be even more influential. For the latter a parametric study was carried out using the Taguchi method.
Secondly, it was shown that different regions of the fracture fixation plate do have a different
influence in the peak stresses of the bone. The outer most sections of the plate seem to always be the
most influential. Lastly, optimisations were carried out in three different ways and although they all
reduced the peak stresses, the method thought to be the simplest, yielded the most useful results.
This consisted of dividing the plate only into three sections and assigning one material to the outer
sections and another to the inner section.
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1 Introduction:
1.1 Background:

Why is the fracture fixation needed?

When a bone fractures, a hematoma occurs which undergoes tissue differentiation in a series of
stages. First comes inflammation, then the formation of a callus at the periosteal and endosteal
surfaces of the cortical bone at a distance from the fracture, which then grows towards the fracture
gap with increasing diameter through endochondral and intramembranous ossification, as shown in
the figure below. Such bone healing is often referred to as ‘secondary healing’. This callus stabilizes
the fracture to a level at which the final bridging of the gap can occur through bone remodelling (often
referred to as ‘direct’ or ‘primary’ bone healing). This is characterized by bone formation without the



need for any intermediate callus, instead, bone remodelling (osteoclast cells resorb bone while
osteoblast cells form new bone in a constant cycle) occurs directly (Frost, 1989)(Claes and Heigele,
1999).

Figure 1: Figure taken from (Claes and Heigele, 1999) showing the process of fracture healing.

If the bone is left to heal on its own, it can be intuitively deduced that the large natural loads imposed
by a patient’s body will cause high levels of interfragmentary movement (IFM). As explained above,
and further demonstrated by another study of Lutz Claes (Claes et al., 2009), if the structure is not
stable enough, direct bone healing will not take place. Thus, some form of fixation is needed to ensure
the bone heals appropriately. The most common forms are external fixation, plate fixation and
intramedullary nails (Steiner et al., 2014).

What is a Fracture fixation plate and why use it instead of other types of fixation mechanisms?

A fracture fixation plate is a plate that fixes the two broken bone ends together by being attached to
them. The most common form of attachment are screws as shown below.

Figure 2:Fracture fixation plate attached to a bone with a comminuted fracture. Image taken from (DePuy Synthes, 2004).

It has been found that both the direction and magnitude of the stiffness offered by the fixation device
is related to the stimulated healing. Small and moderate axial dynamization has been demonstrated
to enhance healing both through Finite Element Modelling and through experiments (Aro and Chao,
1993)(Claes et al., 1995)(Steiner et al., 2014). Translational shear movement however, has been
shown to result in delayed as well as incomplete fracture healing (Augat et al., 2003). The advantages
of axial motion over shear motion are made much more obvious in the study conducted by Malte
Steiner et al. (Steiner et al., 2014) where the two interfragmentary motion directions are thoroughly
compared.

External as well as plate fixation cause mostly an IFM in the axial compressive direction due to a
relatively low bending stiffness (Mason, 2009). Intramedullary nails on the other hand, cause large
shear IFM as a consequence of the relative movement between the nail and the bone fragments
(Wehner et al., 2011)(Ateshian and Mow, 2005). Considering also the previous statements, it can be
deduced that intramedullary nailing is not generally the preferred fixation method.



Figure 3: Intramedullary nail. Image taken from (Hodgson, 2009).

External fixation is the only fixation technique that allows a person to modify stability intraoperatively
and post operatively (Ateshian and Mow, 2005). However, the stability it can provide is limited by the
large necessary gap between the plate and the bone. Hence, a larger stability can be achieved using
internal plate fixation devices. Lastly, external fixation appears to be much more uncomfortable and
less aesthetically pleasing for a patient than internal plate fixation.

Figure 4: Image of external fixation device. Taken from (Hodgson, 2009).
What are the problems that arise from fracture fixation with a plate?

Unfortunately, the stability offered by conventional internal fixation plates in the axial direction is
usually too low. Even though it was stated that a relatively low axial stiffness combined with a high
shear stiffness would be ideal (Steiner et al., 2014), if the axial stiffness is too low, the bone wont heal
well either. Thus, the target is to be able to control the axial stiffness accurately such that it is not too
low and not too high. Moreover, bone resorption underneath rigid plates was detected (Uhthoff and
Dubuc, 1971) and is now very well accepted as a fact thanks to further experiments such as that carried
out by A.J. Tonino et al. (Tonino, 1976). This phenomenon is often referred to as ‘stress shielding’
because the bone effectively feels less stress due to it being ‘shielded’ by the rigid plate. The cause for
this lack of stress experienced by the bone is however not only due to a difference in young’s modulus
between the parts, as is shown in the results section of this report.

How have these problems been solved so far?

Many innovative designs have been created to solve the above problems. For tackling the ‘stress
shielding’ problem, the use of titanium, whose modulus of elasticity is half as large as that of stainless
steel, has been very beneficial (Claes, 2011). On the other hand, controlling the stability of the fracture
fixation plate to achieve the desired healing type at the fracture gap has proven to be more difficult.
A suitable solution to increase the level of stability offered by fracture fixation plates was developed:
Locked Compression Plates (LCP).

Much like external fixation devices, these plates allow for a gap between the bone and the plate by
forcing the screws to be locked inside the plate. In this manner, the axial stiffness of the construct is
no longer dependent on the shear strength of the bone, but rather on the bending strength of the
screws (Cronier et al., 2010). A very simplified study about the concept of locking plates (Cronier et
al., 2010) shows this quite nicely by loading a piece of wood axially both with the conventional method
as well as with the LCP system. This comparison is shown below.



Figure 5: A) Conventional fracture fixation plate vs B) Locked Compression Plate (LCP). Images taken from (Cronier et al.,
2010). Notice than in B directions do not match as they should, these are directly copied from the referenced article.

However, this system does not solve the problem entirely. As explained above, the ideal Fracture
Fixation plate should allow for a certain amount of Interfragmentary motion in order to stimulate
optimal healing. Moreover, this motion should be as homogeneous as possible throughout the contact
surface area of the bone fragments. Locked Compression Plates can be tailored to allow for the right
amount of IFM, but this motion won’t be evenly distributed, the motion will be higher on the side of
the bone opposite to the plate. This is nicely illustrated by the images on the review by Claes (Claes,
2011) as shown below. However, by optimising various parameters such as the number of screws,
length of plate, thickness of the plate etc. the healing outcome can be greatly improved.
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Figure 6: lllustration of how the interfragmentary strain (blue section) is distributed throughout the fracture interface.
Why is there still a need for further research, what problems does this report address?

The above mentioned problem is best solved through patient-specific optimizations, a methodology
for such a process is discussed by Joshua C. Arnone et al. (Arnone, 2013). The proposed objective
function is the factor of safety, such that the maximum Von Mises Stress seen in the plate is minimized
relative to the yield strength, but the proposed methodology can be tailored for other purposes. The
reason why the optimizations should be patient-specific (or at least specific to a group of people who
share similar enough features) is that the bones of patients are usually quite different between
different groups (Nelson et al., 2004).

However, the problem that this study is concerned with is another one, which to our knowledge has
not yet been discussed in the literature. The issues discussed so far have been about the starting phase
of the healing process, when the implant is fixed to the fractured bone. Eventually, if things work as
desired, the bone heals and there is no longer a fracture gap. In many patients, this is followed by
removal of the fracture fixation plate (Sommer et al., 2003) to ensure the bone is no longer ‘shielded’
by the stiffer implant. However, in some patients, such as children with Osteogenesis Imperfecta (Ol)



(Albert et al., 2017), the plate is not removed. A surgeon at the Utrecht Medical Centre (UMC)
reported that he does not remove these plates in Children with Ol because the surgery could be very
dangerous given their condition. However, there are other reasons for not removing the plate.

What was also observed by the surgeon is that the bones of these children, after healing has
concluded, eventually break at the edges of the plate. This phenomenon is shown below. This is the
problem that this report deals with, namely, attempting to answer the following questions: (1) How
can we prevent long bones that have been implanted with a fracture fixation plate and have healed
properly, from breaking at an edge of the plate?, (2) How can we do the latter while still allowing the
bone to heal properly and ensuring that the implant will not fail?

Oxtacgenests Plate breaks
Imperfecta (Ol) Fracture Plate

Figure 7: Images acquired from a surgeon, showing an example of the problem that the study deals with.

1.2 Hypothesis

The first part of the hypothesis is that the healed bone breaks because of a stress concentration in the
bone at the edges of the plate. Secondly, Itis believed that these stress peaks are most strongly related
to the young’s modulus of the plate than to any other implant parameter. This argument is derived by
a study where the fracture fixation implant material is found to have the strongest effect on the
maximum Von Mises stress in the implant (Arnone, 2013). In the current report a similar analysis is
done for the maximum Von Mises stress in the bone in order to prove or disprove this hypothesis.
Furthermore, we believe that by modifying the distribution of young’s modulus along the length of
the plate, the stress peaks can be brought down to a minimum, as shown in the figure below.
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Figure 8: Hypothesis of the study. The figure shows how under pure bending, it is expected that modifying the young’s
modulus of the plate will allow us to minimize the peak stresses in the bone.

However, minimising the stress peaks in the bone is not the only requirement for the implant to be
optimized, it also needs to be able to keep the fracture stable during the healing process. So the
hypothesis is that there is an optimal young’s modulus distribution along the plate that minimises the
stress peaks in the bone, while keeping the fracture stable enough during the healing period.

Have there been other studies that address this issue?

One similar study was found but it did not have the target of minimising the stress peaks, rather to
analyse how a stiffness graded plate would affect the stiffness of the construct at different healing
stages (Ganesh, Ramakrishna and Ghista, 2005). Moreover, it was a 2-dimensional Finite Element
study. As argued in a study aimed at comparing the 1-dimensional, 2-dimensional and 3-dimensional
Finite Element studies of fracture fixation (B. R. Simon et al, 1977), 2-dimensional studies are not
appropriate when analysing local stress distributions.

2 Overall Strategy:

The main steps to achieve an optimal distribution of young’s modulus along the plate, are shown
below. Firstly, an appropriate CAD initial geometry is developed, then, a Finite Element model is
created, which consists of meshing the parts, applying loading and boundary conditions, as well as
assigning initial material properties. It was chosen to use the Finite Element method, because it has
been proven that this technique is very suitable to address biomechanical problems, as discussed by
Huiskes and Chao (Huiskes and Chao, 1983). Lastly, an optimization routine was developed. To ensure
that the implant works as predicted, producing it and testing it in the real world would be required.
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Figure 9: Overall strategy of the project.

The geometry includes both a bone and an implant. For the bone it would be ideal to have patient-
specific models. Such models are addressed by A. Zadpoor and H. Weinans (Zadpoor and Weinans,
2015). They discuss the different steps involved in making patient-specific bone models, as well as
how the choices made throughout the process affect the accuracy and efficiency of these models. In
the current project a simplified geometry is first used before moving on to patient-specific models.

Regarding the implant, it would also increase the efficiency of the process to have an initial geometry
that is generated automatically based on the bone geometry. Such a method was developed by X.
Chen et al. (Chen et al., 2017). They define both local and global parameters to describe the geometry
of the bone, as well as how these can be measured using Computer Tomography (CT). Moreover, they
developed suitable equations to link the parameters of the bone with those of a fixation plate, such
that an initial patient-specific plate geometry can be obtained automatically from the CT scan of a
bone. As with the bone, this project first utilizes a simplified implant before moving on to a patient-
specific one.

Mesh

CAD Model

Contact

Loading

CT scan C_ D
FE Model

Figure 10: Geometry acquisition and Finite Element Modelling steps.




The process of making the Finite Element Model is described in detail in the methodology below, as
well as the Optimization process.

3 Finite Element Models creation:

3.1 Methodology:

For the selection of the different Finite Element properties, simplified models were used, in order to
reduce the computational time, which has a big impact on the total time of the optimization. The idea
is to start simple and gradually start increasing the complexity such that the implant is eventually
realistic enough. However, this report only discusses the initial simplified model used. The software
used to model the implant was ABAQUS 6.14. The documentation of ABAQUS was used extensively
(Dassault Systemes Simulia, Fallis and Techniques, 2013).

3.1.1 Geometry:

Throughout the report, the initial implant considered for improvement and eventually optimization
was that of the Locked Compression Plate (LCP) 4.5 with 8 holes and made of titanium, designed and
manufactured by DePuy Synthes (DePuy Synthes), which has been used by a surgeon at UMC Utrecht
on some of the patients under consideration. Images of such a plate are shown below (the one under
consideration has 8 holes). The geometry eventually used for the study was that of a simplified
construct with screws, however, initially a model with no screws was used to develop intuition and
hence why this is also presented below.

5 : ¢

Figure 11: Synthes fracture fixation plate made of titanium. Images taken from (DePuy Synthes, 2004).
Tied model:

The initial simplified model is the following. The bone was assumed to be a hollow cylinder of 35 mm
outer diameter, 4 mm cortical thickness and a length of 300mm. The plate was initially assumed to be
150 mm long, 4 mm thick (constant thickness) and concentric to the bone. Initially, no screws or holes
were modelled. This first model is referred to throughout the report as the ‘Tied model’. The mesh for
this model is shown here because it was not shown in the mesh refinement section.
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Figure 12: Geometry and mesh of the case with a plate simply tied to the bone.
Model with Screws:

Having developed an understanding for the various steps involved in the Finite Element Analysis, a
more accurate model with screws was created. The geometry of this model is shown below. The
screws have a diameter of 4 mm, a gap between them of 15mm and there is a gap between the bone
and the plate of Imm. All other dimensions are the same as those for the Tied model. The model
below is referred to throughout the report as the model with screws.

It was chosen to model the screws as perfect cylinders because this assumption has been made in
most validated Finite Element modelling of fracture fixation studies as stated in a recent review
(Lehder, 2018), and led to a reasonable accuracy. The plate was modelled without fillets to start
simple, but at a later stage the inclusion of fillets is studied.

Figure 13: Geometry of the initial plate and a simplified bone (cylinder)

Model with Fracture:

Moreover, for ensuring that the optimized implant can keep the fracture stable enough, a model with
a fracture was also made. The model is shown below. All dimensions are the same as those of the
above model with screws, and the bone fracture was made at the longitudinal centre, with a length
of 2mm (this value was chosen based on the mentioned review (Lehder, 2018)).

Fracture gap: 2mm

Figure 14: Geometry of the bone with a fracture and holes.

3.1.2 Material properties:

3.1.2.1 Bone:
The material properties of the bone were selected based on a recent study about the material
properties of children with severe Osteogenesis Imperfecta (Ol) (Albert et al., 2017). Both normal bone



properties and Ol bone properties were measured in that study with an accurate Micro CT scanner
(0.65 micrometre resolution).

An evaluation (including experiments) done about the influence that bone homogeneity and isotropy
has in finite element models (Synek et al., 2015) showed that although it can be safely assumed that
bone is isotropic, homogeneity may not be assumed because it greatly affects the accuracy of the
results. Therefore, for a reasonable accuracy, the local density values of the modelled bone should be
adapted to resemble those of the real bone as closely as possible.

Given that initially the purpose was only to test the proposed methodology, the bone was still
modelled as homogeneous, isotropic and linearly elastic. Moreover, the young’s modulus was chosen
to be 15 GPa based on the referenced study (Albert et al., 2017) and the poisons ratio 0.3.

For the model with a fracture, the segment in the middle of the bone was assigned a young’s modulus
of 10MPa to simulate a layer of immature callus. This value was selected because it was also used in
a similar recent study (Samiezadeh, Tavakkoli and Fawaz, 2015).

3.1.2.2 Implant:

The materials of plate and screws were not modified relative to each other. Thus, it was assumed that
the screws can always be manufactured of the same material as the plate. This assumption was made
for simplicity given that the current study was merely done in order to test a proposed methodology.

The local material properties of the implant are variables, which as explained in the hypothesis, are to
be optimized such that minimum peak stresses and acceptable stability are achieved. Therefore, the
material properties of the implant are discussed in the optimization section of the report. It will be
noted from the results that the minimum value of young’s modulus of the plate segments was fixed
at 3GPa, this was chosen based on two studies which measure the material properties of very porous
titanium (Wang et al., 2013). We assume that the only way to achieve the required strength for the
connection between the plate and the screw to be sufficiently stable is by having a metallic porous
titanium plate. The maximum value of young’s modulus for the plate elements was fixed at 110 GPa,
which was measured to be the young’s modulus of pure titanium (Wauthle et al., 2015).

It should however be noted that there has been a lot of research done on polymer plates as well as
composite plates. A nice review of the work done is presented in a study by N.D. Chakladar et al.
(Chakladar, Harper and Parsons, 2016), in which they also carry out a parametric study of a plate made
of bioabsorbable glass fibre reinforced polymer composite. The main issue with polymer plates as well
as polymer composite plates appears to be the lack of mechanical strength and stiffness, although
studies such as the one mentioned above claim that similar mechanical performance can be achieved
with optimized polymer composite plates. The study was done for an Ulnar fracture fixation implant,
which has a less critical loading scenario than for instance the femur.

3.1.3 Physiological Loading and Boundary conditions:

For the loading conditions of a femoral bone, it was found that the most significant loads act along the
length of the bone (Duda, Schneider and Chaot, 1997), referred to as axial loading. However, since
these axial loads are not symmetrical about the two axes perpendicular to the longitudinal axes,
bending moments are generated. It was further assumed that the most crucial bending moments are
those acting on the plane defined by the Y and Z axes (around the X-axis), on opposite directions at
either sides of the bone (see axis shown in the figure below). This loading condition is called ‘pure
bending’, and it is the loading condition that was used throughout the simulations. Given that in the
reviewed paper about the loading conditions of the bone during walking (Duda, Schneider and Chaot,
1997) the maximum absolute value of the frontal moment was found to be 0.1 times the body weight,



assuming that the patient has a body weight of 600 N, then the pure bending moment considered is
60Nm.

Surfaces tied to reference points:

g

A

Z X

Figure 15: Loading used. In order to apply a moment to all sections of the bone as desired, the surfaces were tied to
reference points at the centre of the circular surface, at either end. This was done through a kinematic coupling that
restricts their relative movement in the translational directions.

3.1.4 Contact properties:

In the Locked Compression Plate being considered, there are usually three main contacts. (1) the
contact between the plate and the bone, (2) the contact between the plate and the screws and (3) the
contact between the screws and the bone.

For the model with screws, the plate and the screws were modelled as one part (this assumed that
screws can always be made of the same material as the plate and ignores contact stresses between
them). Between the bone and the plate, the contact was neglected since there is a spacing of 1Imm
between them. However, to visualize what the consequences of this assumption are, a model that
uses plate contact was compared to one without. A contact was stablished between the bone and the
screws. The main things to be defined in ABAQUS are: a) Master/Slave surfaces, b) Sliding Formulation,
c) Discretization Method and d) Friction type. A graphicinvestigation was carried out in order to define
the contact settings to be used at different stages of the study. The graphic results can be found in the
next section.

To determine the influence of various contact setting variations, a control case was defined. The
Control case was that with the screws as the master surface (most rigid), ‘Small Sliding’ as the Sliding
formulation, ‘surface-to-surface’ as the discretization method and with a friction coefficient of 0.2
between the surfaces. According to the ABAQUS guide (Dassault Systemes Simulia, Fallis and
Techniques, 2013), the most accurate contact settings that can be used are these but with ‘Finite
sliding’ instead of ‘Small sliding’. However, the guide also explains that the ‘Small sliding’ assumption
does not affect the accuracy of the results much and it speeds up the computation. Descriptions about
what all these terms mean are extensively provided in the ABAQUS guide (Dassault Systémes Simulia,
Fallis and Techniques, 2013).

The contact pressure along a defined linear path was plotted for several variations of the contact
settings. The contact pressure is one of the three normal components of the contact stress tensor. It
is equivalent to the normal pressure between the screw surface and the contacting surface on the
bone. The main variations used for comparison were: a) changing the discretization method from
‘surface-to-surface’ to ‘node-to-surface’, b) adding plate contact and c) setting the contact as



“frictionless’ as opposed to the control case of having a friction coefficient of 0.2 between the bone
and screw surfaces. In general, the master surface should be the most rigid body, thus the implant
surfaces were always the master surface.

Lastly, two more cases were included for understanding purposes: d) using a simple tie between the
screws and the bone and e) having no screws at all, using the Tied model instead. The same number
of elements were used for all cases: 16000. Note that this is different from the mesh acquired through
the mesh convergence study, because the contact setting was defined previous to the mesh
convergence study. Furthermore, the number of elements is higher than the determined minimum
number of elements so this was kept as it is.

Figure 16: Contact surfaces between bone and screws in screw model. Master surface in red.

Figure 17: Master and Slave surfaces for the model where the plate is simply tied to the bone with no screws or holes.
Master surface is in red, slave in purple.

Table 1: Different contact settings used in this study that attempts to find the ideal contact settings to be used. In red are
the settings that were modified for that model.

Sliding Plate Friction
Mode name Discretization Formulation | contact | formulation Parts
Bone,
holes,
surface-to- Penalty- Plate,
Control surface Small-sliding | None Friction screws
Bone,
holes,
Penalty- Plate,
Node-to-Surface Node-to-surface | Small-sliding | None Friction screws
Bone,
holes,
surface-to- Plate Penalty- Plate,
Plate Contact surface Small-sliding | Contact | Friction screws
Bone,
holes,
surface-to- Plate,
Frictionless surface Small-sliding | Screws | Frictionless screws
Bone,
holes,
surface-to- Plate,
Tied WithScrews surface Small-sliding | Screws | Tied screws




surface-to-
Tied NoScrews surface Small-sliding | Bone Tied Bone,Plate
HolesOnly - - - - Bone,holes

3.1.5 Mesh study: What is the minimum allowed number of elements?

Usually, a mesh convergence study is crucially important to determine the number of global and local
elements needed to represent the continuous system with enough accuracy. In this study the
intention is only to understand how parameters of the plate can minimise the peak stresses observed
in the bone (while allowing for proper healing). Thus, it is the difference in maximum stress values
between successive models that we are interested in rather than the real size of the stress peaks.
Moreover, for further analysis it was deemed important that the overall shape of the stress
distribution along the bone was also close enough to the real distribution. Given that an optimisation
was to be carried out, a low computational time was desired, hence a low number of elements would
be preferable.

Therefore, a mesh study starting at a very low number of elements was carried out. With the objective
of the study being to find the number of element required to represent the overall shape of the Von
Mises stress distribution along the shown path in a reasonable manner, while allowing for a very low
computational time. Below is a table presenting the mesh sizes used as well as some figures showing
how the mesh varies. Note that the number of elements around the screw sections remains somewhat
constant, this was done to ensure a reasonable result even with very low number of elements, given
that these are the most critical regions.

Table 2: Number of elements used for each of the meshes used in this mesh study.

Mesh Total Number of
Model Elements

M1 3000

M2 3500

M3 4000

M4 5000

M5 7000

M6 9300

M7 12000

M8 16000

M1

M3

M5




M8

Figure 18: Top view of four of the eight meshes used.

Figure 19: All the different planes used to section the construct in order to mesh it as desired.



3.2 Results:

3.2.1 Contact settings:

As can be seen in the graph below, changing the discretization method to ‘Node-to-surface’ and
adding a plate contact appear to have an insignificant influence on the maximum contact pressure.
However, adding plate contact clearly causes some inconsistencies in the distribution. This is because
the moments applied here were high enough for there to be contact between the plate and the bone.
Changing the contact to be frictionless appears to increase the contact pressure peaks (by about 20%).
Moreover, setting the contact between the screws and the bone as ‘Tied’ (this restricts any
deformation of the nodes of each contact surface to be equal for either part) caused a very large
decrease in the contact pressure as well as causing the contact pressure distribution to be highly
asymmetrical about the central radial axis.
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Figure 20: Contact pressure plotted against the distance along the shown path, for various cases. The cases are explained
thoroughly in the methodology section. As can be observed, some plots only have values between the outer-most screws
because these are the only regions where contact stresses actually exist.

Having the plate tied to the bone without any screws at all (as shown in the geometry section) also
produced contact pressure peaks at the edges of the plate, but their magnitude was much lower (a
reduction of about 90%). A further simulation without the use of screws but adding holes to the bone,
showed that the main difference in magnitude between the peaks of the case with screws and the
case without screws, is due to the presence of the holes rather than that of the screws themselves
(see figure below). In this case the measurement variable was the Von Mises stress, which as shown
later takes into accounts the principal stresses in all directions.
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Figure 21: Von Mises stress against distance along the shown path, for the described cases. ‘BoneOnly_NoHoles’ refers to
the case of having only a bone with no holes and without a plate. ‘HolesOnly’ refers to a model that also does not have a
plate but has holes in the bone. The ‘Tied_NoHoles’ model has no holes nor screws, and the plate is simply tied to the
surface of the bone. The ‘Screws’ model has screws, holes in the bone, and the only contact defined is between the screws
and the bone as described previously, using the contact settings.

A timing analysis was carried out to compare the results in terms of their computation time as well
and the results are presented below. Surprisingly, using the ‘Node-to-surface’ discretization method
took almost 15% longer than using the ‘surface-to-surface’ approach. Using the ‘frictionless’
formulation decreased the duration of the simulation by about 25%. Tying the screws surface nodes
to those of the bone holes surfaces reduces the duration even further, however, this option causes
large errors as seen previously. Another surprising result was that of the case with the plate Tied to
the bone, using no screws or holes. It took longer than using the frictionless approach for the model
with the screws. However, a lower number of elements is required for the ‘Tied model’.

Table 3: Time taken with different contact properties.

Simulation
Mode name time (s)
Control 50
Node-to-Surface 59
Plate_Contact 96
Frictionless 38
Tied_WithScrews 21
Tied_NoScrews 42
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Figure 22: Bar plot of Simulation time for each of the contact settings used.

The approach that was thus adopted was to first use the most accurate settings, and if the
optimization took too long, to use the frictionless approach. Moreover, if an even quicker optimisation
was required, the plate was Tied to the bone and a lower number of elements used. The case of Tying
the screws to the bone was not used due to the highly unsymetric result.

3.2.2  Mesh study: What is the minimum number of elements required?
Table 4: Mesh refinement results.

Total Number

Mesh of Elements | Maximum Computation
Model (#) Stress (Mpa) | time (s)
M1 3000 123.4 12

M2 3500 121.4 13

M3 4000 117.6 14

M4 5000 114.5 21

M5 7000 110.4 24

M6 9300 109.8 33

M7 12000 109.3 49

M8 16000 109.2 54

The table above presents single value results that are more clearly represented by the graphs below.
It can be observed that as the number of elements decreases, the maximum stress decreases in an
almost exponential manner. More intuitively, as expected, the computation time increases as the
number of elements increases. It is important to note that the most realistic result is that given by M8,
the model with the most number of elements. Looking only at these single value results a conclusion
about what model to use cannot be made, thus stress distributions were again plotted along a path
as shown further below.

The Von Mises stress distribution plots show that although there is less of a decrease in stress between
the holes, the overall shape of the curve is preserved even with a total number of elements of 3000
(it is likely that this is due to the fine local meshing at the screw regions). Moreover, the contact
pressure plot shown indicates an even lower variation with decreasing the number of elements.
Therefore, although the single value plots show a significant increase in the maximum stress when
decreasing the number of elements, the stress distributions allow us to understand that this does not



signify a wrong distribution, and if the exact magnitude of the stress is not important then even 3000
elements may be used. Since as low a simulation time as possible is desired, 3000 elements were used
for the optimisation.
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Figure 23: plots of the maximum Von Mises stress and computation time of successive mesh sizes.

120, —
= ——  el_3000
a1 o o el _S000
= ——  gl_7000
80. —
@ ———  el_16000
O
=
] L
W
0
R
= 4L 4
c
S
=
= £ L —— a?,
. R < = _— . 1
0. 50. 100, 150, 200, 250, 300.

True distance along path (mm)

Figure 24: Distribution plot of the Von Mises stress along the path shown, for the different meshes used.
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Figure 25: Distribution of contact pressure along the path shown.

4 Parametric study: Is the material the most influential parameter to
the implants performance?

4.1 Methodology:

One of the hypotheses defined above was that the most influential implant parameter was the
implant’s material, thus why the focus of this report is on the material of the implant. With the target
of finding out whether this hypothesis is correct, the current parametric study was carried out. The
procedure followed in this section was the same as that followed in a study by J.C. Arnone et al.
(Arnone, 2013) which aimed to create a methodology for parametric investigation of locked plating
systems. In the latter, several combinations of implant parameters were tested through a Finite
Element Analysis using ABAQUS. The parameters considered by them were four, and three levels for
each, thus the total number of possible combinations was 81. However, through the use of the L9
Taguchi orthogonal array (Wysk, R. A., Niebel, B. W., Cohen, P. H., and Simpson, 2000) the nine
simulation conditions that statistically represent all possible conditions required were calculated, and
only those were evaluated. In the mentioned study, the risk of failure of the implant was evaluated by
means of the factor of safety (maximum Von Mises Stress divided by the yield strength of the
material). They found that the material of the implant has the most significant impact on the factor of
safety as shown through the ANOVA table below.



Sum of

Mean square

Source Degree of freedom square, Sx. Vx=Sx/D.F. P

Material 2 207.64 103.82 60.94%
Thickness 2 102.25 51.13 30.01%
Inserts 2 5.06 2.53 1.49%
Oblique screw 2 25.76 12.88 7.56%
Total 8 340.71 170.36 100.00%

Figure 26: ANOVA results for parametric study conducted by J.C. Arnone et al (Arnone, 2013). Image is taken directly from
their report. The % on the right represents the influence that each parameter had on the maximum stress experienced by a
fracture fixation implant.

Similarly, four parameters were also investigated in the current study and each was also assigned
three levels. The parameters investigated were: A. The material of the implant, B. The thickness of the
implant, C. The number of screws present and D. The radius of fillets at the longitudinal edges of the
implant. The first two parameters were chosen because they have been reported to be the most
influential to the performance of the implant (Arnone, 2013)(Uhthoff, Poitras and Backman, 2006).
The last two parameters were chosen because no article was found that investigates their influence
in the chosen performance parameters outlined below. Looking at the plates manufactured by DePuy
Synthes it can be observed that they use fillets at the edges of the plate. The levels for the three first
parameters were chosen by either adding or subtracting 25% fragments of the initial level
successively. Initial levels were based on commonly used parameters by DePuy Synthes. Since only
nine simulations were done, it could be afforded to use a relatively fine mesh of 15000 elements. We
believe this finer mesh would help us better capture the geometry variations.

Two parametric studies were done, one using the model without a fracture gap and a second one
using the model with the fracture gap. The design performance measure selected for the study that
used the model without a fracture was the maximum Von Mises stress experienced by the bone. The
design performance measure selected for the model with a fracture was the maximum normal strain
experienced at the fracture interface (Interfragmentary strain). For an explanation of why these
variables were selected, please see the Optimization section. Below is an image showing where the
maximum interfragmentary strain (IFS) is taken from and the path used for distribution plots.

Figure 27: Bone fracture section used to calculated the Interfragmentary strain (IFS). As explained in the methodology, this
small section of the bone (exactly at the longitudinal middle of the bone) was assigned a young’s modulus of 10MPa such
that it is virtually non existent but the strain in it may be measured.



However, as suggested by the Taguchi method, these performance measure variables were converted
into signal-to-noise ratios using the formula shown below (Tiwari, Bajpai and Dewangan, 2017). ‘Y’
stands for the difference between a given response and the mean response, for any given
measurement variable. ‘n’ for the number of simulations carried out (nine in this case). Below are
tables showing the levels used for the different studied parameters and the nine statistically most
significant simulations chosen based on the Taguchi method. It should be stated that the Taguchi
method assumes that there is no interaction between the variables investigated.

% = —10 * Log10 <(R) * (%)>

1
if larger is better,R = 7z’ if lower is better,R = Y?

The influence that each parameter had on the signal-to-noise ratio of the chosen response
measurement variable was calculated using an ANOVA table. This was made by writing all the required
formulas for the sum of squares (Sx), the Mean square (Vx) and the influence (rho) into EXCEL and the
results are presented in the next section.

Table 5: Chosen levels for each parameter investigated in the analysis. For the first three parameters the increase or
decrease in successive levels is in steps of 25% of the initial level.

Levels
Factors 1 2 3
A. Material 110 Gpa | 82.5 GPa | 55 Gpa
B. Thickness 2mm 3mm 4 mm

C. Number of screws | 4 screws | 3 screws | 2 screws

D. Fillet radius None 2mm 4mm

Table 6: The nine simulations that statistically represent the 81 possible combinations of these 4 parameters (each with
three levels) according to the Taguchi method (Wysk, R. A., Niebel, B. W., Cohen, P. H., and Simpson, 2000). The CAD model
shown is only that of the implant, in the actual model there is the bone with the respective holes.

L9 Orthogonal array
Simu B.Plate C. D. Fillet

A.Material | ., Number . CAD model and Mesh
# thickness radius

of Screws

Pure
1 Titanium 2mm 4 None

(110 Gpa)




Pure
2 Titanium 3mm 3 2mm
(110 Gpa)
Pure
3 Titanium 4 mm 2 4 mm
(110 Gpa)
4 82.5 Gpa 2mm 3 4 mm
5 82.5 GPa 3mm 2 None
6 82.5 GPa 4 mm 4 2mm
7 55 GPa 2mm 2 2mm
8 55 GPa 3mm 4 4 mm
9 55 GPa 4 mm 3 None

In order to better understand the influence that the young’s modulus of the implant has on the
maximum Von Mises Stress of the bone, as well as on the interfragmentary strain (IFS) at the fracture,
further plots were made of these variables against an unevenly spaced increase in young’s modulus
from 3 to 110 GPa using 8 intervals. The results are presented in the next section. The intention of this
final parametric study was also to address a common misconception about the ‘stress shielding
phenomenon’. Some researchers believe that this is caused solely by the difference in young’s
modulus between the implant and the bone. If this were true, an isoelastic plate would achieve the
same stress distribution as a bone alone, meaning there would be no stress peaks at all. The results
below present an answer to this question. This is also discussed by J. Kuiper et al. (Kuiper and Huiskes,
1996) and H. Weinans et al. (Weinans, Huiskes and Grootenboer, 1992).

4.2 Results:

The table below shows the Maximum Von mises stress as well as the maximum interfragmentary
strain (IFS) for every one of the nine simulations. Moreover, the signal-to-noise ratio (S/N) is also
presented for both. By selecting the S/N ratio of the Von mises stress achieved by every level of every
parameter, this data can be grouped into the tables below, which effectively shows the lowest S/N
ratio of the Von Mises Stress achieved by every level of the respective parameter. The table also shows
some statistics (blue values), including the sum of squared differences, which represents the variation
from the global mean. The same procedure was followed for the IFS, and the results of that are
presented further below.



Table 7: Results for the nine simulations that statistically represent (according to the Taguchi method (Wysk, R. A., Niebel,
B. W., Cohen, P. H., and Simpson, 2000) all possible 81 combinations of the chosen levels of parameters. The two columns
of the right represent the signal-to-noise ratio of the respective variable, calculated as shown in the methodology.

Parametric study results

. C. D. Max Von | nox IF | s/N
Simu A.Material B.!’Iate Number Fillet Mises Strain V/IVI S/N. IF
# thickness . Stress Strain
of Screws | radius (%) Stress
(Mpa)

Pure
1 Titanium 2mm 4 None

(110 Gpa) 131.9 0.828 |10.79 |-8.40

Pure
2 Titanium 3mm 3 2mm

(110 Gpa) 140.0 0.853 |-7.64 |-10.31

Pure
3 Titanium 4 mm 2 4 mm

(110 Gpa) 135.8 0.895 |-0.10 |-14.96
4 82.5 Gpa 2mm 3 4 mm 120.2 0.881 -12.44 | -13.21
5 82.5 GPa 3mm 2 None 141.9 0.910 -9.67 -17.44
6 82.5 GPa 4 mm 4 2mm 137.3 0.839 -3.59 -9.22
7 55 GPa 2mm 2 2mm 130.9 0.935 4.12 -24.54
8 55 GPa 3mm 4 4 mm 128.2 0.874 -3.65 -12.40
9 55 GPa 4 mm 3 None 128.7 1.575 -2.64 5.40
Mean 132.8 1.0 -2.8 -11.7

Table 8: On the left (in black) are the signal-to-noise ratios of the Von Mises stress (MPa) for each level of each parameter.
On the right (blue values) are (from left to right) the mean, difference between mean and global mean, the latter squared
and the sum of squares; for every row of values. All the data in this table is only for the Model without a fracture.

Global mean: 3.8 Levels Stats

Factors 1 2 3 Mean | DM | DMS | SSDT_i
A. Material 10.79 | -3.59 | 4.12 | 3.8 0.0 | 0.00 | 103.4
B. thickness 10.79 | -3.65 | -0.10 | 2.3 -1.4 | 2.07 | 119.4
C. Number of screws | 10.79 | -2.64 | 4.12 | 4.1 0.3 | 0.09 | 90.4
D. Fillet radius 10.79 | 4.12 | -0.10 | 4.9 1.2 | 1.32 | 64.2

The table below shows the results of an Analysis of Variance (ANOVA) study for the model without a
fracture. This shows that the thickness of the implant has the highest influence in the maximum Von
mises stress calculated via the Finite Element Models (32%). It also shows that the next most
influential parameter, in terms of the risk of fracture of the bone, are the material of the implant and

the number of screws present, respectively.




Table 9: The ANOVA table showing the influence that each parameter has on the maximum Von Mises stress experienced
by the bone. Data is for the Model without fracture.

Degrees of Freedom, | Sum of square, | Mean square | Influence,
Source D.F. Sx Vx=Sx/D.F. rho(%)
A. Material 2 103.45 51.72 27.41
B. thickness 2 119.35 59.68 31.62
C. # of Screws | 2 90.43 45.21 23.96
D. Fillet radius | 2 64.17 32.09 17.00
Total 8 377.40 188.70 100.00

Table 10: On the left (in black) are the signal-to-noise ratios of the IFS (MPa) for each level of each parameter. On the right
(blue values) are (from left to right) the mean, difference between mean and global mean, the latter squared and the sum
of squares; for every row of values. All the data in this table is only for the Model with a fracture.

Global mean: -10.8 Levels Stats

Factors 1 2 3 Mean | DM DMS SSDT_i
A. Material -8.40 | -9.22 5.40 4.1 0.9015 | 0.8127 | 137.414
B. thickness -8.40 | -10.31 | 5.40 -4.4 0.5408 | 0.2925 | 147.779

C. Number of screws | -8.40 | 5.40 -14.96 | -6.0 -1.0098 | 1.0198 | 219.016

D. Fillet radius 540 | -9.22 |-1240 | -54 -0.4325 | 0.1870 | 180.823

Looking at the ANOVA table below, one can observe that the material has the least significant
influence on the stability of the fracture (as measured by the IFS). This is somewhat contradictory to
the influence on the maximum stress experienced by the bone. The parameter with the largest
influence on the stability was the number of screws, but not significantly. All this data is also shown
through the use of pie charts further below.

Table 11: The ANOVA table showing the influence that each parameter has on the IFS experienced by the bone at the
fracture interface, in the normal direction. Data is for the Model with a fracture.

Degrees of Freedom, | Sum of square, | Mean square | Influence,
Source D.F. Sx Vx=Sx/D.F. rho(%)
A. Material 2 137.41 68.71 20.06
B. thickness 2 147.78 73.89 21.57
C. # of Screws | 2 219.02 109.51 31.97
D. Fillet radius | 2 180.82 90.41 26.40
Total 8 685.03 342.52 100.00
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Figure 28: Graphical representation of the data presented on the ANOVA tables. On the left is the data for the model
without a fracture and on the right the data for the model with a fracture. As stated previously, IFS stands for the
Interfragmentary strain.

Given how similar the influences of the material and the thickness appeared to be from the analysis
above, further plots were made to compare these. The plots are presented below. It appears that
although at first the material has more of an influence in decreasing the maximum stress, eventually
the thickness takes over. Nevertheless, as also visible in the distribution, the difference seems to be
very small. For similar graphs considering also the other two parameters, see Appendix A.

Thickness vs Material (influence in risk of
failure)
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Figure 29: Single-value plots of the maximum Von Mises stress in the bone vs the percentage of thickness of the initial level
for both plate thickness and young’s modulus. The initial young’s modulus was 110 GPa and the initial plate thickness was
4mm.
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Figure 30: Distribution plots of all the cases plotted in the previous figure. As can be seen, each color corresponds to a given
percentage of the initial levels. Squares represents the material plots and triangles represent the thickness plots.

Further results showing how the maximum stress and the maximum IFS vary when modifying only the
young’s modulus of the plate even further, are presented below. As the young’s modulus of the
implant decreases, the maximum stress in the bone decreases and the maximum IFS increases.
Furthermore, the magnitude of the negative gradient of the maximum Von mises stress curve
increases as the young’s modulus decreases. The gradient of the IFS curve also increases as the young’s
modulus of the implant decreases, but positively.
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Figure 31: Graph of the effects that varying the young’s modulus of the implant has on both the maximum Von Mises stress
and the maximum normal IFS.

Below are graphs showing the distribution of Von Mises stress and Interfragmentary strain (IFS) along
a defined linear path. As with all the cases where IFS is presented, this was computed using the model
with a fracture. When the Von Mises stress is presented this has been computed using the model
without a fracture and with screws. It can again be observed that the peak stresses along this path are



lowered when the young’s modulus of the plate is lowered. Most notably is the decrease in the peak
stresses from the isoelastic plate (15 GPa) to the 3 GPa plate, where the stress peaks are reduced by
about 50%.

Furthermore, at the middle section of the bone (where the fracture used to be) the Von Mises Stress
rises with decreasing the young’s modulus. Lastly, to refer directly to the believe some researchers
have about ‘stress shielding’ being caused solely by the difference in young’s modulus between plate
and bone, it can be seen below that this is clearly not the case since the isoelastic plate also has
significant stress shielding and peak stresses.
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Figure 32: A) distribution of Von Mises stress along the surface path shown in orange. The variation of the distribution with
changing young’s modulus is shown. B) Interfragmentary strain distribution along the circular path shown on the bottom
right of the figure. This is the normal strain acting on the z axis of the middle segment. The variation of the distribution
with changing young’s modulus is shown.

5 Optimization:

The aim of this report was to find a suitable way to minimize the risk of fracture of a bone fixed with
a plate, while ensuring that when fractured the bone heals properly. As shown in the parametric study,
although decreasing the material’s stiffness has a large influence in the stress peaks, this also causes



the interfragmentary strain (IFS) to increase significantly, thus inhibiting appropriate healing to take
place at the fracture gap (The reason for having chosen the IFS is addressed in this section).

As discussed in the Hypothesis, we believe that by modifying the young’s modulus distribution
throughout the plate, we can minimize the maximum stress experienced by the bone, while ensuring
that the bone heals properly when there is a fracture gap. There are four main questions to be
answered before proceeding: (1) What would be a suitable objective function to minimize? (2) what
constraint/s can we apply to ensure that the bone heals appropriately during the period when there
is a fracture gap? (3) how can we control the young’s modulus distribution in the implant? And finally,
(4) How can we find the optimal young’s modulus distribution? These questions are addressed in the
respective order below. The last question is addressed with three successive optimization techniques
which influence each other. Their relevant ‘methodology’ and ‘results’ sections are presented within
their own section.

5.1 (1) What would be a suitable objective function?

The different stresses present in the bone are plotted below for the shown path along the surface of
the bone. They all follow the same pattern: stress peaks at all the holes, but the stresses of largest
magnitude are those at the outer holes.

The stresses can also be divided into just two: Contact stresses and internal stresses. The Von Mises
Stress shown below can be used as a way of considering the stresses in all directions, as shown also
by the equation below. The main contact stress is the contact pressure (CPress) between the surfaces,
although there is also some shear contact stress as shown in the graph. Thus, the Von Mises stress
and the Contact Pressure are the main two parameters of interest.

If one compares the two in the graph below it can be observed that the main difference is that in the
contact pressure plot there is no reduction of stress along the length of the implant. This reduction in
stress is important to observe and understand, however it is not the variable that we are interested in
for this analysis, hence, the variable to be minimised could be either the maximum contact pressure
or the maximum Von Mises stress. Given that the latter was used in other similar studies, this was
used (Samiezadeh, Tavakkoli and Fawaz, 2015)(Chakladar, Harper and Parsons, 2016)(Arnone, 2013).

1

9= 13 [(011 — 022)% + (022 — 033)% + 6(012% + 023° + 0317)]
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Figure 33: Different types of stress in the bone, along a central path. Stress is in MPa and distance along path is in mm.

5.2 (2) What constraint/s can we apply to ensure that the bone heals appropriately

during the period when there is a fracture gap?

The question of what determines appropriate healing of a fracture gap was addresses extensively, and
in a publication titled “Magnitudes of local stress and strain along bony surfaces predict the course
and type of fracture healing” (Claes and Heigele, 1999) suitable criteria was developed. As can be seen
in the figure below, their main idea was that by knowing the interfragmentary strain and hydrostatic
pressure, one could predict the type of healing that would occur. However, in a later publication
(Steiner et al., 2014) M. Stainer, L. Claes and others state that the main contributing factor is the
Interfragmentary strain (IFS) and this alone may be used to predict the type of healing. In this more
recent paper they also devised alternative criteria for healing based on the axial and shear stiffness of
a given fracture fixation construct, with the axial stiffness being most important. The two proposed
criteria are presented graphically below.
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Figure 34: Conditions for primary healing (intramembranous ossification) and secondary healing (endochondral
ossification) as described in (Claes and Heigele, 1999).
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Figure 35: Healing criteria as determine in the publication mentioned above (Steiner et al., 2014). Yellow or IV shows the
region of optimal healing. Ksix axial represents the axial stiffness of the construct and Ky, shear represents the translational
shear stiffness of the construct.

A common objective of the presented studies is to create healing criteria to predict the type of tissue
that will be generated under given conditions, in order to simulate the healing process with enough
accuracy. This is also done in another study (Steiner et al., 2013) where the type of tissue
differentiation is predicted based on the type of loading. Although the present study does not attempt
to simulate the healing process at various stages, to increase the reliability of the method this could
be done in the future.

Thus, based on the referenced studies, the main choice to make is between the interfragmentary
strain (IFS) and the Axial stiffness of the construct. Given that the IFS can be calculated directly from
the deformation of the Finite Elements in the fracture gap, and that it was suggested by L. Claes
(Steiner et al., 2013) as a suitable measure, this was chosen as the measure for appropriate healing.
The maximum compressive or tensile strain required to ensure direct healing takes place, as described
by Claes and Heigele (Claes and Heigele, 1999), is 5%. However, this threshold was defined based on
a two-dimensional Finite Element Model that used different material properties and a different gap
size than we do here.



Assuming that an implant made entirely of pure titanium yields appropriate healing, it seems suitable
to define the criterium for appropriate healing as follows: The maximum axial IFS should not be higher
than 110% of the IFS calculated with an implant made entirely of titanium, nor lower than 90% of it.
Moreover, the higher the IFS is, within these limits, the better. These are by no means reliable limits,
but the current study is only concerned with a suitable methodology to solve the presented problem.
For accurate and thus more useful results, a more realistic model should be created, and it should be
validated through an in vitro experiment.

Below is the interfragmentary strain plotted along the circumference of the fracture gap (The top
figure shows the starting point and direction of the plot). It is clear from the figures that the maximum
axial IFS occurs at the region closest to the lateral middle of the plate. This can also be intuitively
deduced by considering the deformed shape. Thus the only IFS (magnitude is taken, irrespective of
whether it is compressive or tensile) that needs to be evaluated is that of the middle bottom element
shown on the figure below.
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Figure 36: Section of the bone used for measuring the IFS. The blue arrow shows half of the path used for the plots shown
below. The orange circle encircles the element that always has the maximum IFS.
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Figure 37: Normal strain (in the z axis from the axes shown above) results in the fracture gap plotted against the degrees
along the circumference of the fracture segment. As shown, the horizontal axis of the plot consists of the normalized
circumferential length along the fracture gap. 1=X, 2=Y and 3=Z, E11 is the normal strain in the x axis and so on.

5.3 (3) How to control the young’s modulus distribution throughout the implant?
Given that the Finite Element Method divides the implant into a Finite number of elements, one could
simply assign different young’s modulus values to every element, effectively creating a distribution



along every one of the three orthogonal axes. In the plate shown below for instance, there are 12
elements along the X axis, 60 along the Y axis and 2 along the Z axis. Thus, the distribution of young'’s
modulus along a given direction can be controlled using a number of intervals which is equal to the
number of elements in the respective direction. The graph below shows an example of how a
longitudinal distribution can be control with a Finite Number of elements. Clearly, the higher the
element density, the smoother the curves would become. Concluding, the most accurate way to
control the distribution of material properties is by having an infinite number of elements and
assigning different material properties to each.

Figure 38: Meshed plate. The number of elements is 12 by 60 by 2 as explained above.

120 . .

100

co
o

Youngs Modulus (GPa)
e o) ]
= (=]

Linear
\ o2 "
20 quadranche‘uw{{lm x+0.14"x+3)

quadratic -0.04"x2+4.1 "x+3)

abcl\re(

O I i
0 50 100 150
Plate Length (mm)

Figure 39: Different distributions of young’s modulus along the plate length.

Unfortunately, however, while increasing the number of elements does increase the accuracy of the
distribution representation, it also increases the dimensionality of a discrete solution space. To
illustrate this the figure below is presented. If the shown part of the plate is divided into 15 segments
as shown, and every segment can have any one of 10 possible young’s modulus values between 3 and
110 GPa, the number of possible combinations would be 10%°. Running all these models would take
108 years for my computer. This is precisely why an optimization algorithm can be very handy in order
to search through this incredibly large space of solutions in a smart way and thus arrive at the desired



solution without having to run too many models (as fast as possible). The optimization decisions are
discussed in the next section.
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Figure 40: (above) graph showing the possible levels for each section of the plate, (below) plate and bone showing the
number of elements. Note that no screws are shown here, but the model used has screws as has been presented
previously, this is used only for simplicity.

In order not to allow the dimensionality of the solution space to be directly related to the mesh size,
the plate was sectioned independently of the mesh and material properties were separately assigned
to these sections, as illustrated below. Each section may contain many elements, but all elements will
share the same material properties within a given section. As described in the Finite Element Models
creation section, the minimum and maximum values for the young’s modulus were set at 3 and 110
GPa respectively. The plate was eventually divided into more than three sections as explained in the
next part of the report.
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Figure 41: Initial segmental division of plate. E stands for young’s modulus. (above) Model without screws and (below)
model with screws.

5.4 (4) How to find the optimal young’s modulus distribution throughout the
implant?
5.4.1 2D visual optimization

54.1.1 Methodology:

As briefly discussed above, the optimal young’s modulus distribution, for a discrete space of 10
intervals, happens to be one out of 10~n combinations, where n is the number of sections considered,
and thus the dimensionality of the solution space. Intuitively, the only solution space that can be
visualized in terms of the output variable is a two-dimensional solution space. To get some initial
insights, the implant was divided into three segments as shown in the figure below, but the young’s
modulus of the outer sections (E1) was assumed to be equal. Thus, only two variables need to be
optimized, E1 and E2, and the possible combinations can be represented in a 2D space. Each variable
was allowed to have any one of ten values between 3 and 110 GPa, making the number of possible
combinations 102=100. The mesh used was that found to be the quickest in terms of computation time
during the Mesh refinement study.

OPTIMIZATION (2D Space)
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Figure 42: Plate division for the 2D optimization and variables representing the young’s modulus at each of the sections.

The maximum Von Mises Stress was plotted for all the 100 possible combinations and the results are
shown in the next section. For every combination the model was ran in ABAQUS but through a routine
written in MATLAB, which accesses the input and output files of ABAQUS. The plots were also created



using MATLAB. For every iteration, the chosen measure for appropriate healing, the Interfragmentary
strain (IFS) was also calculated, and wherever it was above 110% of the IFS calculated with an implant
made purely of titanium, it was decided that such a combination would not be allowed. This produces
the constrained solution space as shown in the results, which allows for visually finding the optimal
combination. Various post-processing plots were also made and are described in the results section.

5.4.1.2 Results:

As explained in the methodology, the maximum stress as well as the maximum Interfragmentary strain
(IFS) was plotted for a 2D solution space, with the third dimension being the maximum Von Mises
Stress or IFS. The plot is presented below. It can be observed that the maximum Von Mises stress
decreases with decreasing the young’s modulus of either the outer or the inner section. However, the
gradient of the decrease in Von Mises stress due to decreasing the outer young’s modulus (E1) seems
to be much steeper. And in fact overall it seems that the young’s modulus of the outer section has
much more of an influence in the maximum stress. It should be noted that the minimum value for
either material axis is three (from 3 GPa) and not zero. Moreover, looking at the locations where one
material is at its minimum value (3) and the other at its maximum (110), it can be observed that the
case when the outer material is at its lowest point produces a lower maximum Von Mises stress in the
bone.
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Figure 43: Maximum Von Mises stress calculated at every single one of the 100 possible combinations of E1 and E2. The
calculation was done using Abaqus but ran through MATLAB, hence the plots are made in MATLAB. Above is the plot in 3
dimensions, and below is the same plot but using only colour as the third dimensions as this is easier to interpret.

For the normal interfragmentary strain, it can be seen from the figures below that it varies quite
similarly with varying either the inner (E1) or outer (E2) value of young’s modulus, although as can be
seen more clearly from the figure with a colour bar, E2 seems to have more of an influence in
increasing the IFS than E1 does.
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Figure 44: Maximum interfragmentary normal strain calculated at every single one of the 100 possible combinations of E1
and E2. The calculation was done using Abaqus but ran through MATLAB, hence the plots are made in MATLAB. Above is
the plot in 3 dimensions, and below is the same plot but using only colour as the third dimensions as this is easier to
interpret.

The following plot represents the constrained solution space. The goal is to find the lowest maximum
stress possible while ensuring that the strain is low enough. Using the criterion described earlier which
stated that the strain shouldn’t be any higher than 110% of the strain obtained with a titanium
implant, which is equivalent to a strain of 1.093%, the red area below could be computed as the area
where the strain would be too high to ensure appropriate healing. Due to the low dimensionality of
the problem at hand, it is possible to visually find the constrained optimum, which in this case would
be: E2=3GPa and E1=74.3GPa. This yields a maximum Von Mises stress of 73.4 MPa.
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Figure 45: Maximum interfragmentary normal strain calculated at every single one of the 100 possible combinations of E1
and E2. The plot uses colour as the third dimension (Maximum Von Mises stress). The red squares represent combinations
of E1 and E2 that would stimulate a IFS which is too high to allow for appropriate healing, according to the proposed
criterium.

What a smart optimization algorithm would do is find this constrained optimum without having to
search through the whole space, for instance a gradient-based optimization routine could begin at
110GPa, and follow a path of descending gradient until arriving at the constrained minimum (where
the magnitude of the gradient is low enough). In which case the space would not have intervals but
rather be made into a continuous one. Such a technique is discussed in a later stage of the report.

Further below a distribution plot was again made to show how the distribution of Von Mises Stress
for a fully titanium implant compares to that of the optimised implant (E1=3GPa and E2=74.3GPa). It
can firstly be noted that the plot further proves that the stress peaks are in fact reduced significantly.
It can also be noted that the stress peaks at the screws near the fracture are now higher, and if one
kept decreasing the outer young modulus, it is clear that the inner peaks would become the highest
ones. This is because reducing the stiffness of the outer sections too much is almost like making a
plate one third of the original length, and the inner peaks are now the outer peaks of that plate.
Altogether, the stress shielding is also reduced, which is a further benefit of this optimised fracture
fixation implant.
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Figure 46: (green) Distribution of stress for final simulation along the path shown, (red) Distribution of stress for plate
made fully of titanium along the path shown. 74_3 stands for 74.3.

Further plots were made to analyse how varying the material of the whole plate compares to varying
only the material defined by E2 or that defined by E1 and the results are presented below, which are
derived from the results shown on the 3D plots. Varying the value of E1 (the young’s modulus of the
outer sections) has clearly almost the same effect on the maximum stress as varying the young’s
modulus of the whole plate, whilst varying only the inner material (E2), has a much weaker effect on
the maximum stress. When it comes to the Interfragmentary strain (IFS), both E1 and E2 have a very
similar effect, as seen previously in the 3D plot, and as seen perhaps more clearly in the 2D plot below.
As can be expected, increasing the young’s modulus of the whole plate causes a more pronounced
increase in the IFS. Lastly, a distribution plot was again made that compares the extreme cases for all

three Von Mises stress curves discussed in this paragraph.
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Figure 47: 2D plots comparing the influence of varying the young’s modulus of the plate and varying the young’s modulus
of only inner or only outer sections. (above) influence in maximum Von Mises Stress, (below) influence in interfragmentary
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Figure 48: Distribution plots of the extreme cases from the maximum Von Mises stress 2D plots shown above. E1 and E2
represent young’s modulus values for the implant.



5.4.2 4D investigation

5.4.2.1 Methodology:

As was previously done for certain implant parameters, the Taguchi method was again used in order
to perform a 4D investigation. The plate was divided into eight sections, but the material properties
of one half of the plate were assumed to be the mirrored properties of the other half, hence only four
parameters had to be analysed as shown below. Each parameter was again assigned three different
levels in order to use an L9 Taguchi orthogonal array. This time all four parameters had the same three
levels as shown below; 3, 55 and 110 GPa respectively.

The aim of this analysis was to find out how much of an influence did every one of the four sections
have on reducing the maximum Von Mises stress for the case of the model without a fracture, and
which had more of an influence on the maximum strain at the fracture surface for the case of the
model with a fracture. Thus, the same performance measures were used as in the parametric analysis
and two studies were needed.

Figure 49: Plate division made for the current 4D material influence investigation.

Table 12: The possible levels that any one of the sections shown above could have. The levels are young’s modulus values.
Levels
Factors 1 2 3

Plate Section A | 3GPa | 55GPa | 110GPa

Plate Section B | 3GPa | 55GPA | 110GPa

Plate Section C | 3GPa | 55GPa | 110GPa

Plate Section D | 3GPa | 55GPa | 110GPa

Table 13: The nine combinations which according to the Taguchi method, statistically represent the 81 possible
combinations between the levels of each plate section shown above.

L9 Orthogonal array

Simulation # | Plate Section A | Plate Section B | Plate Section C | Plate Section D

1 3GPa 3GPa 3GPA 3GPA
2 3GPa 55GPa 55GPa 55GPa
3 3GPa 110GPa 110GPa 110GPa
4 55GPa 3GPa 55GPa 110GPa

5 55GPa 55GPa 110GPa 3GPA




54.2.2

6 55GPa 110GPa 3GPA 55GPa
7 110GPa 3GPa 110GPa 55GPa
8 110GPa 55GPa 3GPA 110GPa
9 110GPa 110GPa 55GPa 3GPA
Results:

The ANOVA tables below present the influence that the different parameters had on the Von Mises
Stress and Interfragmentary strain respectively. Further down a figure with an implant shows clearly
the results for each segment of the implant. It is clear that the outermost section has the largest
influence on the Von Mises Stress (54.3%), while the other sections have all the same influence
(15.2%). Regarding the IFS, section A appears to be slightly more influential than the rest, but not
significantly.

Table 14: Max Von Mises stress and Maximum IFS results for the nine selected combinations of material properties
according to the L9 Taguchi orthogonal array of the three material levels for each section.

Parametric study results for plate sections

Max Max
simy | Date | Plate ) Plate | Plate | Von SN </NIF | Diff | Diff

Section | Section | Section | Section | Mises ] VM .
# Strain Strain | VM IFS
A B C D Stress (%) Stress
(1]

(Mpa)
1 3GPa 3GPa 3GPA 3GPA 61.8 1.253 | 42.12 | 2699 | -42.6 0.1
2 3GPa 55GPa 55GPa 55GPa 106.9 1.173 | 17.67 | 34.86 | 2.5 0.1
3 3GPa 110GPa | 110GPa | 110GPa

113.8 1.164 | 29.05 | 36.44 | 9.4 0.0
4 55GPa 3GPa 55GPa 110GPa

108.2 1.124 | 21.25 | 55.19 | 3.8 0.0
5 55GPa 55GPa 110GPa | 3GPA 128.1 1.072 | 37.06 | 36.14 | 23.7 | 0.0
6 55GPa 110GPa | 3GPA 55GPa 95.5 1.080 | 28.50 |37.77 | -89 | 0.0
7 110GPa | 3GPa 110GPa | 55GPa 103.1 1.098 | 11.49 | 43.19 | -1.3 0.0
8 110GPa | 55GPa 3GPA 110GPa

101.9 1.066 | 17.33 |35.09 |-2.5 |-0.1
9 110GPa | 110GPa | 55GPa 3GPA 119.9 1.039 | 33.38 | 31.50 | 15.5 |-0.1
Mean 104.4 1.1 26.4 37.5 0.0 0.0

Table 15: Signal-to-noise ratios for the Von Mises Stress results acquired. Each result of every level corresponds to the
highest S/N ratio for every level of every parameter. DM stands for mean difference, DMS for mean difference squared and

SSDT _i stands for the sum of differences squared. The later is used for the calculation of the ANOVA table.

Global mean: 36.4 | Levels Stats

Factors 1 2 3 Mean | DM | DMS | SSDT_i
Plate Section A 42.12 | 37.06 | 33.38 | 37.5 1.1 | 1.15 42.0
Plate Section B 42.12 | 37.06 | 33.38 | 375 | 1.1 | 1.15 |42.0
Plate Section C 42.12 | 33.38 | 37.06 | 37.5 1.1 | 1.15 42.0
Plate Section D 42.12 | 28.50 | 29.05 | 33.2 | -3.2 | 10.37 | 150.0




Table 16: ANOVA table showing the influence of the different plate sections on the maximum Von Mises stress.

Degrees of Freedom, | Sum of square, | Mean square | Influence,
Source D.F. Sx Vx=Sx/D.F. rho(%)
Plate Section A | 42.04 21.02 15.22
Plate Section B | 2 42.04 21.02 15.22
Plate Section C | 2 42.04 21.02 15.22
Plate Section D | 2 150.05 75.02 54.33
Total 8 276.18 138.09 100.00

Table 17: Signal-to-noise ratios for the IFS results acquired. Each result of every level corresponds to the highest S/N ratio
for every level of every parameter. DM stands for mean difference, DMS for mean difference squared and SSDT _i stands
for the sum of differences squared. The later is used for the calculation of the ANOVA table.

Global mean: 44.5 | Levels Stats

Factors 1 2 3 Mean | DM DMS SSDT_i
Plate Section A 36.44 | 55.19 | 43.19 | 44.9 | 0.3893 | 0.1516 | 180.811
Plate Section B 55.19 | 36.14 | 37.77 | 43.0 | -1.5152 | 2.2957 | 229.748
Plate Section C 37.77 | 55.19 | 43.19 | 45.4 | 0.8344 | 0.6963 | 160.928
Plate Section D 36.14 | 43.19 | 55.19 | 44.8 | 0.2914 | 0.0849 | 185.663

Table 18: ANOVA table showing the influence of the different plate sections on the maximum IFS.

Degrees of Freedom, | Sum of square, | Mean square | Influence,
Source D.F. Sx Vx=Sx/D.F. rho(%)
Plate Section A | 2 180.81 90.41 23.88
Plate Section B | 2 229.75 114.87 30.34
Plate Section C | 2 160.93 80.46 21.25
Plate Section D | 2 185.66 92.83 24.52
Total 8 757.15 378.57 100.00

Max VM stress 54.3%
Influence=

Max IFS

Influence=

Figure 50: Plate sections showing the influence they have on the maximum Von Mises Stress (above) and on the maximum
interfragmentary strain (IFS)(below).

5.4.3 10D optimization

5.4.3.1 Methodology:

In order to control the distribution of young’s modulus more precisely, the plate was now divided into
20 sections and it was assumed that the material properties of one longitudinal half of the plate were
the mirrored properties of the other half. Hence, only half the section’s material properties need to
be defined as shown below. This is similar to the problem presented previously, only now there are
10 sections and each one has 5 possible values (intervals), producing a total of 5° (9765625) possible
combinations.
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Figure 51: Plate division for final 10D optimisation

In order to solve this problem an optimization algorithm is required. A recent paper titled “On
optimisation of a composite bone plate using the selective stress shielding approach” (Samiezadeh,
Tavakkoli and Fawaz, 2015) dealt with a similar problem in a smart manner. 14 plate sections were to
be optimized, each of which had four possible levels. Therefore their solution space consisted of 414
possible combinations, larger to that considered in the present study, but comparable. The approach
used to solve the problem was as follows: (1) The use of 6 constraints reduced the solution space to a
much smaller number of combinations: 279,990. (2) The use of a bending stiffness criterion for the
plate (minimum of 8NmA2 for proper healing) reduced this to only 199,905 combinations. (3) Finally,
these combinations were organized into intervals of INm#2 and only the combination of each interval
with the highest Stiffness Efficiency Factor (SEF) was chosen. This leaves only 13 combinations to be
analysed, which is done through Finite Element Analysis. Since the calculation of the stiffness values
can be done very quickly in a program such as MATLAB, the most time-consuming part is running the
13 models in an FEM program such as ABAQUS. But even that, given the low number of models, can
be done very quickly.

This procedure might be a smart one, but it is not very flexible to the changing of various parameters,
because the stiffness calculations are only valid for a simple slim beam as that shown. However, the
idea of excluding many combinations using an appropriate constraint was used in this study. An
assumption was made which states that combinations where the outer elements are not equal or
lower to the inner elements, should not be evaluated. This is based on the 4D — Investigation results,
where it was concluded that lowering the outer material has the highest influence in reducing the
maximum stress in the bone, and so it follows that cases where the young’s modulus is low at the
middle sections and high at the ends are not worth considering.

for ii=1:9
if E(ii)<=E(ii+1)
g(ii)=1;%Inclusion criterium
else
g(ii)=0;%Exclusion criterium

end

if sum(g)==9 %Include this

Figure 52: Loop through the nine inner most sections of the plate (the plate is mirrored so there are actually 18 inner
sections) checking whether the young’s modulus of the given section is lower or equal to the next section. If it is, then the
relevant combination is included, if it is not it is excluded. E is a vector of 10 elements, each containing the young’s
modulus of one section. Numbering begins at the central section.



This assumption reduces the number of possible combinations from 5 (9765625) to 1001. In other
words, only 0.0103% of the initial combinations are now left to be analysed. For the initial position of
the optimization, the 2D optimization was used. From the 2D optimisation it became clear that the
global minimum of the unconstrained optimization is found where the plate is as porous as possible,
which in this case, given the minimum value of young’s modulus, is a plate with all elements having a
young’s modulus of 3GPa. Thus, this was assigned to be the initial state of the current optimization.

The way that the exclusion technique was implemented in MATLAB was through the use of a 10-
dimensional analysis. 10 loops were created within each other as shown in the figure below. Each loop
had 5 steps to access each of the 5210 (9765625) combinations. The order that this process used can
be intuitively deduced by looking at the loops, firstly the inner sections increase the young’s modulus
until the maximum, then the next sections towards the outside increase their young’s modulus value
by one step and the initial process is repeated, etc. For every combination, the constraint mentioned
above was first checked in order to exclude the combinations that did not comply with it. The
combinations that pass the criterium were stored in a vector of 1001 elements.

%These are all the 10 dimensions (each of 5 steps)
for 110=E chh; for i%=E chh
for i8=E chh;for i7=E chh
for i7=E chh;for i5=E chh
for i4=E chh;for i3=E chh
for i2=E chh;for il=E chh
n=n+l;%count all simulations
E=[i1,i2,i3,i4,i5,1i6,1i7, ...
i8,19,1i10];%the 10 mirrored material section wvariables

E=[fliplr(E),E];%Mirroring the material properties

for ii=1:9
if E(ii)<=E(ii+1)
g{ii)=1;%Inclusion criterium
else
g(ii)=0;%Exclusion criterium
end
end
if sum(g)==9 %Include this
m=m+l;%Count combinations that meet criteria
E todo(m,:)=E;%Store them in a matrix
end

end;end;end;end;end;end;end;end;end; end

Figure 53: MATLAB code used to loop through the 10-dimensional space of nearly 10 million combinations, thus accessing
each combinations. It then used the criterium described earlier to only include the desired combinations in a vector
‘E_todo’.

Usually, an ideal optimization routine to use would be an iterative gradient-based routine such as that
used by R. Huiskes and R. Boeklagen (Huiskes and Boeklagen, 1989) on a shape optimization for a hip
prosthesis. The iterative method they used is presented in the image below. As can be seen, the FE
model is ran iteratively until the objective function converges to a minimum. The smart part about
this technique is that the direction that the search algorithm takes is dependent on the gradient at
any point, it follows that slope until a minimum is found. To address the risk of getting stuck at a local
minimum, various starting positions may be used and their respective minima compared. The design
variables that produced that global minimum are then taken as the optimal design variables. In the
current study however, this was not done, because the solution space being considered is discrete.



This is so because we want to be able to validate the method by running all the combinations,
something impossible for a continuous space as the combinations are infinite.
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Figure 54: The schematic for the iterative algorithm used by R. Huiskes and R. Boeklagen (Huiskes and Boeklagen, 1989)
when optimising the shape of a hip prosthesis.

Instead, MATLAB's genetic algorithm was used (Documentation, 2012), which is based on a natural
selection process that mimics biological evolution. It starts with an initial generation of candidate
solutions, for which the objective function is calculated. Afterwards, through processes such as
selection, crossover and mutation, subsequent generations of candidate solutions are generated (this
gives the direction). By using a ‘Fitness function value’, the respective candidates are evaluated.
Ultimately, it leads to a global minimum by natural selection. A figure showing how the process for a
2D space would work is shown below.

Genetic Algorithm - Iteration 1 Genetic Algorithm - Iteration 1 Genetic Algorithm - Iteration 2 Genetic Algorithm — Iteration N
Evaluate initial population Select a few good solutions for reproduction Generate new population and evaluate Continue process until stopping criteria are met
- . g *
=5 & &
" 2 L] B @) L] . ©) )cp , 5 =
.
L ° % o Sohn found.

Genetic Algorithm (natural selection) PROCESS

Figure 55: computation process of the genetic algorithm, for a 2D solution space. The figures were taken fro
documentation (Documentation, 2012).

Like with any optimisation algorithm, lower and upped bounds had to be supplied. These were 1 and
1001 respectively, the minimum and maximum row indices of the vector that contains all the allowed
material combinations (with the 20 implant sections as its columns). In order to incorporate the
Interfragmentary strain (IFS) constraint described previously (maximum IFS should not exceed
1.093%), the objective function was modified as shown in the figure below. Any combination for which
the maximum IFS was higher than 1.093% was neglected using an if-statement, and only the rest were
considered for the minimisation. The function shown below as ‘VM_max(E(1,11:20))’ runs the model
with screws in ABAQUS by taking as inputs the young’s modulus values of the 10 mirrored segments
(ABAQUS was ran from MATLAB by accessing its input and output files) contained within the ‘E’ vector,
in the relevant stored row ‘I'. It produces as an output the maximum Von Mises stress in the bone



(‘S’). The ‘IFS_max(E(l,11:20))" runs the model with a fracture with the same inputs as
‘VM_max(E(1,11:20))" but the output in this case is the maximum Interfragmentary Strain in the
element described in an earlier section. The genetic optimiser then found the global minimum in this
constrained space, producing the optimal row of ‘E’ values, ‘I’. To validate the results, the 1001 models
were ran (this took about 20 hours) and the results were plotted, allowing us to find the global
minimum graphically and compare it with the result obtained with MATLAB's genetic optimiser. Below
is an image showing how the MATLAB function was used.

Opt=ga I{@Maxvonﬂises_ConstMaXIFS, 1, [1,01-00,101+---
1,1001,101,1)~

tFunction for calculating the constrained maximum Von Mises Stress
function S=MaxVonMises ConstMaxIFS(I)
global VM max IFS max %The functions that call BBRQUS
IFS Max=IFS max(E todo(I,11:20));%Calculating the max IFS in ABAQUS
if IFS Max>1.093 || IFS Max<0.894%Is the max IFS within the accepted values?
S5=Nal;
else
5=VM max(E todo(I,11:20));%Calculating the max VM stress in ABAQUS
tfor the combinations that have an acceptable
zmax IFS
end
end

Figure 56: (below) MATLAB function used as the objective function (or fitness function) of the genetic algorithm. As described
above, IFS_max() and VM_max() are functions which were prepared to write input into ABAQUS files, run the FE model and
then extract the desired output value. (above) call to the genetic optimiser of MATLAB by providing it with the required inputs.

5.4.3.2 Results

The genetic algorithm of MATLAB solved the problem in a total of 65 iterations (72 minutes), 6.5% of
the maximum number of models. The initial optimal solution found was the 835%™ row, which is
equivalent to an E vector [83.25,83.25,56.5,56.5,56.5,29.75,29.75,29.75,29.75,29.75], equivalent to
the plate’s young’s modulus distribution shown below. The global minimum was a Maximum Von
Mises stress of 122.4 MPa.



90

1
T T T T T I T T T T
) I 1
80 F II|' : 'lIII i
I|II | II|II
i : -
L) |
860+ I 1
= | |
8 i
50t I 1
o0 f I |
% III | II|
o | 1
- 40 L I | IIII 4
I I|I
4/ I IIII
30 | L i
|
|
20 1 1 1 1 1 = 1 1 1 1
0 )
(Do LD LD LD O | O Cf 0)

Figure 57: Optimal young’s modulus distribution along the implant’s length, as computed by the genetic algorithm. Starting
at the centre and extending towards the outer most segment (on only one half), the relevant values are
[83.25,83.25,56.5,56.5,56.5,29.75,29.75,29.75,29.75,29.75].

As explained in the methodology, this result was validated by calculating the entire solution space and
finding the optimum graphically. The plot of the maximum Interfragmentary strain is shown below.
The models that produced an Interfragmentary strain higher than 1.093% were all from the 1% until
the 734™. These models were excluded from the visual search in the Maximum Von Mises stress plot

shown below and the constrained global minimum was found to be 122.4 MPa as shown, the 835"
model. This proves that the genetic algorithm did in fact find the global minimum.
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Figure 58: Maximum Interfragmentary strain of each of the 1001 models that passed the initial test. The horizontal orange
curve shows the 1t interfragmentary strain value of all the models (from left to right) which meets the defined stability
criterium. Thus, all models from the 735t on to the right are allowed and all those to the left of this model are not allowed
(as seen more clearly below).
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Figure 59: Maximum Von Mises Stress of all the 1001 models ran. By using the index of the first model that allowed for
proper healing (735), it was possible to define the range of Von Mises Stress values which are allowed (green) and the
range of values that is not allowed (red).
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Figure 60: These are only the Von Mises Stress values of the models which met the first criteria and furthermore also allow
for appropriate healing according to the IFS criterium. Therefore this is the constrained solution space and the global
minimum can be easily found by taking the minimum of this vector which happens to be the 754t model with a Von Mises
Stress of 75.92MPa and a young’s modulus distribution shown earlier.

However, given that the minimum found is a lot higher than the minimum found with the 2-
Dimensional optimisation, it was decided to modify the strategy. The reason why the minimum found
is so high is because of the low number of intervals used (5). In the 2D optimisation, there are only
two possible variables but each has 10 intervals. In other words, the step size for the 10D optimization
was 11.89 GPa while that for the 10D optimization was 26.75 GPa. In order to reduce the step size for
the 10D optimization, the result of the 2D optimization was now used, such that the outer 6 segments
at either side were always kept at 3GPa and the inner segments could only vary between 62.4 and
74.3 GPa. The solution space then becomes 4-dimensional hence one can afford to use 10 intervals.
Thus the step-size is now 2.22 GPa. The code used to achieve this is shown below:



%These are all the 10 dimensions (each of 5 steps
for i10=3; for i%=3

for i8=3;for i7=3
i6=3;for i5=3 %The outer 6 segments are now 3GPa
i4=E chh;for i3=E chh
i2=F chh;for il=E chh
n=n+1;%count all simulations
E=[il,i2,13,14,1i5,16,
17,18,19];%the 10 mirrored material section variables
E=[fliplr(E),E];%Mirroring the material properties
for ii=1:5
if E(ii)<=E(ii+l1)

g(ii)=1;%TInclusion

criterium
else

g(ii)=0;%Exclusion

criterium
end

end

if sum(g)==5 %Include this
m=m+l; %Count combinations that meet criteria
E_todo(m,:)=E;%Store them in a matrix

end

end;end;end;end; end;end;
end;end;
end; end

Figure 61: Adapted code for 10D optimization. The ends are now constrained to stay at 3GPa and the middle sections are
constrained to vary only between 60 and 80GPa in 10 steps.

The optimal young’s modulus distribution was then found to be the one shown below. The
Maximum Von Mises Stress now found was 71.68 MPa.
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Figure 62: Optimal young's modulus distribution found with the new strategy. Note that the rectangles on the x-axis
represent that young's modulus at the respective sections in GPa

With the purpose of comparing the result of the 2D optimisation to that of the 10D optimization, the
graph below is presented. The optimal distributions found with either optimisation were plotted
below. For reference, the young’s modulus distribution of a plate made fully of titanium was also
plotted. It appears that the optimal distribution found with the 2D process (10 intervals) has almost
no difference to that found with the refined 10D approach (10 intervals). However, looking further



down at the bar plot showing the maximum stress, it can be appreciated that the maximum stress
found with the 10D optimisation is in fact better.
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Figure 63: Von Mises stress distributions for a) titanium implant, b) optimised implant through the 2D optimization of 10
intervals and c) optimized implant through the 10D optimisation of 5 intervals.
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Figure 64: Bar plot comparison of the different optimization techniques used as well as comparing them to the maximum
stress of the titanium plate. Values are in MPa.

5.4.4 Using Abaqus’s Topology Optimization

Abaqus has its own optimization module. Detailed information about how it works can be found in
the ABAQUS guide. However, it does not seem possible to define the constraint as the output of a
second model if one uses this module. Therefore, a different constraint must be used. In the
optimization study of Samiezadeh et al. (Samiezadeh, Tavakkoli and Fawaz, 2015) the rigidity is used
as a constraint, and in the also discussed mathematical optimization of a hip prosthesis (Huiskes and
Boeklagen, 1989) the Strain Energy Density is used as the objective function. Moreover, it was also



described in the healing constraint selection section of the report that the stiffness of the construct
may be used as the criterion for healing of the fracture gap (Steiner et al., 2014). The rigidity is given
by the product of the young’s modulus E and the Inertia I. The ABAQUS variable that seems to relate
best to the rigidity is the total strain energy of the construct (ALLSE) which | referred to here as TSE.
The general equation for the TSE, where M is the applied moment, is as follows (CODE COGS, 2004):

M2
TSE = | —
S fZEldx

In order to visualize how this constraint compares to the previously used Interfragmentary strain
(IFS) constraint, the following comparison plot was made. It can be observed that the relationship
between these two variables and the young’s modulus of the implant is in fact very similar.
Therefore it is suitable to use this as the constraint. Using the same assumption about appropriate
healing occurring if the variable’s magnitude does not exceed 110% of that achieved with a titanium
plate (E=110GPa) and does not fall below 90% of that either; the new criterion is defined as follows
(values in Nm):

684.20 < TSE < 836.24
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Figure 65: Plot of Interfragmentary strain and Total strain energy against the young’s modulus.

With the objective function again being the Maximum von mises stress, the topology optimization
was carried out. The topology optimization of ABAQUS optimizes the density of the elements in
order to minimize the chosen objective function, while satisfying the given constraints. The
optimizer ran a total of 26 iterations as shown below, converging to a minimum of 92.20MPa which
was achieved with the density distribution shown below.
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Figure 66: Above: Plot of the maximum von mises stress for the 26 iterations of the ABAQUS optimization. Below: Plot of
the total strain energy for the 26 iterations.

It should firstly be noted that the optimization was not done only along the length of the implant this
time but rather for all elements. The most surprising thing about this result can be seen by looking at
the right side of the figure, where it can be observed that the lower half of the implant (along the
thickness direction) did not vary much at all, its density was kept at around 100% (as explained
below, the density is given as a ratio of the initial value to the assigned value, hence 1 is equivalent
to 100%). Furthermore, it can be seen that along the length, on the left side the density was
decreased very much at this edge, much like in the previous optimization. However, on the right side
the result is not as expected. The density distribution was expected to be symmetric about the
longitudinal centre because of the symmetry of the stress distribution.

MAT_PROP_NORMALIZED
(&vg: 75%)

Figure 67: Optimal density distribution of the implant. The density is given in the ratio of the initial density to the current
density. 1 can be seen as 100% of the initial density. If the material has been removed it means the section reached the
minimal density that ABAQUS takes as zero.



The following table compares the minimum value of the peak Von Mises Stress found by the
topology optimization routine of ABAQUS to that found on the 2D optimization and that found in the
10D optimization. It can be seen that the lowest minimum was found with the ABAQUS topology
optimisation.

Table 19: Comparison of minimum results

Maximum Von Mises Stress in | Percentage of max with Models
Case/Optimization | the bone (Mpa) Titanium (%) required
Titanium plate 150.00 | - -
2D visual 73.40 48.93 100
10D genetic
algorithm 71.68 47.80 65
ABAQUS 59.50 39.67 26

6 Discussion:

6.1 Overall Strategy:
How much of this strategy was implemented?

The patient-specific analysis described in the ‘Overall strategy section’ was not carried out in this
report, however, the goal is to ultimately adapt an optimization such as the one presented, to be
patient-specific by using the proposed strategy. The available techniques to actually manufacture the
implant though additive manufacturing were also not the focus of the current study, but a future study
should focus on this, given that the performance of the implant will most probably also be affected by
manufacturing parameters.

A thorough review of patient-specific 3D printing in medicine was done by D. Akilbekova and D.
Mektepbayeva (Kyobula et al., 2017). They concluded, amongst other things, that Selective Laser
Sintering (SLS), inkjet printing and micro extrusion printing are the most common 3D printing
techniques used for medical applications. Moreover, post-processing of the results collected in the
review of P. Tack et al. (Tack et al., 2016) about the influence that 3D printing has had in the medical
setting proved that 96% of the selected articles which dealt with 3D printed implants, reported an
improved clinical outcome. This review also concluded that 3D printing was more expensive than
traditional manufacturing.

Regarding the heterogeneous composition of the proposed implant, a recent paper summarizes the
latest developments in this area (Udupa, Rao and Gangadharan, 2014). One of the most promising
processes to achieve a functionally graded parts through additive manufacturing (FGAM) appears to
be that of varying the density segmentally as described in the image below. However, there are other
ways to achieve this as described in the article. Amongst other things, the article concluded that “the
potential of FGAM for future manufacturing is limitless”.
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Figure 68: Image taken from (Udupa, Rao and Gangadharan, 2014) showing how the density can be altered to manufacture
a functionally graded part.

The rest of the steps described in the overall strategy section were carried out in this study (CAD
geometry, Finite Element Model and optimization).

6.2 Finite Element Model creation:
Why was the model generally simplified?

As described, the idea was to start simple, develop a thorough methodology, and in future studies
increase the complexity, such that it is possible to analyse how different parameters affect the
performance of the implant as well as the efficiency of the methodology. However, a parametric study
was also carried out already to understand how some parameters affect the performance of the
implant. Moreover, a simplified model allows for a quicker optimization, which as shown on the last
optimization section, was crucial in order to be able to validate the optimization process.

How is the simplicity of the geometry expected to affect the results?

Making the geometry of the bone be a perfect tube has been done in validated Finite Element studies
and it did not affect the performance of the implant much (Oh et al., 2009)(Shirurkar, Tamboli and
Jagtap, 2017). The same was the case for making the geometry of the screws be perfect cylinders, in
fact most (71%) validated Finite Element studies of Fracture fixation plates reviewed recently (Lehder,
2018) were found to make this assumption. This review also related the simplicity of the Finite Element
modelling choices to the validation accuracy achieved, and it was further found that simplifying the
geometry of the plate to a plate that can be defined with three parameters (apart from the holes) also
does not influence the accuracy significantly. Overall, no geometry simplification was found to affect
the accuracy significantly according to this review (Lehder, 2018). A transverse fracture gap such as
the one used was also used by 53% of the reviewed studies and 50% of all the studies used a gap
between 1 and 4 mm.

How is the simplicity of the material model expected to affect the results?

Bone has been shown to experience a viscoelastic behaviour (Ziheng Wu, Timothy C. Ovaert, 2013). In
the latter study, the viscoelastic properties of bone were measured and amongst their findings was
the curve shown below. If bone was linearly elastic, the displacement would increase linearly with the
increase in loading, and when the load were released at the same rate, the displacement would be
reduced at the same rate until zero. However, none of these things happen as is clearly observed, and
especially the elasticity assumption seems to be very ambitious. Nevertheless, the average accuracy
of the validated Finite Element studies of fracture fixation was 89%, and all 21 studies used a linear



elastic material model for the bone, therefore it was still deemed acceptable to use a linear elastic
material model (Lehder, 2018).
12000
10000
8000

6000

Load (nN)

4000

2000

0

0 200 400 600 800 1000 1200
Displacement (nm)

Figure 69: Load-displacement curve for cortical bone. Taken from (Ziheng Wu, Timothy C. Ovaert, 2013).

About 30% of the mass of bone is type | collagen (Ziheng Wu, Timothy C. Ovaert, 2013). Collagen is an
organized fibrous matrix that is much stronger along the fibre direction than perpendicular to them
(Ziheng Wu, Timothy C. Ovaert, 2013). Therefore, its mechanical properties are bound to be quite
different along the longitudinal direction than along the radial directions. Hence why cortical bone is
often assumed to be transversely isotropic (Ferguson, Wyss and Pichora, 1996). C. Albert et al.
(Ferguson, Wyss and Pichora, 1996) measured the anisotropic properties of bone and post-processing
of these results show that bone was 62% less stiff in the transverse direction than in the longitudinal
direction. However, 86% of the reviewed validated studies (Lehder, 2018) were found to use a fully
isotropic model without significant effects on the validation accuracy. Thus, once again, although in
theory this is a bold assumption, in practice, when considering all other modelling decisions too, it
appears to be a reasonable one.

When it comes to the homogeneity, all but one of the 21 reviewed articles (Lehder, 2018) modelled
the bone as homogeneous and the accuracy was not seen to be significantly affected by this choice.
This is in disagreement with the conclusion drawn by A. Synek et al. (Synek et al., 2015) on his study
about the influence of bone homogeneity and anisotropy on the accuracy of the results. They
concluded that whilst anisotropy can be safely assumed, homogeneity can lead to significant errors.
Nevertheless, given that 20 validated studies used a homogeneous bone model and still obtained a
good validation accuracy, the homogeneity assumption is also justified.

What about the loading assumptions?

Most of the reviewed studies (62%) (Lehder, 2018) used a relatively simple loading scenario where
only 1-dimensional or 2-dimensional loading was considered. This also did not seem to affect the
results significantly. Moreover, as discussed, using pure bending is well justified and this has also been
used by other studies (Claes, 2011).

What about the contact assumptions?

Ignoring the Screw-Plate contact and thus assuming these surfaces to be fully merged, was done by
85% of the reviewed studies (Lehder, 2018) without major effects on the validation accuracy. Hence
it is justifiable to do it here. A Locking Compression Plate (LCP) usually has dynamic compression
screws as well as threaded or ‘locked’ screws as shown below. Thus it seems reasonable to suggest
that when a locked screw is modelled, a Tie may be assumed, but when a dynamic screw is modelled



a more realistic contact setting, taking into account friction effects seems more appropriate. This was
not done in the current study but is suggested as a modification to a future study.
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Figure 70: Compression and locked screw types. Images taken from the AO website.

The contact between the bone and the plate was not modelled because it was assumed that these
two parts never come into contact. This was also assumed in another study titled “Validated
computational framework for efficient systematic evaluation of osteoporotic fracture fixation in the
proximal humerus” (Varga et al., 2018) and it caused no significant effects in the validation accuracy.
The reason this assumption was made in the current study is because in reality a contact between the
plate and the bone would greatly affect the results, but then we would not know whether the change
in the output variable is because of the change in the respective input parameter or because of a
contact between the bone and the plate. This is however something that should be taken into account
in a future study.

Regarding the contact between the bone and the screw, 70% of the reviewed studies modelled this
as a Tie (Lehder, 2018). Overall, these studies found that modelling this contact as a Tie did not affect
the validation accuracy significantly and the computation time was much lower. As seen in the contact
settings comparison study presented in this report however, using a Tie constraint for these surfaces
greatly affects the contact pressure results and does not improve the simulation time significantly.
Given that so many studies have assumed a Tie and this did not affect the validation accuracy of the
model, it is clearly justifiable to use a frictionless contact. For details about what a frictionless contact
is in ABAQUS see their guide (Dassault Systemes Simulia, Fallis and Techniques, 2013).

The ‘Tied model’ also briefly discussed in the contact settings comparison section, is a much simpler
model when it comes to the meshing process as the geometry definition. Given that it provides us
with stress distributions that follow the same trend as that of a model with screws, it may be used for
a study that is concerned only with the analysis of the stress peaks at the edges of the plate. However,
given that in this study the interfragmentary strain is also of great importance, it was deemed more
accurate to use a model with screws. Moreover, the advantage that the ‘Tied model’ should have
regarding the computation time was not clear from the presented comparison study (a study that
takes into account the necessary number of elements for each model might be more relevant for this).



Is it really justifiable to do the Mesh study as it was done?

The literature review mentioned (Lehder, 2018) also included some results regarding the mesh
convergence criteria used, it showed that most studies used a stress parameter to define the
convergence criterion. M. Ni et al. (Ni et al., 2016) for instance, carried out a mesh convergence test
by ensuring that the deviations of the maximum Von Mises stress were lower than 2%. This is generally
how a mesh convergence study is carried out, a sort of optimization of the number of elements.
However, as explained in the current study, this is only relevant if exact stress values are desired. The
purpose here is merely to compare the results of various simulations, thus it is only important that the
overall effects of the various parameters are well represented with the output variables, as it is the
case even with a coarse mesh (shown in the figure of the mesh refinement study). Other studies have
also avoided doing such a mesh refinement study for simple geometries (Huiskes and Boeklagen,
1989). This mesh refinement study might seem counterintuitive but it is justifiable for the purpose of
this report.

6.3 Parametric study:
Was the material really the most influential parameter for minimising the peak stresses?

As explained, a parametric study was carried out comparing the influence of various parameters on
the risk of fracture as well as the interfragmentary strain, namely: material, thickness, number of
screws and fillet radius. A special purpose of this section was to find out whether the material
properties of the plate are the most influential to the peak stresses found at the edges of the plate.
The results proved that this was in fact not the case, the material had 27.4% (second most influential
out of the four parameters) of the influence, whilst the parameter with the highest influence was the
thickness of the plate with an influence of 31.6%.

Why is the thickness the most influential parameter?

The stress peaks seen in this report have been previously reported in relation to total hip arthroplasty,
in a chapter titled “Stress Patterns, Failure Modes and Bone Remodelling” (Huiskes, 1988). In the latter
study it is reported that the stress peaks are dependent on the stiffness (as well as stem taper and
cement-layer thickness for the intramedullary stem, but these do not exist in the fracture fixation
plate), which is roughly equal to the product of the young’s modulus multiplied by the inertia.

The figure of a study that was done using the ‘Tied model’ is presented below. It also shows that the
Inertia at the section where the plate is, increases dramatically because of the added inertia of the
plate, I12. This inertia increases proportional with h® where h is the thickness of the plate. Therefore it
makes sense that the thickness of the plate has a larger influence in the peak stresses. A study where
the plate thickness would be segmentally modified would in fact be very interesting, or perhaps one
where both the thickness and the material distributions are optimized simultaneously.

Another aspect that both the figure below as well as the results of the parametric analysis show, is
the fact that reducing the young’s modulus does in fact reduce the peak stresses (more clear from the
results of the model with screws as well as the single value plots) and it does so exponentially, such
that decreasing the young’s modulus from 15 to 5GPa for instance has a much larger influence in
reducing the maximum stress than going from 110 to 100 GPa. Moreover, the figures also show that
the ‘stress shielding’ phenomenon is not only related to the difference in material properties between
the parts but also to the change in geometry at the bone-implant section. This and other matters are
also demonstrated by R. Huiskes through basic mechanical considerations (Huiskes, 1979) for a
simplified model of intramedullary fixation structures (The main effects for the peak stresses also
apply here).
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Figure 71: Von Mises Stress distribution along the path shown with a green thick line. The figure also shows the Inertias of
the bone and plate respectively on the top right corner and the stress at any point along the length y. Moreover it shows
how the Inertia of the middle section (with plate) is higher than the Inertia at the sections were there is no plate. The
model is the ‘Tied model’.

The parameter that most affected the interfragmentary strain (and thus the healing outcome) were
the number of screws (32%) followed by the edge fillet radius (26.4%). This is quite the opposite of
the results seen for the maximum Von Mises Stress effect. In an article written about the risk of
fracture of long bones with locking plates (Nassiri, Macdonald and O ‘byrne, 2013) the use of different
number of screws was also analysed. In that study the load used was a force along the longitudinal
axis of the bone rather than a moment, but otherwise the conditions were very similar to this study,
using a simple tube to represent the bone, a simplified plate, as well as simple cylinders to represent
the screws. They found that by omitting the two inner most screws the construct became more flexible
in compression by about 39%, they found this was the most influential parameter. Thus agreeing with
the results of the current study. The recommendation, validated by clinical studies, is that there are a
minimum of three screws on either bone fragment.

The mentioned article (Nassiri, Macdonald and O 'byrne, 2013) also investigated the effect that other
parameters have on the interfragmentary strain. They found that the plate length is of great
importance too, a long plate causes a more flexible fixation. They also investigated the variation in the
distance between the plate and the bone and found that by increasing this distance from 1 to 5mm
the axial stiffness decreased by 27%. However, this was found to also significantly increase the risk of
fracture and hence they recommend a distance of 2mm between the plate and the bone. The fracture
angle was also analysed and it was observed that increasing it from O degrees to 5 degrees in the
lateral axis, the construct stability decreased by 19%.

6.4 Optimisation:

6.4.1 Output variables selection and young’s modulus distribution along plate:
Was the Von Mises Stress really the best Objective function to use?



As explained, the maximum Von Mises Stress was chosen to be the Objective function because it takes
into consideration all other shear and normal stress values and hence can be considered as a good
representation of the overall stress state of the bone at any location. The presented graph supports
this argument. Four other fracture fixation optimisation processes through the use of the Finite
Element method were reviewed. One used the axial stiffness as the objective function (Samiezadeh,
Tavakkoli and Fawaz, 2015) and aimed to optimise the organization of plies in a composite plate.
Another one used the signal-to-noise ratio of the factor of safety in order to optimise the combination
of four parameters of the fixation plate (material, thickness, number of screws and screw angle). The
third used the bending stiffness as an objective function (Chakladar, Harper and Parsons, 2016) in
order to optimize the width/thickness ratio of the plate.

The last one used the strain-energy density (SED) (Huiskes and Boeklagen, 1989) as the objective
function. This can be thought of as the area under a graph of stress against strain, thus for a linear
relationship, it is equal to half the product of stress and strain. Although these represent local tensors
describing the entire local stress and strain states as explained by R. Huiskes, H. Weinans et al. (Huiskes
et al., 1987). Hence, this objective function could be better for some cases where both the strain and
the stress should be taken into consideration (although if one is assuming a linear relationship
between them, calculating one is enough to predict the other by knowing the young’s modulus E).

Was the Interfragmentary Strain (IFS) the best measure to predict the healing outcome?

As mentioned already, L. Claes et al. (Claes and Heigele, 1999) used the interfragmentary strain as well
as the hydrostatic pressure to determine ranges for which intramembranous ossification,
endochondral ossification or connective tissue would be stimulated. Thus, for a more thorough study,
both the strain as well as the hydrostatic pressure should be taken into account. Although the
hydrostatic pressure and the interfragmentary strain are related, in the article they make a distinction
to argue that while compressive hydrostatic pressure is beneficial, tensile would not be. On the other
hand, as can be seen on the presented figure, it is suggested that for the strain it is not important
whether it is positive or negative, it stimulates the same reaction. Furthermore they specify that “in
this special formulation the displacement and hydrostatic pressure, normally computed from the
displacement field, are calculated by separate interpolations using ANSYS” (Claes and Heigele, 1999).
Axial stiffness may also be used as a criterium as explained in the methodology.

In the study by E. Lehder (Lehder, 2018) it was shown that out of the 21 reviewed articles about the
validated finite element analysis of a fracture fixation construct, 14 used the Von Mises stress as the
criterion for failure and 7 used the Interfragmentary Motion (IFM) as a criterion for healing outcome.

Is it theoretically possible to control the distribution of material properties in the plate by defining the
properties of each element differently?

As explained in the relevant section, if one attempts to control the properties of each element of the
plate individually, the number of possible combinations would be immense (given that a moderate
amount of elements is needed for a model which is accurate enough). However, when using a
gradient-based optimization technique a continuous space is usually defined such that the number of
possible combinations is not really relevant because only the range and the function defining the space
in that range is required. Such a technique is used in the paper by R. Huiskes et al. (Huiskes and
Boeklagen, 1989) and this is how one can get around the dimensionality issue of the solution space
when using such a fine young’s modulus distribution. In future studies it is suggested that this
technique be used in order to optimize the implant.



6.4.2 Finding the optimal distribution
What conclusions can be drawn from the 2D optimisation?

Such an optimization as the one carried out here by dividing the plate along its length into three
sections has not been done by any other study, to our knowledge. It is very informative as it shows us
how both the Von Mises Stress as well as the IFS react to varying the material properties of the inside
and outside sections of the plate. This simple optimisation proves that the main idea proposed in the
hypothesis is correct: By modifying the young’s modulus distribution along the length of the implant,
the peak stresses can be minimised while ensuring that the IFS is acceptable for proper healing. The
plot of Von Mises Stress along the length of the bone which compares the young’s modulus
distribution of a fully titanium plate (which yielded the highest probability of bone failure) to the
distribution of the optimal plate according to this 2D optimisation, shows quite nicely again how the
stress peaks at the outer-most screws are reduced with the optimal combination (very low young’s
modulus at the ends of 3 GPa and a relatively high inner young’s modulus of 74.7 GPa).

This plot also shows that as the young’s modulus at the edges is reduced, the outer peaks are also
reduced, but the inner peaks are increased (not enough yet to become higher than the outer ones).
The intuition that helps explain this is that reducing the young’s modulus and thus density of the outer
sections so much is almost like getting rid of those sections, thus reducing the length of the plate to a
third. Therefore, one could argue that the peaks are always most pronounced at the edges of the
plate, but the edges are gradually changing location. Moreover, it is quite clear from that same plot
that there is a reduction in the ‘stress shielding’ experienced by the bone.

If one looks carefully at the 3D plot of the maximum stress results, it is clear that as one goes from the
position where the young’s modulus of the outer and inner sections is 110 GPa all the way, along the
diagonal, down to the global minimum, this is effectively reducing the young’s modulus of the whole
plate gradually from 110 to 3GPa. Secondly, if we start again at the position where the whole plate is
made of titanium (110 GPa) and go along the vertical all the way down to where the young’s modulus
of the inner section is 110 GPa and that of the outer edges is 3GPa we are effectively reducing only
the young’s modulus of the outer edges all the way to the minimum. Lastly, if we again begin at this
top-right corner on the graph and follow a horizontal path leftwards to the combination where E1 is
110 GPa but E2 (inner material) is 3 GPa, we are effectively reducing the young’s modulus of the inner
section only, all the way to the minimum.

A plot comparing these three cases is presented further below and shows very clearly that whilst
reducing the young’s modulus of the outer edges reduces the peak stresses in a similar fashion to
when the young’s modulus of the whole plate is reduced, reducing the young’s modulus of only the
inner section has a much less significant effect. This allows us to conclude that modifying the outer
sections of the plate is much more influential to reducing the peak stresses. The argument is further
backed up by the distribution plot shown. Having the inner part of the plate be very porous can
perhaps be thought of as having two very rigid plates attached by an elastic middle part. This is why,
as shown both in the 3D plot and by a 2D plot comparison, reducing the young’s modulus of the inner
section has a higher influence in decreasing the axial rigidity of the construct and thus increasing the
IFS.

What conclusions can be drawn from the 4D investigation?

This analysis was carried out in order to get further insights into how different sections of the plate
affect the maximum Von Mises stress in the bone as well as the interfragmentary strain (IFS). The
results quite nicely show that the most influential sections of the plate to minimise the maximum Von



Mises Stress are in fact the outer-most regions of the plate, even if these regions are a very small
portion of the plate. This argument is further supported by a study done with the ‘Tied model’, the
results for which are presented below. The plate was divided into three sections once again but now
the length of the outer-most regions was reduced from 50 to Omm, and it can be seen clearly that
even with outer-most regions of 10mm (6.7% of the total length of the plate), the reduction in the
peak stresses is still very significant.
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Figure 72: Figure showing how the Von Mises Stress distribution varies along a path on the top surface of the bone (the
same shown in the previous figure) for different d values, where d is the distance from the end of the plate to where one of
the two partitions is made. As shown, the plate is made of three parts, the inner part having a young’s modulus of 110 GPa

and the outer parts having a young’s modulus of 3GPa.

For the interfragmentary strain, it appears that the section with the highest influence was the second
from the outside to the inside. This goes somewhat against the intuition that was developed from the
2D optimization about the inner section being the most influential to increasing the IFS, but it was
noted there too that the difference between the effect of the inner and outer sections on the IFS was
not too significant. This is also the case here, all sections have a similar influence. Perhaps a more
thorough study (more levels used for instance) is needed to draw a suitable conclusion about the
effect of different sections of the plate on the IFS.

What conclusions can be drawn about the 10D optimisation?

As explained, for the 10D optimisation (called 10D because a 10-dimensional discrete space of possible
combinations was initially considered, by dividing the plate into 10 mirrored segments) a constraint
was used to neglect all combinations which did not have a higher young’s modulus at all outer sections
than their preceding inner sections. This constraint was derived from the results acquired from the
previous optimizations, which show that it is the outer sections which really influence most the stress
peaks. This constraint reduced the allowed number of combinations to a mere 1001 (0.01% of all the
combinations). Thus, it made it possible to validate an optimisation procedure by computing the
results of all these 1001 combinations and finding the optimum graphically. The genetic algorithm
used did in fact find the same optimum as we did graphically.

However, it was noted that the initial optimal distribution found with the 10D optimisation did not
provide as promising results as did the simple 2D optimisation. This was due to the low number of
intervals used. Even though the total number of combinations for the 2D optimisation was only 100,
it used 10 intervals of young’s modulus from 3 to 110 GPa, whilst the initial 10D optimisation only



used 5. This is useful to understand that the number of intervals is crucial to ensure a good result.
Moreover, constraining the 10D space as was done, to keeping the outer six sections of either side of
the plate at 3GPa and constraining the inner sections to vary in 10 steps between 60 and 80 GPa
allowed for a better young’s modulus distribution to be found. This ensured a maximum Von Mises
Stress which was about 2MPa lower than that found with the 2D optimization.

What conclusion can be drawn from the ABAQUS optimization?

The ABAQUS topology optimization worked very differently than the other routines discussed here,
as it did not only optimize the material distribution along the length of the implant but rather in all
directions because it was optimizing the density of the elements. Moreover, the routine was supplied
with a different constraint, the total strain energy. The minimum found with this routine was in fact
quite promising, although the fact that the distribution of the density along the implant was not
symmetrical about the longitudinal centre puts in doubt the validity of the results. This routine was
also the fastest, since it took only 26 iterations. It is thus suggested that in future studies, a more
thorough understanding of this optimization module is developed, such that a better result can be
achieved.

7 Conclusion:

Referring directly the hypothesis presented at the beginning of the report, it can firstly be concluded
that there are in fact stress peaks at the edges of the plate, so this is most likely why bone fractures
are seen at these regions in patients with a fracture fixation plate. Secondly it can be concluded that
the material was not found to be the most influential parameter in lowering the peak stresses in the
bone, but rather the second most influential (the thickness of the bone was found to be more
influential). Nevertheless, as shown through a plot of maximum Von Mises stress against decreasing
young’s modulus of the plate, the young’s modulus of the plate can very significantly reduce the peak
stresses (But never make them disappear as they are also related to the change in geometry!). Thirdly,
it can be concluded that as proven in various sections of the report (most clearly by the 2D
optimisation), by modifying the distribution of the young’s modulus of the plate along its length, the
peak stresses can in fact be minimised while keeping the fracture stable enough during the healing
process (subject to the validity of the relevant assumptions made).

Two questions were brought up in the introduction section. (1) To answer the first, it can be concluded
that bones that have been implanted with a fracture fixation plate may be prevented from fracturing
at the edges of the plate if the young’s modulus is modified, as hypothesized. However, they may be
more significantly affected by optimizing both the material and the thickness of the implant
simultaneously. (2) It can also be concluded that in order to allow the bone to heal properly during
the phase when there is a fracture, and still achieve minimal stress peaks at the edges of the plate, an
optimized stiffness-graded fracture fixation plate may be used. The optimisation should be carried out
using an appropriate objective function and a suitable healing constraint; such as those used here.
Regarding the optimisation algorithm chosen, although the 2D and 10D optimisations carried out here
did in fact optimize the plate for the given solution space (reduced the maximum stress to 47.8%), it
is believed that if a gradient-based optimization algorithm is employed, such as that used by R. Huiskes
and R. Boeklagen (Huiskes and Boeklagen, 1989), an even better distribution of young’s modulus along
the plate could be found.



8 Appendices:

8.1 Appendix A: Further parametric study

In order to more clearly represent the effect of the analysed parameters on the chosen output
variables, some further results were computed by varying only one parameter at a time, and the
results are presented below. Since the objective was to compare the relationship that each of the

parameters has with the output variables, it was chosen to give each of them a few levels by
deducting taking 50% of the initial value, then 25% and finally 12.5%. For the Fillet radius

however(*), the levels were set in the reverse order as can be seen, and a case with no fillet was

added since this is what was used in the optimisation.

Table 20: Table showing the values of each parameter per level. The first three parameters from left to right are decreased
in halves as can be observed, but the Filler radius (¥*) is increased instead.

Plate Young's Plate Thickness Screws Fillet
Level | Percentage*(%) | Modulus (Gpa) (mm) (#) radius(mm)
4 100 110.0 4.0 8 0
3 50 55 2.0 4 1
2 25 27.5 1.0 2 2
1 12.5 13.75 0.5 4

Initially only one value plots were made using the results shown in the tables below for both the
maximum Von Mises Stress and the maximum Interfragmentary Strain (IFS).

Table 21: Maximum Von Mises Stress in the bone for each of the levels of the parameters under analysis.

Max Von Mises Stress (Mpa)
Level | Percentage*(%) | Plate Young's Modulus | Plate Thickness | Screws | Fillet
4 100 138.8 138.8 138.8 | 138.8
3 50 125.2 127.7 143.6 | 133.2
2 25 102.6 105.6 170.2 | 129.3
1 12.5 80.55 77.8 125.1

Table 22: Maximum Interfragmentary strain (IFS) in the fracture gap for each of the levels of the parameters under

analysis.
Max IFS (%)
Level | Percentage*(%) | Plate Young's Modulus | Plate Thickness | Screws | Fillet
4 100 0.8275 0.8275 | 0.8275 | 0.8275
3 50 0.8820 0.8731 | 0.8999 | 0.8817
2 25 0.9179 0.9213 | 0.9517 | 0.9313
1 12.5 0.9459 0.9583 0.9700

As can be observed from the graph below, reducing the number of screws causes the maximum Von
Mises Stress to increase drastically, as can be expected given that now all the contact loads are
concentrated in the outer screws. Varying the Fillet radius had a minimal effect on the maximum
Von Mises Stress, as also predicted with the Taguchi analysis.
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Figure 73: Plot of the results presented about the Maximum Von Mises Stress of the different parameters.

From the figure below one can see that the IFS increases most with reducing the number of screws.
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Figure 74: Maximum interfragmentary strain plot for the different parameters analysed.

Moreover, a distribution plot was made for the case of the screws, given the large impact it was
shown to have in the maximum Von Mises Stress. As can be seen again in the figure below, the
maximum stress is most largely affected by the change from two to one screw. Also notable is the
fact that the inner peaks do not change in size between successive cases, they only disappear if the
screw is no longer there. Lastly, it can be noted that as one reduces the number of screws, there is a
lower amount of stress shielding.
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