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Abstract
The pelvis is a key part of the human musculoskeletal system and serious fracture can greatly
incapacitate patients. A greater understanding of the structural mechanics of the pelvis during
bone recovery is therefore required in order to help contribute to this issue. This research
aimed to address the subject of prolonged patient immobilisation in patients with unstable
pelvic fractures through the development of our current understanding of the structural
mechanics of a fixated pelvis during the process of bone recovery. This was achieved through
the assessment of the structural mechanics of the pelvis during bone recovery.
In order to understand the structural mechanics of the pelvis, FEA was employed for
the assessment of pelvic stresses and strains. An FE model was thus developed based on
methods and parameters commonly employed in relevant literature. The FE model was based
on an accurate saw bone model of the pelvis, which was also employed for validation of the
FE model. The FE model was developed to be subject specific to the physical model through
analysis and implementation of data obtained from a laser topography model and CT images
of the saw bone specimen. Using the aforementioned data, a model was created with a
variable thickness cortical shell surrounding the inner 3D cancellous bone core of the pelvis.
Validation studies were conducted on the FE model through the comparison of FE
results with results obtained through the experimental testing (static loading of the pelvis to a
single body weight) of the saw bone specimen using an Instron machine. This specimen was
subsequently assessed after fixation using a multi-axial spinal fixation, imposition of a Denis
I fracture and inducing of stiffness recovery at the fracture site (experimentally using a curing
adhesive). Post validation, FE studies were conducted to account for a number of factors
which play a key role in the facilitation and assessment of the potential for early mobilisation.
To ensure that these findings were similarly applicable in situations representative of the
actual mobilisation process, a subsequent study focused on the assessment of non-static real
xiv

world mobilisation activities, particularly gait. Gait loading patterns were applied to the
validated FE model of the pelvis and a similar assessment conducted on peak pelvic and
fixation stresses. Further studies targeted inclusion of key ligaments and cartilage in the FE
model of the pelvis, with assessment of the model focused on the impact of ligament avulsion
as often occurs during pelvic fractures. The final study attempted to analyse the effectiveness
of a number of different fixation systems in facilitating early mobilisation on a Denis I
fractured pelvis.
Results from the validation study showed good agreement between experimental tests
and FE analyses. Assessment of pelvic and fixation stresses during gait indicated significant
potential for early mobilisation, with pelvic stresses converging towards levels in the
undamaged pelvis once “recovering bone” at the site of fracture had restored to a fraction of
its original property. Further assessment of the peak strains in the recovering bone at the site
of fracture also indicated that strains were below the required threshold for healing to
continue under such loading, thus showing further potential for the early mobilisation of
patients at early stages of healing. Assessment of the FE model with modelled ligaments and
cartilage highlighted that these results were similarly applicable when taking into account the
worst case scenario where major pelvic ligaments are severed. Finally, analysis of a number
of different fixation systems highlighted significant differences in the ability of fixations to
facilitate mobilisation. Consideration of bone-fixation interface strains indicated fixation
loosening to be a key criteria of concern during early mobilisation, with iliosacral screw type
fixations showing high risk of fixation loosening. In comparison, the posterior tension band
fixation and the multi-axial spinal fixation were found to potentially allow for the early
mobilisation of patients with Denis I fractures to the pelvis.
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Chapter 1

Introduction
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1 Introduction
The importance of the pelvis in the musculoskeletal system of the human being is highlighted
by its two major roles. It facilitates load transfer between upper and lower body, and in
conjunction with the muscles and ligaments around its ring structure, it also acts to stabilise
the body during the course of daily activities. Due to its critical function in the human body,
any subsequent injuries to the pelvis can be considered serious and thus cause considerable
health issues. As a result, severe injuries that result in unstable fractures to the pelvis or
pelvic ring, often leads to significant morbidity and even mortality [1, 2].
Unstable pelvic injuries and fractures are becoming increasingly common partly due
to the greater incidence of high impact trauma. These include trauma involving motor
vehicles, falls and crush injuries which are the most common causes of these pelvic fractures.
[1, 3-5] A population based study was conducted by Balogh et al. [6] on the epidemiology of
pelvic ring fractures in the Hunter region in Australia. This study had found that pelvic ring
fractures occur in 23 per 100,000 persons per year. However, while the number of cases of
pelvic fractures is relatively low, the seriousness of these injuries and resources required to
address these types of injuries are significant.
The seriousness of these injuries become evident when considering the mortality rate
ranging from 10% to 50% depending on the severity of fracture [1]. Those patients that do
recover from these injuries tend to endure lengthy periods of hospitalisation and
immobilisation post-surgery [7]. This is because patients with unstable fractures require
fixation in order to stabilise the pelvis, and facilitate healing. The healing process in these
cases are typically lengthy, with fractures involving complete disruption of the pelvic ring
typically requiring immobilisation during a period of eight to 12 weeks after fixation, before
2

full weight-bearing is allowed [8-10]. This long period of inactivity typically causes
significant declines in muscle mass, strength and function in patients [11]. As a result,
subsequent mobilisation of the patient involves significant periods of rehabilitation involving
slow introduction of muscle strengthening, restricted weight bearing and gait training, after
which the patient is eventually allowed to resume regular activity [8, 12]. It is therefore
evident that fracture of the pelvis has a noticeable impact on patients, who have to endure
long periods of immobilisation and rehabilitation post-surgery.
Patient mobilisation times in cases of such pelvic fractures are largely anecdotal in
their determination, and are chiefly based on the orthopaedic surgeon’s assessment of the
fracture healing. There are a number of significant factors in this assessment including the
patient’s age, bone quality, type of fracture, nutrition, disease and fracture stabilisation [13,
14]. Due to the inexact nature of the assessment and the numerous considerations, very
general guidelines are provided based on clinical experience and practice. Additionally, when
taking into account the difficulties in using currently available methods to monitor the exact
progress of bone healing [15], it becomes difficult to accurately identify potential
mobilisation times for the patient. Thus, due to the absence of clear guidelines in the
assessment of fracture healing, and the imprecise methods available for assessing union
surgeons tend to take a cautious approach to fracture healing in orthopaedic surgery [16].
This is because of the potential seriousness of the injury and consequences involved resulting
from an incorrect assessment.
In contrast to the current situation, if the point of mobilisation can be more precisely
identified, it could lead to earlier or targeted mobilisation of patients. The benefits associated
with mobilisation of patients earlier during recovery, are becoming increasingly clear. These
include improved healing [17], and overall improved patient outcomes [18] resulting in
3

shorter hospital stays, as well as associated economic benefits [19]. Thus, in order to assess
the potential of early mobilisation, further understanding needs to be developed on the
recovery process in the fixated pelvis.
Such an understanding of the pelvis could be developed through the structural
analysis of the pelvic structure. This analysis would ideally provide an insight into the
structural behaviour by identifying load transfer mechanisms within the pelvis, and
mechanics of the structure while bone recovers at the fracture. Thus by understanding the
change in the structural mechanics of the fixated pelvis during its recovery, the potential in
early mobilisation can be identified and assessed. Additionally, this analysis could also be
utilised to identify areas of concern or improvements to patient’s fixation and recovery
process.
In order to study the structural mechanics of the pelvis, the strains need to be collected
from a representative pelvic specimen or model under particular loading conditions. There
are a number of alternative methods and models, which could be employed for such a study.
Methods typically employed in biomechanical studies include actual in-vivo testing (on a live
patient), using cadaveric bone specimen, utilising modern composite bones and employing
computational methods and models such as Finite Element Analysis (FEA). Each of these
methods has numerous advantages and disadvantages, and ideally the method best suited to
this study would be capable of easily assessing stress and strains throughout a representative
model of the pelvis. Hence, these alternative methods are briefly explored below in order to
determine which method is most appropriate and best utilised for this research project.
Due to the nature of the human pelvis it is very difficult to physically assess strains
and stresses on a patient in-vivo. While there have been a number of studies conducted on in4

vivo strain measurement on the human bone, most studies typically focus on easily accessible
bones such as the femur or tibia [20, 21]. In contrast, the pelvis with its complex network of
surrounding soft tissues, muscles and ligaments is not easily accessible. As a consequence,
strain gauge instrumentation of the bone becomes very difficult. Thus, in order to analyse the
structural mechanics of the pelvis post-fixation, an alternative method of assessment is
required.
One alternative to in-vivo testing of the human pelvis is to utilise cadaveric bones for
instrumentation, testing and analysis. Cadaveric bones have for a long time been used and are
widely still being employed in medical research. While their use had traditionally been
limited to testing surgical procedures and devices, they are currently used for biomechanical
testing and structural assessment. Unfortunately, they pose a number of issues when
employed for these purposes. The most significant is the variation in bone strength and
quality from person to person [22-24]. This poses a major problem particularly in cases
where multiple specimens are required and those in which specimens are destructively tested.
In such cases, a large number of sample specimens are required to ensure statistical
significance. In addition, there are many issues to consider when dealing with cadaveric
bones such as the availability and cost of obtaining these bones, and subsequent handling,
preparation and storage requirements. [22, 23]
While human cadaveric bones were the preferred choice of test specimen in many
earlier studies, the utilisation of composite saw bones is becoming increasingly common as
replacement for actual human bones. Modern composite bones are very similar in their
mechanical properties to the human bone and provide numerous others benefits. The fourth
generation of composite saw bone specimens in particular are found to have similar material
bone properties to that of fresh frozen human cadaveric bones [25, 26]. These composite saw
5

bones address many of the issues present with cadaveric bones as mentioned earlier. They
also provide additional advantages such as the ease in production of multiple sawbones with
similar properties and the relatively low inter-specimen variability between saw bones which
are manufactured to the same specifications (as compared to a collection of cadaveric bones)
[26]. However, due to limitations of experimental method, it is difficult to perform full
assessment of structural mechanics throughout the pelvis (and hence obtain full pelvic stress
distribution).
Thus a numerical technique such as FEA is required to obtain insight into the stress
and strain distributions throughout the pelvic structure as a whole. FEA is a key tool for
structural assessment and is widely used in the study of biomechanics. Dalstra et al. [27] in
their study on the FE analysis of the pelvis, found that a properly developed and validated FE
model “has the basic ability to describe the stress and strain distributions in the pelvic bone
realistically.” Many studies have therefore utilised FEA to conduct analyses on the pelvis,
parts of the pelvis and pelvic fixations due to its numerous advantages as listed previously.
Thus, a validated FE model could be employed to assess the structural mechanics of the
pelvis during recovery from a pelvic fracture.
Another key benefit in utilising FEA is the potential in subject specific modelling of a
patient’s affected musculoskeletal structure in the case of fractures. FEA is the ideal way of
conducting non-invasive and non-destructive subject-specific analysis before and after
fixation of a patient’s pelvis. Hence issues such as optimisation of fixations and mobilisation
of patients can be more particularly tailored to the patients and the condition of the pelvis,
without having to interfere with patients (who are largely vulnerable after sustaining severe
unstable fractures). Considering these factors, FEA is the simplest way to conduct patient
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specific assessments. The use of FEA can therefore facilitate greater understanding of the
pelvis in such situations.
Although a lot of issues have been studied in detail using FEA, an investigation into
current studies on the pelvis highlights that a majority of these studies have focused on
research in a few particular areas. These areas of study typically include research into the
development and analysis of a FE model of the pelvis [27-34], patient specific modelling [28,
31, 33], analysis and design of fixations [35-37], and assessment of pelvic impacts and
fractures [38-41].
While there has been notable research into the impact, fracture and fixation of the
pelvis, it is evident there is a knowledge gap in understanding the changes that occur in the
structural mechanics of a fixated pelvis during the process of bone recovery. Hence,
addressing this knowledge gap would not only be beneficial for the purposes of research and
scientific knowledge, it would also attempt to provide an insight into the previously
mentioned issue of prolonged immobilisation for patients with unstable pelvic fractures.
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1.1 Research Goals
The ultimate goal of this research is therefore to address the subject of prolonged patient
immobilisation, particularly after surgical fixation of unstable pelvic fractures. In addressing
the above issue, this research seeks to consequently fill the aforementioned gap in knowledge
in order to develop an understanding of the structural mechanics of a fixated pelvis during the
process of bone recovery. There are many associated benefits in solving the issue of
prolonged patient immobilisation as discussed earlier. Such benefits are not only limited to
the patients, but flow on the support networks and hospitals around them. Thus it is essential
that resources are devoted into the research of this subject.
This research therefore intends to explore a number of issues that would contribute to
determining whether there are any potential solutions to the subject at hand. In order to meet
the larger objective, this research therefore aims to:


Find potential avenues of improvement in the fixation and recovery process of
these patients through assessment of its structural mechanics.



Assess and explore the possibility of earlier or targeted mobilisation of patients
with unstable sacral fractures.



Analyse the impacts of undertaking mobilisation related activities (such as gait)
during the process of recovery and in the context of earlier or targeted
mobilisation of patients.



Assess the impacts that ligaments have on the structure of the pelvis.



Consequently assess the impact of ligament avulsion on the structural mechanics
within the pelvis during bone recovery at the fracture site and while undertaking
the aforementioned activities.
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Survey the various fixations employed in stabilisation of such fractures and
identify the fixations best suited to the stabilisation, recovery and targeted
mobilisation of the pelvis.

The aims listed above, will be achieved by investigating the changes in the structural
mechanics of the fixated pelvis as bone at the fracture site recovers. Thus, in order to meet
these goals and aims, this research intends to employ FEA to conduct structural assessment of
the Denis I fractured and fixated pelvis. Denis I fractures are a classification of sacral
fractures which are associated with pelvic ring fractures leading to instability. A Finite
Element model of the human pelvis will be developed for the purpose of the analysis, and
will be validated by comparison of stresses collected from the FE simulations, to those
collected from gauges on a similar experimental setup involving composite bone specimens.
Subsequent assessment of the pelvis will involve analysis of stresses and strains throughout
the pelvis and fixation during the process of bone recovery at the site of fracture. This
analysis also aims to assess this process with consideration given to activity undertaken when
patients are mobilised.
Ligamentous structures will subsequently be implemented in the FE model, and
changes resulting from the presence or absence of particular ligaments will be assessed
during this recovery process. Finally, a number of fixations will be modelled and analysed to
assess their impact on the pelvic stresses, strains and displacements in order to identify the
effectiveness of these fixations in stabilising the pelvis and redistributing loads through the
pelvis.
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1.2 Thesis Structure
This thesis has been structured to present the knowledge required and the work completed in
a methodical manner, so that individual chapters are supplemented by the earlier chapters and
can be understood in context of the larger body of research.
Chapter 2 provides background information to the research, and serves as a
knowledge base for the work covered in the remaining chapters of the thesis. In this chapter,
the pelvis and its structure are introduced to the reader. Subsequently, fracture of the pelvis is
covered with details provided on the typical surgical procedures employed to stabilise this
type of fracture. Collections of FE literature in biomechanics and in particular the pelvis are
then investigated in this chapter. This investigation aims to provide some background into the
methods employed in literature to develop, validate and analyse FE models of the pelvis.
Chapter 3 presents the experimental methodology utilised in this research to firstly
validate the findings of our FE model and secondly to study the effects of fracture recovery
on the structural mechanics of the pelvis.
Chapter 4 in this thesis details the methodology behind the development of the FE
model and other details related to the setup of FE simulations for each of the studies that are
conducted in the latter chapters.
Chapter 5 in this thesis covers the validation of the FE model through experimental
tests. This chapter also examines the changes in the structural mechanics of the pelvis at
different stages of bone recovery, both experimentally and in the FE model. Using these
results, it suggests possible practical implications of these findings.
The study on the bone recovery process is further expanded on in Chapter 6, where
the impact of gait on the structure of the pelvis is investigated. In this study, stresses within
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the whole pelvis are assessed at different stages of recovery in order to identify changes in the
structural mechanics of the pelvis. This study is further expanded to include assessment of
failure criteria and continued healing in order to determine the potential for early mobilisation
of a patient with such fractures.
Chapter 7 builds on the study in the previous chapters by developing an improved
model with ligaments and cartilage. This chapter therefore reassess the pelvis during gait
throughout different stages of the bone recovery process and attempts to highlight the impact
of incorporating ligaments into the FE model. This study also attempts to determine if the
disruption of certain ligaments results in any noticeable effects on the structural mechanics of
the pelvis throughout different stages of bone recovery.
The final study of this thesis is covered in Chapter 8, which assesses the impact of
five combinations of surgical fixations on a Denis I fractured pelvis through comparative
assessment of these fixations and fixation combinations. This assessment applies the criteria
previously employed in the chapters earlier in order to determine the effectiveness of these
fixations in stabilising the pelvis. This chapter also determines and presents the relative
potential of each fixation in facilitating early mobilisation of the pelvis after its fracture.
The conclusion for this thesis is presented in Chapter 9, where all the relevant
findings from the studies in this thesis are covered. The knowledge contributed to the field of
biomechanics is highlighted in this chapter with consideration given to the possible practical
implications of these findings. Limitations of this research are subsequently presented in this
chapter and potential improvements suggested for any future studies attempting to build on
the research presented in this thesis.
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Chapter 2

Background & Literature Review
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2 Background & Literature Review
2.1 Introduction
The pelvis in the human being is a key structure in the musculoskeletal system, which plays a
critical role in enabling load transfer throughout the human body as well as in stabilising it. It
rests above and is attached to the lower limbs of the body. The pelvis is also connected to the
axial skeleton above it, which forms the central axis of the human body, supporting any
weight from the upper body. It therefore acts as a gateway in transmitting the weight of the
upper body to the lower limbs. [42, 43]
The pelvic structure consists of four bones, the two hip bones laterally, the sacrum at
the posterior and coccyx, which is connected inferiorly to the sacrum as shown in Figure 2-1.

Figure 2-1. The anatomy of the pelvis. By L. C. Y. Wong, 2012. Used with permission. [15]
These bones are of a “sandwich” construction, where majority of the bone comprises
of a low density cancellous bone, which is in place to retain and support the shape of the
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strong and highly rigid surrounding shell. This high strength and rigid shell is known as the
cortical bone, which is generally quite thin but varies in thickness throughout the pelvis [44].
A cross section of the human pelvis obtained via a CT scan is shown in Figure 2-2 below.
The image has been processed to reduce noise and retain the bones. This image highlights the
thin but variable in thickness cortical bone on the pelvis with bright pixels. The cancellous
bone due to its lower density is represented by darker (grey) pixels. Sandwich configurations
are often used for high strength applications where low weight structures are required. In
such cases the stronger shell material supports the majority of the load. Similarly, the cortical
bone within the pelvis carries a majority of the loads imposed on it [28, 45].

Figure 2-2. CT scan of the pelvis highlighting cortical and cancellous bone structure.
When loads are applied on the pelvis, there are two major junctions responsible for
keeping the major pelvic bones together and the structure intact. The sacroiliac joints are
made up of strong ligaments, which are responsible for linking the sacrum laterally to the
ilium of the hip bones. The two hip bones themselves are joined anteriorly by the pubic
symphysis, which is a cartilaginous joint primarily responsible for resisting tensile,
compressive and shear forces during activities such as walking.
The pelvic structure is connected to the upper and lower extremities of the body
through two major joints in the musculoskeletal structure. The sacrum, which is often
considered to be the base of the spine and a central part of the pelvis, connects to the upper
body structure through the lumbosacral joint. This joint links the fifth lumbar vertebra (which
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is at the base of the lumbar spine) to the lumbosacral junction. Inferiorly, the hip bones on the
pelvis are supported at the acetabulum by the hip joint, which serves as a connection between
the acetabulum of the pelvis and the femoral head.

2.1.1 The pelvic ring, ligaments and joints.
The stability and load transfer mechanisms of the pelvis is largely dependent on the pelvic
ring. Hence, the pelvic ring is of critical importance not only for stability, but also for proper
load transfer throughout the musculoskeletal system and protection of vulnerable organs
within. [3, 8, 42, 46] Its ring structure is formed by three bones, the two hip bones and the
sacrum. This ring structure is held together by a number of important ligaments. The
sacroiliac (SI) joints and the pubic symphysis as mentioned earlier are the two joints /
ligamentous structures that complete the pelvic ring by securing the three bones together in a
ring. These ligaments are considered as stable anatomic structures with very slight movement
in the joints (almost rigid) [3].
Sacroiliac Joints
The SI joints in the pelvis are a form of strong synovial joints located between the
sacrum and the ilium of the hemi-pelvis, the primary function of which is to bear the weight
of the torso by supporting the sacrum [47]. It is therefore imperative that the sacrum is firmly
set in place by these joints within the pelvic ring under any sort of load. This is achieved by a
combination of interlocking shapes of the sacral and iliac bones, and the strong ligamentous
structures around it which keeps the bones locked in place. When subject to body weight, the
natural oblique setting of the pelvis stops the sacrum from falling downwards and holds it in
place, but without support, the sacrum would tend to tilt forwards and fall out of place.
Hence, the ligaments of the SI joint are essential to locking the ilium of the hip bones to the
sacrum. [48]
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There are three ligaments of concern in the SI joint, the most important of which is
the interosseous SI ligament. This strong ligament is densely packed with thick and short
collagen fibres which connect the posterior ligamentous surfaces of the ilium and sacrum, and
fill the gap between the sacrum and ilium dorsal to the joint cavity [48]. A coronal section of
the sacrum is shown in Figure 2-3, with the interosseous ligaments occupying the gap
between the sacrum and the ilium.

Figure 2-3. Cross section of the middle segment of the sacrum (Coronal plane). From
Anatomy of the Human Body, 1918. [49]
The second ligament of concern at the SI joint is the posterior SI ligament, which is
located behind the interosseous ligament. The fibres of these ligaments are strong but
typically of different lengths. The fibres on the sacral side of the joint originate from the
intermediate and lateral crests of the sacrum. These fibres extend all the way to the posterior
superior iliac spine and inner posterior side of the iliac crest as shown in Figure 2-4. [48]
The third ligament completing the SI joint is the anterior SI ligament, which covers
the anterior (or front) of the joint as shown in Figure 2-5. Fibres of this ligament are typically
long and extend transversely from the sacral ala and anterior of the sacrum to the surface of
the ilium. The layer of fibres forming this ligament is typically thin, and contributes to the
stiffness of the SI joint to a lesser degree in comparison to the posterior and interosseous SI
ligaments. [47, 48]
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As mentioned earlier, the combination of these ligaments and the structure of the bone
locks the sacrum into place within the pelvic ring, thus resulting in small but limited
movement at the SI joint. [47]

Figure 2-4. Ligaments on the posterior of the pelvis. From Anatomy of the Human Body,
1918. [49]
Cartilage is present on both the iliac and sacral surfaces of the SI joint in order to
assist with transmission of loads between surfaces. Sacral articular cartilage typically has
thicknesses of 1 – 3 mm, whereas the iliac cartilage is known to be less than 1 mm thick. [48]
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Figure 2-5. Major ligaments on the pelvis. From Anatomy of the Human Body, 1918. [49]
Symphysis Pubis
The symphysis pubis is the joint connecting the two pubic bones medially at the
anterior of the pelvis. It acts to maintain the structural integrity of the pelvic ring while also
providing joint stability by counterbalancing any shear and tensile stresses [39]. It typically
consists of hyaline cartilage covering the articular surfaces of the bone on either side of a
joint. These cartilages are interconnected by a fibrocartilaginous disc, and surrounded by
anterior, posterior, inferior and superior ligaments. [39, 47] The resulting joint as shown
below in Figure 2-6 has very little potential for movement [47].
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Figure 2-6. The symphysis pubis and anterior of the pelvis. From Anatomy of the Human
Body, 1918. [49]
It is important to note that although the pubic symphysis at the anterior of the pelvis
contributes to stiffness of the pelvis, it is less important to the pelvic structure and stability
than the SI joints at the posterior. [2, 3, 42]
Other important ligaments
The combination of the two hip bones, sacrum and two ligaments mentioned above
make the pelvis extremely stable, particularly in same plane as the pelvic ring. But it is still to
some extent susceptible to external rotational forces and vertical shear forces in this state.
Two supplementary ligaments within the pelvis address this issue. The sacrotuberous
ligament, which extends almost vertically from the SI joint to the ischium at the anterior of
the pelvis, is responsible for resisting vertical shear forces within the pelvis. The sacrospinous
ligament on the other hand traverses between the lower lateral edges of the sacrum to the
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ischial spine, and is responsible for resisting external rotation of the pelvic ring. All these
major ligaments of the pelvis are illustrated in Figure 2-5.

2.1.2 Pelvic load transfer and typical loads
It is important to know the load transfer mechanisms within the pelvis in order to best predict
and understand how it behaves in situations such as fixation and fracture. In simplest case of
a person standing, load transfer within the pelvis starts at the upper body where weight is
imposed on the pelvis through the lumbar spine. From the lumbar spine, this load is
transferred through to the sacrum via a flexible intervertebral disc (IVD) at the lumbosacral
junction (L5-S1). This disc is wedged between the fifth lumbar segment and the sacrum and
typically acts to provide cushioning during the impacts of activity [50]. This arrangement is
illustrated in Figure 2-5, where the IVD and the fifth lumbar segment are shown to be
connected superiorly to the sacrum.

Figure 2-7. The pelvis, pelvic ring and load transfer within the pelvis.
From the sacrum, load is transferred through the posterior arch of the pelvic ring
through the SI joints and hip bones, and onto the acetabula. The hip joints subsequently
facilitate load transfer between the pelvis and the lower limbs. This load transfer mechanism
and the major weight bearing areas are presented in Figure 2-7 above. From this information,
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it is evident that the main structural role of the pubic symphysis is to act as an anterior strut,
with majority of the weight bearing along the paths of load transfer. [3, 42]
As mentioned earlier, the most important function of the pelvis is to facilitate load
transfer between the upper and lower body, while stabilising the body during the course of
daily activities in conjunction with the muscles and ligaments that support it. As a result, the
pelvis typically experiences large forces during any sort of activity such as walking (gait), or
jumping or even standing up from a seated position. These loads are often much larger than
the single body weight of a person as Bergmann et al. [51] found in their study. This study
which investigated the on loads on hip joints during walking and running had found that the
pelvis is subjected to forces which can be almost six times body weight. This is noticeably
large, hence when fractures to the pelvis and the potential for mobilisation of patients are
studied, consideration must be given to the typical activities undertaken during the process of
mobilisation.
Mobilisation strategies for patients with hip fractures typically involve weight bearing
manoeuvres, gait retraining, other forms of exercises and routine activities [52]. Thus, in
order to analyse the possibility of mobilisation, loads on the pelvis from such activities and
their effects must be known. The issue of pelvic loading has been investigated by both
Pedersen et al. [53] and Bergmann et al. [54] in their studies on the hip contact forces and
gait patterns. Bergmann et al. [54] in particular investigated a number of routine activities in
addition to gait. This study utilised instrumented hip implants in four patients to measure hip
contact forces during routine activities to an accuracy of 1%. Patients had undertaken various
routine activities so that the hip contact forces as a function of time during these activities
could be obtained.
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In this case, the loads experienced during gait are of particular interest, especially as it
part of the mobilisation process and is the principal form of human locomotion. A
comparison of activities from this study, which are typically undertaken during mobilisation
(such as the knee bend, sitting down, standing up and gait), indicates that the pelvis is
subjected to the largest peak forces during the gait process. Additionally, as gait is cyclical
with a half period difference between the loads on the left and right legs, there is a large
variation in the magnitude and direction of loads on the pelvis at any time. This is evident in
Figure 2-8 below which plots the average hip contact forces on the pelvis. This data can thus
be utilised to better understand the impact gait may have on a pelvis during recovery of its
bone from fracture.

Figure 2-8. Hip contact forces on the right acetabulum of the pelvis (gait cycle average). Data
obtained from Bergmann et al. [54].
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2.2 Fracture and fixation of the pelvis
The ring structure of the pelvis plays a key role in withstanding large loads and ensuring
stability in the pelvis. Thus subsequent fractures to the pelvis can have serious consequences.
Unstable pelvic fractures are of particular concern, as they tend to immobilise patients for
extended periods of time. Hence, this research focuses on Denis zone 1 (or Denis I) fractures
which are a particular classification of sacral fractures.
Denis et al. [55] in their study on sacral fractures developed a classification system
which is now widely used for sacral fractures. This particular system of classification is based
on three zones of the sacrum. The Denis zone 1 or Denis I classification of sacral fractures
refers to fractures of the sacrum which are located completely lateral to the sacral foramina.
Zone II Denis fractures involve transforaminal fractures which do not impact the spinal canal,
whereas Denis III fractures are classified as such when there in any fracture of the spinal
canal. This zone classification is shown in Figure 2-9. The Denis zone I fracture is the most
common with approximately 50% of Denis classified fractures categorised under this
particular zone. These fractures are the least severe, with Denis III fractures the least common
but most severe. This research focuses on Denis I fractures as they are the most common
among the Denis type fractures. [3, 55]

Figure 2-9. The Denis sacral fracture classification zones.
23

Ligaments play an important role in fractures. Avulsion of the sacrotuberous
ligaments may result in Denis I fractures. Similarly, a Denis I fracture can give rise to
avulsion of the sacrotuberous ligaments [3]. In either case, complete instability in the pelvis
after a fracture usually indicates that both the sacrotuberous and sacrospinous ligaments have
been disrupted [3]. These factors are a major consideration when determining patient
mobilisation strategies [3, 8, 56].
Stabilisation of unstable sacral fractures can typically be conducted using a number of
different methods but are most commonly treated using internal fixation [3, 57]. Typically
after fracture, the displaced bones of the fracture are reduced as soon as possible (restored
back to their correct anatomical location for the purposes of healing) and subsequently
fixated in place in order to instigate healing of bone. Fixation of a sacral fracture usually
depends on a number of factors related to the patient, injury and surgeon requirements. [3]

2.2.1 Methods of fixation
There are two accepted and widely used methods of fixation which are often used
independently but may also be used in combination with each other depending on the nature
of the fracture.
Iliosacral screw fixation
The more common form of fixation is the iliosacral screw or SI joint screw fixation
[57]. This fixation is commonly utilised due to the relative ease in surgery, reduced risk of
complications. It usually involves the use of partially or fully threaded screws, which are
inserted from the lateral side of the ilium all the way into the sacrum as demonstrated in
Figure 2-10. These screws come in a range of sizes and lengths and may enter one or both SI
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joints (for bilateral stability). Furthermore a number of screws may be utilised in combination
to fully stabilise a fracture. [3, 8, 57, 58]
These screws are typically constructed of either stainless steel or titanium alloy
(Ti6Al4V) materials [59]. For fractures of the sacrum, longer screws with wider, larger and
deeper threads are preferred in order to ensure adequate purchase and stability of the screw
inside the cancellous bone [60]. Hence, the screws employed for such purposes are typically
between 6.5mm to 8mm in diameter [59, 60], 90mm to 150mm long and for partially
threaded screws, consist of thread lengths of 50mm to 80mm [60].

Figure 2-10. CT image of a pelvis fixated with an iliosacral screw fixation.
Iliosacral screw fixations are typically inserted into the first (S1) or second (S2)
segments of the sacrum. Preference is given to combinations of one or two screws in the S1
segment [3, 58], with the thread of the screw (for partially threaded screws) typically lying
within the S1 segment itself [58]. When utilised, there are safe regions where these screws
must be inserted as shown in Figure 2-11 below [3]. In most cases, cortical bone support for
the screws are only provided laterally at the surfaces of the ilium and on entry to the sacrum,
thus a large length of the screw is only supported by the cancellous bone. Hence, there is a
slight risk of loss of reduction with iliosacral screw fixations in such cases [8].
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Figure 2-11. Safe areas for iliosacral screw placement shown in white. If two screws are used
for the first segment, ideal placements for the screws are shown by the red stars (*).
Posterior tension band plate fixation
For vertical shear injuries, Tile et al. [3] in their book suggest the use of the posterior
tension band plate fixation as shown in Figure 2-12. This fixation is preferred in fracture
cases where iliosacral screws are inadequate either due to stability reasons or due to the lack
of safe corridors for fixation. It involves stabilisation of the posterior pelvic ring using a
tension band plate, which is fixed to the posterior of the ilium using screws. Unfortunately,
such a fixation requires a large area of surgical dissection, which increases the risk of
infection in the wounds. [57]
The typical posterior tension band plate utilises a stainless steel, straight pelvic plate
with 10 or 12 holes suitable for screws of 3.5mm or 4.5mm in diameter and is usually placed
posterior to the ilium of the hip bones, just below the posterior superior iliac spine (PSIS) and
above the posterior inferior iliac spine (PIIS). This plate is secured into the strong bone of the
sciatic buttress (on both hip bones) using screws which are often fully threaded. The sciatic
buttress, which is located just above the greater sciatic notch, is ideal for proper fastening of
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the fixation. The ends of the tension band plate are subsequently bent onto the iliac wing of
the hip bones and secured using screws on the very end holes of the tension band plate. [58]

Figure 2-12. CT image of a pelvis fixated with a posterior tension band plate fixation.
Occasionally additional stability is required after utilisation of iliosacral screws to
fixate fractures. In these cases, the posterior tension band plate is often employed to
supplement the iliosacral screw fixation [58].
Multi-axial spinal fixation system
The multi-axial (pedicle screw) spinal fixation system has in the past been utilised
primarily for stabilising spinal segments due to instabilities or disorders in the spine [61]. In
more recent times, it has been adapted by Russ et al. [62] to serve as a fixation for the pelvis.
It is currently utilised by the Orthopaedic department at The Alfred (Prahran, Victoria), as a
posterior pelvic fixation which immobilises and stabilises pelvic ring fractures. This fixation
utilises two pedicle screws (Pangea, Synthes) and a connecting bar which are typically made
of a Titanium alloy (Ti6Al4V) construction. [62]
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Installation of this fixation involves percutaneous insertion of two pedicle screws
through both the left and right posterior superior iliac spines, into the posterior iliac crests of
the hip bones as shown in Figure 2-13. In order to perform reduction of the fracture, these
screws are attached to screw handles and subsequently, the two multi-axial screw heads are
transfixed with a connecting bar. Thus, the two screws are joined together and both sides of
the fracture are stabilised relative to each other. [62]

Figure 2-13. A multi-axial spinal fixation installed on a saw bone model of the pelvis.
This method of stabilisation is similar to the method of stabilisation provided by the
posterior tension band fixation, where stabilisation is provided by rigid connection of the hip
bones. In comparison to the posterior tension band fixation, the multi-axial spinal fixation has
a number of surgical benefits including a simpler, more versatile and safer surgical procedure
overall as there is less surgical exposure and dissection involved. Thus, relative to the
posterior tension band fixation, risks associated with surgery are minimised. This was evident
in the study conducted by Russ et al. [62], where a follow up on 14 patients fixated with this
particular fixation had highlighted no complications or loss of fixation.
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2.3 Fracture healing and bone recovery
Fracture healing is usually classified as either primary healing or secondary healing and
commences once a certain level of stabilisation is provided by the fixation to the fracture site.
These two types of healing are differentiated by the presence of a callus during the healing
process. Primary or direct bone healing requires very rigid stabilisation of the bone either
with or without compression at the fracture site in order to supress the formation of a callus
[63, 64]. This level of stabilisation can be quantified in terms of tissue strain at the site of
fracture. Ideally, allowable tissue strain at the fracture site must not exceed 2% for primary
healing to occur [65, 66]. If this requirement is met, primary healing takes place at the bone
without the presence of any fibrous tissue or external callus [63, 64]. In these cases bone
formation occurs directly at the site of fracture as long as the fracture is absolutely stabilised.
As a result this type of healing results in intermediate stages where the bone is relatively
weak during the healing process, and thus it has been shown not to be advantageous over
secondary healing of bone [63].
Unlike primary healing, only relative stability is required for secondary bone healing
to occur. In quantifiable terms, if the tissue strain at the fracture site is limited to between 2%
and 10% strain, secondary healing can occur [65, 67]. This form of healing is the more
common bone healing method between the two methods and typically consists of three
overlapping phases as highlighted in Figure 2-14.
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Figure 2-14. The process of fracture healing in bone.
The first phase which is the inflammatory phase, starts immediately post fracture.
Inflammation occurs at the site of fracture with a fracture hematoma (which is essentially a
large blot clot) forming [63, 68]. Typically this inflammation remains for approximately a
week and lays the foundation for formation of the callus.
The reparative phase begins just before the end of the inflammatory phase, and lasts
several weeks. By approximately two to three weeks post fracture, the soft (or
fibrocartilaginous) callus forms during this time, with callus tissue developing in and around
the fracture site during this phase in order to improve mechanical stability and splint the
broken bone [64]. This callus consists of fibrous tissue and cartilage, with the cartilage
replacing all the fibrous tissue over time [63]. It is important to note that at this stage, if tissue
strains exceed 10% at the fracture site the healing process will be hampered, and the tissue
will remain as initial connective tissue [66]. The formation of the hard (or bony) callus begins
when the two ends of the fracture have been linked together by cartilage in the soft callus. At
this stage soft tissue within the fracture begins ossification, which results in the callus being
converted to woven bone. Hence, a bridge of woven bone is formed between the fragments of
fracture. This stage typically ends at approximately the six to 12 week mark based on the
region of fracture. Proper immobilisation of the fracture prior to hard callus formation is
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crucial, as proper bone ossification will not occur without it, resulting in an unstable fibrous
union at the fracture [68].
The final remodelling phase of healing involves replacement of woven bone by
lamellar bone and resorbing of any excess callus. The fracture region in this case is gradually
modified based on the mechanical loads applied on the region until it reaches its optimal
capacity. Remodelling of bone typically occurs over a very long period of time, with
accelerated healing of bone at the site occurring over years [63, 68].

2.3.1 ‘Clinical union’ of bone
While the bone recovery typically occurs in the manner as explained above, bone recovery
timeframes may differ from patient to patient [69] due to the numerous factors that play a role
in fracture healing. As a result, due to the varying timeframes involved for each individual
patient, proper union of bone is deemed to have occurred based on monitoring of the bone.
The proper monitoring of fracture healing plays a critical role in determining whether a
patient can undertake full weight bearing or be mobilised [8].
Considering current mobilisation procedures, mobilisation typically occurs or is
allowed after determination of the ‘clinical union’ of bone. If we consider this within the
context of bone recovery and healing, ‘clinical union’ is deemed to have occurred once
woven bone has bridged the fracture (end of the hard callus stage) and the remodelling phase
has commenced [70]. Any subsequent improvements to mobilisation times would require
mobilisation prior to the current definition of ‘clinical union’. This would result in
mobilisation during formation of the hard callus prior to the complete formation of woven
bone.
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It is evident that the timeframe for mobilisation relies on the assessment of the state of
the bone and fracture healing. As current methods of monitoring the exact progress of
fracture healing are imprecise [15], it is difficult to pinpoint when the fractured bone has
recovered to a certain state. Thus, further possible improvements to mobilisation times of
patients requires improvements in bone monitoring techniques in order to clearly identify
when full weight bearing or mobilisation might be possible. In the absence of accurate
monitoring techniques, the potential mobilisation of patients can be quantified using other
means such as bone property which pinpoints a particular “stage” of recovery rather than
particular timeframe.
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2.4 FEA on the Pelvis
Finite Element Analysis (FEA) is a key tool for structural analysis and is widely used and
accepted in many fields and applications including biomechanics. Research in the field of
biomechanics in particular is increasingly switching to utilising FEA as the primary method
of analysis. As a result, many FE studies have been conducted on various parts of the human
musculoskeletal system (including the pelvis). These studies have utilised FE for a wide
range of purposes ranging from developing accurate models of the pelvis, to analysis of
fixations and analysis of the pelvic response under particular situations. Thus it is necessary
that we review current literature in order to understand the type of research completed, obtain
further knowledge on the topic and gain insight into the current practices of FE modelling
and analysis in biomechanics.
The literature reviewed in this chapter represents the most oft-cited and easily found
FE studies on pelvis or hemi-pelvis. Major databases of scholarly literature were utilised for
this search, including Google Scholar, Medline (medicine) and ScienceDirect (sciences). In
cases where there existed multiple studies and literature by the same author, older literatures
with similar or dated FE models were excluded from this review. A majority of the studies in
this review were found to have focused on the development (and in some cases validation) of
a FE model representative of the pelvis or hemi-pelvis [27-32, 41, 71]. The primary objective
of the rest of these studies are typically related to some form of analysis of the pelvis for
practical and clinical benefits, and can be grouped into the following categories:


Analysis into acetabular replacement or reconstruction of the pelvis [33, 72-74].



Analysis of the impacts of implants / fixations and comparative analysis of fixations
[35, 36, 75-77].



Analysis of the pelvic response and behaviour to lateral impacts [38, 39, 78].
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From the above groupings, it is evident the most studies typically focus on various
aspects of a specific few categories of topics. Reviewing these studies and conducting a
further search of the major scholarly literature databases finds no studies conducted on the
changes in structural mechanics of the pelvis during recovery of bone property. This research
therefore fills a current gap in scientific knowledge in this particular area of biomechanics.
The aforementioned literature will thus be examined in detail to gain further
understanding of the methods, procedures and practices currently utilised in research for the
purposes of developing, validating and analysing an FE model of the pelvis.

2.4.1 Geometrical model of the pelvis
Development of geometrical model and its subsequent meshing are the very first steps to
creating an FE model. In order to develop a model based on a real specimen, physical
geometrical data are typically digitised into its 3D form via one of two ways, laser
topography and computed tomography (CT).
Of all the literature reviewed, only the study by Phillips et al. [30] had utilised laser
topography. In their study, they had employed a 3D laser scanner to carry out laser
topography of a male pelvis to an accuracy of approx. 0.1mm. Unfortunately, the high level
of accuracy of laser topography is among the only advantages it provides in this particular
application.
In contrast, all other studies reviewed had utilised a form of Computed tomography
(CT) called Quantitative computed tomography (QCT) to construct a 3D geometric model of
the pelvis. CT is a form of high-contrast X-ray medical imaging, which involves
measurement of the spatial distribution of a physical object, through a certain plane, crosssection or slice. Images produced by CT imaging highlight the X-ray intensity measured
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across the cross-section or slice taken from the object, and thus provides a useful way to
differentiate between materials and object properties. In order to obtain the volumetric
representation of the object, CT images or slices are taken at regular intervals over the whole
object and then combined to form a 3D model. [79]
If we take into consideration the application for which it is being used (digital
representation of the human pelvis), the advantages of CT imaging in this application are
evident. In global terms, CT imaging is already very widely used in medicine for diagnostic
purposes, and can therefore be utilised to produce subject-specific models of the pelvis. In
terms of practical or clinical application, there is potential in catering for individual patient’s
surgical or clinical needs based on a FE model developed from their volumetric CT scans
[28]. For example, if the best type of surgical fixation for a particular patient needs to be
assessed, a digital geometric representation of their bone can be recreated using CT imaging
and different fixations modelled, appended and analysed.
Most studies reviewed were therefore found to have attempted to use CT imaging to
produce their FE models, with studies by Anderson et al. [28] and Shim et al. [31] focusing
their research specifically on development and validation of subject specific models. In most
of the studies reviewed, production of a 3D geometrical model typically involved initial CT
scanning of either live patients [29, 78] or cadaveric pelvises [27, 28, 31]. CT parameters
were typically dependent on the equipment utilised but a typical image resolution of 512 x
512 pixels was used, with the slice thickness (intervals at which subsequent images are taken)
varying from between 0.6mm [28] to up to 7.5mm [71]. These CT images were subsequently
cleaned up to remove soft tissue and / or noise to only retain the bony pelvis [78]. The images
are then segmented to separate the different parts of the pelvis. Figure 2-15 shows a typical
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CT image of a live patient, which is first removed of the soft tissue and noise, and
subsequently separated into its different parts.

Figure 2-15. CT scan of the pelvis (left), after a rough clean-up (centre) and after
segmentation of the left hip (right).
The final 3D geometric model was typically produced by stitching the clean,
segmented CT images together. Anderson et al. in their study had accomplished by creating
contours of points on the CT slices which were subsequently triangulated, decimated and
smoothed to form a smoothed polygonal surface [28].

2.4.2 FE mesh and elements
The sandwich construction of the pelvis is apparent when considering the fact that a
volumetric majority of the bony pelvis is cancellous bone, with only a thin layer of cortical
bone surrounding it [44]. As a result, a majority of studies in this review who had specified
their mesh type were found to have opted for separate meshes for the cancellous and cortical
bones as it simplifies the process of assigning material properties to the separate meshes.
Although a variety of mesh types were utilised mesh the geometry produced from the
CT or laser topography, the bulk of studies reviewed had opted to utilise linear elements in
their FE mesh. Linear 8-noded hexahedral elements [27, 29, 35, 71] or 4-noded tetrahedral
elements [28, 30, 74, 77, 78] were preferred to produce the solid mesh representing the
cancellous bone of the pelvis. Of the studies that utilised linear elements, all except one [30]
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employed membrane or thin shell elements for representation of the thin layer of cortical
bone in the “sandwich”. A simplified diagram of this mesh is shown below in Figure 2-16.
Phillips et al. [30] in contrast had chosen to use “wedge” elements in their study, which may
be due to their assumption of constant thickness cortical bone.

Figure 2-16. Typical meshing of the “sandwich” pelvic bone.
It is important to note the justification behind utilising thin shell or membrane
elements. Dalstra et al. [27] in their study justify the use of these types of elements by
highlighting the role of the relatively thin cortical bone in the sandwich construction of the
pelvis. Dalstra et al. [27] mentions in their study that “it is not to be expected that the cortical
bone will be heavily loaded perpendicular to the shell” and thus membrane elements are
“sufficient to describe the mechanical situation within the cortical shell”.
The remaining studies had utilised higher order elements. Liao et al. [36] had also
utilised a solid tetrahedral mesh surrounded by a thin shell (for cortical bone), but had chosen
quadratic elements instead of linear (10-noded tetrahedral and 6-noded triangular surface
mesh).
Unlike the studies mentioned above, Shim et al. [31] and Zhang et al. [33] employed a
single mesh (cubic-hermite hexahedral and quadratic tetrahedral elements respectively) for
both cortical and cancellous bones. The different bone property of both bones was accounted
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for in the method they had utilised to assign material property to the mesh. This method
involved element by element determination of bone based on the CT data at the location of
each particular element.
Assessment of the mesh sizing across all studies found no consistent trends or
procedures in the sizing of the elements, although a few studies mentioned carrying out mesh
convergence studies [28, 31, 39, 78]. Conducting a mesh converge study is essential part of
FE modelling as it ensure the proper discretization of the domain resulting in accurate
numerical results [80].

2.4.3 Element by element determination of bone
Element by element determination of bone was utilised by a limited number of studies.
Rather than the separating the elements into different meshes, these studies meshed the whole
geometry altogether, with algorithms employed to differentiate assignment of cancellous or
cortical bone.
Shim et al. [31] in their study utilised a spatially varying material property field to
assign material property to elements their mesh. This field consists of a 3D array of numerical
integration points (or gauss points) which were each assigned a specific material property
based on the location of the point. The CT scans were analysed and locations of cortical bone
found using a thresholding method. Those gauss points that lay within these locations were
assigned cortical bone property, with the rest classified as cancellous bone.
In comparison, Zhang et al. [33] used a simpler but very similar method. This study
had also identified the cortical bone profile and boundary between cortical and cancellous
bones using a thresholding method, and subsequently meshed elements with cortical bone
and cancellous bone property based on the bone profile derived from the CT images.
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Dawson et al. [38] had utilised a slightly different approach in their element by
element assignment of bone property. After meshing the geometry, data for eight separate
points within each element in the mesh was obtained from the CT scans, and equations based
on literature were used to convert the data to material properties (Elastic modulus and yield
point) which were then averaged across each element.

2.4.4 Cancellous and subchondral bone materials and modelling
Within the studies reviewed, the assignment of material property was typically dependent on
the type of mesh utilised, and thus varied from study to study. Assignment of bone properties
across all studies reviewed was generally conducted in one of two ways:


Homogenous property assignment



Subject specific property assignment (based on CT)

Homogenous property assignment typically involved assigning a homogenous modulus,
density and Poisson’s ratio across the whole mesh for that particular bone or all relevant
elements. Subject specific property assignment on the other hand utilises data obtained from
the CT scanner. As mentioned earlier, QCT or Quantitative CT was utilised for a majority of
the studies reviewed. The scans produced by QCT imaging quantify the property of the
material at each pixel using a measurement scale of Hounsfield units (HU) (also known as
CT numbers) [81]. This measurement can typically be converted to density and elastic
modulus using equations derived from literature.
Cancellous and subchondral bones were modelled as isotropic elastic in all the
literature reviewed, and the material properties typically utilised by these studies are provided
in Table 2-1. As for subchondral bone, a large number of studies had neglected to include
subchondral bone in their FE model. The study conducted by Dalstra et al. [82] was the
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source that produced equations 1 and 2 as shown below in Table 2-1. This study intended the
equation be employed for both subchondral and cancellous bones. Hence, this equation was
utilised by some of those studies mentioned above for determining the material property of
subchondral bone. Table 2-2 highlights some of the material properties utilised for the
modelling of subchondral bone.
Table 2-1. Typical cancellous bone material properties in literature.
Homogenous or

Material property or

Subject Specific

property conversion equations

Homogenous (1)

Studies

𝐸 = 70𝑀𝑃𝑎

[27, 29, 35, 39, 71]

𝜈 = 0.2
Homogenous (2)

𝐸 = 150𝑀𝑃𝑎

[30, 77]

𝜈 = 0.2
Subject-Specific (1)

2.46
𝐸 = 2017.3 ∗ 𝜌𝑎𝑝𝑝

𝜌𝑎𝑝𝑝 =

𝜌𝑐𝑎
0.626

(1) [27, 28, 31, 33, 36]
(2)
Source: [82]

𝜈 = 0.2
Subject-Specific (2)

3
𝐸 = 2875 ∗ 𝜌𝑎𝑝𝑝

(3) [38, 76]

𝜈 = 0.3
Note: E is the elastic modulus in MPa, 𝜈 refers to the poisson’s ratio, 𝜌𝑎𝑝𝑝 is the apparent density and 𝜌𝑐𝑎 is the
calcium equivalent density, both measured in g / cm3.

Table 2-2. Typical subchondral bone material properties in literature.
Homogenous or

Material property or

Subject Specific

property conversion equations

Homogenous

𝐸 = 2 𝐺𝑃𝑎

Studies
[27, 36]

𝜈 = 0.3
Subject-Specific

2.46
𝐸 = 2017.3 ∗ 𝜌𝑎𝑝𝑝

𝜌𝑎𝑝𝑝 =

𝜌𝑐𝑎
0.626

[27, 28, 33]
Source: [82]

𝜈 = 0.3
Note: Dalstra et al. [27] in their study compared both homogenous and subject-specific FE models.
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For the subject specific models, in most cases the equations of conversion to obtain
the density from pixel data were absent from the literature, although it is apparent that
calcium equivalent density is obtainable directly from CT scans when using a calibrated
phantom [27, 28]. Anderson et al. [28] however, specified an equation for conversion of pixel
intensity (INT) to a calcium equivalent density value as given by equation 4 below. This
equation was produced using a BMD solid phantom in tandem with their CT scanner.
𝜌𝑐𝑎 = 0.0008 ∗ 𝐼𝑁𝑇 − 0.8037

(4)

Jia et al. [76] in comparison utilised an equation for the conversion of Hounsfield Units on
the CT scans to apparent density.
𝜌𝑎 = 1.9 ∗ 10−3 ∗ 𝐻𝑢 + 0.105

(5)

The subject-specific models produced in these studies had typically found Young’s
modulus to vary between 1MPa to 3854 MPa in range [27, 28, 33], with a mean value of
151MPa found by Zhang et al. [33] and a mean of 164MPa found in the study by Anderson et
al. [28]. While this variation in modulus is quite significant, a comparison of subject-specific
and homogenous models by Anderson et al. [28] had found that cortical bone strains were
most affected by variation in the cortical bone thickness and elastic modulus. “Other assumed
and estimated input parameters” (such as cancellous bone modulus) were found to have “little
effect on the predicted cortical strains” [28].

2.4.5 Cortical bone material and modelling
Considering all the studies that were reviewed, approximately similar numbers were found to
have employed homogenous and subject specific models of the cortical bone, which was also
the case with subchondral and cancellous bones. As cortical bone was typically modelled as
membrane or thin shell elements in majority of the studies, the process of subject-specific
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assignment of cortical bone was largely different to the process employed for cancellous and
subchondral bones. Only studies by Dawson et al. [38] and Jia et al. [76] maintained a similar
approach in their application of cortical bone material to relevant elements as they had done
earlier with the cancellous bones.
A homogenous elastic isotropic assumption was used for the cortical bone in a large
number of studies, with a typical modulus (E) of approximately 17GPa and Poisson’s ratio
(𝜈) of 0.3 [27-29, 31, 35, 36, 71] as shown in Table 2-3. Hence, the differentiating factor
between homogenous and subject-specific models in this case was the constant thickness of
cortical bone in homogenous models, and location dependent thickness of elements in the
subject-specific models.
Table 2-3. Typical cortical bone material properties in literature.
Homogenous or

Material property

Studies

Subject Specific
𝐸 = 17 − 18 𝐺𝑃𝑎

Homogenous

[27, 30, 35, 71, 77]

𝜈 = 0.3
Bone thickness (t) = 2mm
𝐸 = 17 𝐺𝑃𝑎

Subject-Specific

[27, 29, 31, 36, 39]

𝜈 = 0.29 − 0.3
Thickness

calculated

based

on

pixel

intensity (HU) thresholding of CT images.
Note: Dalstra et al. [27] in their study compared both homogenous and subject-specific FE models.

The methodologies employed in applying subject-specific cortical bone thickness
varied across studies, but had some similarities in the way they obtained subject-specific
thickness. Most of these studies typically utilised measurements of pixel intensity in the CT
images to identify cortical bone. This is due to the fact that the cortical shell can easily be
distinguished in typical CT images as there are large differences in cancellous and cortical
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bone densities. This resulted in a sharp contour in the CT image as a result of the difference
in pixel intensities which represent the variation of density in bone [27, 83]. A sample CT
scan of the pelvis is shown in Figure 2-17 below to highlight this difference.

Figure 2-17. Sample CT scan of the pelvis highlighting the sharp contour between cancellous
and cortical bone.
Within the range of studies reviewed, two in particular had detailed their approaches
to applying location dependent thicknesses of cortical bone. Anderson et al. [28] in their
study generated separate contours from the CT data for the inner and outer surfaces of the
cortical bone. This was done via manual segmentation which typically involves separating
out the cortical bone boundary as seen visually by the relatively bright pixels forming a shell
on the CT images as shown in Figure 2-17 earlier. After meshing of the final volume, vectors
were produced from each individual node located on the surface of the pelvis to the 100
nearest nodes located on the boundary contour of the cortical and cancellous bones. The
thickness was determined by the vector with the combination of minimum distance and
minimum angle dot product between the normal at the originating and ending surfaces. [28]
Similarly, Shim et al. [31] generated a cloud of gauss points which were linked to the
elements in their mesh. Cortical bone thicknesses were then calculated and the locations of
the cortical bone regions stored. Cortical bone identification in this case was conducted using
a method of thresholding in this study (which was utilised across a number of studies). CT
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images of the pelvis in its medial axis were taken and rays were drawn across the crosssection of bone. These rays provided a density profile (a graph of density values across the
line) of the line across the gone. Density values above a certain threshold in this profile were
deemed to be cortical bone. An example of the thresholding method is shown in Figure 2-18.

Figure 2-18. Identification of cortical bone: An example of density thresholding of CT data.
The aforementioned procedure was carried out throughout the whole pelvis and the
regions of cortical bone identified. After identification of the cortical bone regions, each and
every gauss point was examined and checked to identify whether it was located within the
cortical bone region. If the result was positive, then cortical bone material properties were
assigned to the gauss point, otherwise the cancellous bone conversion equations were utilised
instead.
Cortical bone is typically thought to be anisotropic and viscoelastic in its nature. It
consists of a pliant matrix of collagen fibres embedded with minerals. As a result, the
porosity of bone, mineralisation level and organisation of the matrix therefore contributes to
its material properties. The viscoelastic nature of bone is typically thought to come from the
collagen fibres, while the mineral particles are thought to be the cause of anisotropy. [84, 85]
Unfortunately, due to the lack of agreeable data on the material properties of cortical
bone (especially on the pelvis) [86], and the limitations in the current models of the pelvis
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[87], the isotropic elastic assumption is used instead in most FE models. In our review of
literature, almost all the studies examined utilised an isotropic elastic assumption for cortical
bone material property in their FE models. There were two exceptions to this, the first of
which was a study completed by Silvestri and Ray [32], where non-linear viscoelastic
orthotropic properties were assumed. The other study by Anderson et al. [28], assumed
isotropic properties in bone with hypoelastic material deformation.

2.4.6 FE modelling of joints and cartilage
The sacroiliac (SI) joints and the symphysis pubis play a key role in holding the bones in the
pelvic ring together. Thus, any FE model of the pelvis needs to take into consideration the
modelling of these joints. Modelling of both these joints have typically varied between
studies depending on the purpose of the study and the boundary conditions applied.
A number of studies that were reviewed had developed an FE model of the pelvis
based on experimental tests in order to validate their FE model. These experimental tests
typically involved placing the physical hip bone specimens upside down such that the iliac
crests were embedded into acrylic cement or fixed onto a mounting pan [27, 28, 31, 33, 74].
As a result, these studies typically utilised fixed nodes at the iliac crests in order to represent
the boundary condition rather than to represent the SI joints themselves.
Due to the relatively small movement in the SI joints as discussed earlier [3, 47], a
few studies had chosen to utilise completely rigid joints where the SI joint surfaces were
modelled such that there no relative movement allowed (e.g. mesh mating or bonding the
surfaces) [73, 75, 76]. Even fewer studies had attempted to model these joints using beam or
truss elements with a set elastic modulus and Poisson’s ratio. A majority of studies however,
chose to represent the SI joints using 1D spring elements with a set stiffness value [30, 38,
77, 78]. In most cases, multiple spring elements were employed for each ligament and were
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attached to the typical insertion points of these ligaments on the pelvis. The typical insertion
points of the pelvic ligaments were covered earlier in this literature review, and can be seen
in Figures 3 to 6.
A similar approach was taken in the modelling of the symphysis pubis, where studies
typically either modelled the joint using 1D spring elements [30, 71, 77, 78] or as a rigid joint
[28, 31, 33, 38]. As the spring parameters utilised for the SI joint and symphysis pubis varied
substantially from study to study, a few of the parameters commonly cited or utilised are
summarised below in Table 2-4.
Table 2-4. SI joint and symphysis pubis spring parameters in literature.
Material property

Studies

Sacroiliac Ligament 𝑆𝑎𝑐𝑟𝑜𝑖𝑙𝑖𝑎𝑐 𝐿𝑖𝑔𝑎𝑚𝑒𝑛𝑡𝑠: 𝑘 = 5000 𝑁/𝑚𝑚 [30]
Complex: Combined
Sacroiliac Ligament
Complex: Separate

𝐴𝑛𝑡𝑒𝑟𝑖𝑜𝑟 𝑆𝐼: 𝑘 = 700 𝑁/𝑚𝑚

[77, 88]

𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑆𝐼: 𝑘 = 1400 𝑁/𝑚𝑚
𝐼𝑛𝑡𝑒𝑟𝑜𝑠𝑠𝑒𝑜𝑢𝑠: 𝑘 = 2800 𝑁/𝑚𝑚

Symphysis

Pubis

𝑆𝑢𝑝𝑒𝑟𝑖𝑜𝑟 𝑝𝑢𝑏𝑖𝑐: 𝑘 = 500 𝑁/𝑚𝑚

Ligaments

𝐴𝑟𝑐𝑢𝑎𝑡𝑒 𝑝𝑢𝑏𝑖𝑐: 𝑘 = 500 𝑁/𝑚𝑚

Both SI Joint and

𝑆𝐼 𝐿𝑖𝑔𝑎𝑚𝑒𝑛𝑡𝑠: 𝑘 = 2400 𝑁/𝑚𝑚

Symphysis

Pubis

[30, 77]
[38, 78]

𝑃𝑢𝑏𝑖𝑐 𝐿𝑖𝑔𝑎𝑚𝑒𝑛𝑡𝑠: 𝑘 = 800 𝑁/𝑚𝑚

combined
Cartilage in joints
Studies that chose to include cartilage in their FE models normally included the
articular cartilages of the SI joints (on the sacral and iliac surfaces) and the hip joints (on the
surface of the acetabula) in their models. These cartilages were modelled as discs that filled
the gap present medially between the two pubic bones, with either a standard elastic material
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model or a Mooney-Rivlin (hyperelastic) material model applied to the disc. While cartilage
is considered to be viscoelastic like most biological materials [89, 90], it is typically modelled
using a hyperelastic material model (Mooney-Rivlin).
The Mooney-Rivlin model utilised by these studies is a type of hyperelastic material
model, which is represented by the three parameter strain energy density function given in
equation 6 below [28, 39, 71].
𝑊 = 𝐶10 (𝐼1 − 3) + 𝐶01 (𝐼2 − 3) + 𝐶11 (𝐼1 − 3)(𝐼2 − 3)

(6)

The parameters 𝐶10 , 𝐶01 and 𝐶11 are material constants related to shear deformation
(distortion) which are determined through experimental testing, whereas 𝐼1 and 𝐼2 are the
distortional strain invariants [39]. The material properties and parameters utilised for the
cartilage in literature is summarised in Table 2-5.
Table 2-5. Typical cartilage material properties and model parameters in literature.
Elastic or

Material property

Studies

Hyperelastic
𝐸 = 10.35 − 12 𝐺𝑃𝑎

Elastic:
Articular Cartilage
Interpubic Disc

[36]

𝜈 = 0.45
𝐶10 = 4.1 𝑀𝑃𝑎

Hyperelastic:
Acetabular

𝜈 = 0.4 − 0.45
𝐸 = 5 𝐺𝑃𝑎

Elastic:

[31, 36, 75]

and

[28, 39, 71]

𝐶01 = 0.41 𝑀𝑃𝑎

Sacroiliac cartilage
Hyperelastic:

𝐶10 = 0.1 𝑀𝑃𝑎
𝐶01 = 0.45 𝑀𝑃𝑎
𝐶2 = 0.6 𝑀𝑃𝑎
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[39, 71]

2.4.7 Ligamentous and muscular structures in FE
The sacrospinous and sacrotuberous ligaments are two of the most important ligamentous
structures in the pelvis other than the joints themselves. These ligaments play a key role in
stabilising the pelvis and the pelvic ring, while also preventing rotational movement at the SI
joints [47]. While these ligaments play an important role in stabilisation and therefore the
load transfer throughout the pelvis, only a handful of studies have attempted to integrate it
into their FE models.
These studies typically modelled the sacrospinous and sacrotuberous ligaments in a
similar manner to the SI joint ligaments. As mentioned by Zhao et al. [77] in their study, the
ligaments were simply treated as 1D axial connectors of a particular stiffness, with the points
of attachment copied to the model based on the actual anatomy of the pelvis (as shown in
Figure 2-5). A majority of these studies which include these ligaments in their FE model
employ similar 1D spring or connecter properties as provided below.
𝑆𝑎𝑐𝑟𝑜𝑠𝑝𝑖𝑛𝑜𝑢𝑠 𝐿𝑖𝑔𝑎𝑚𝑒𝑛𝑡:

𝑘 = 1400 − 1500 𝑁/𝑚𝑚
[30, 71, 77, 88]

𝑆𝑎𝑐𝑟𝑜𝑡𝑒𝑏𝑒𝑟𝑜𝑢𝑠 𝐿𝑖𝑔𝑎𝑚𝑒𝑛𝑡:

𝑘 = 1500 𝑁/𝑚𝑚

Muscular structures were rarely utilised in the FE studies reviewed, with only Shim et
al. [31], Phillips et al. [30], Spears et al. [74] and Zhang et al. [33] employing these structures
in their model. These studies implemented passive muscle forces in their FE models,
originating from their respective attachment points on the pelvis. Implementation of this
muscle model was found to have improved stress distribution across the pelvis, and thus
altered displacement patterns and stresses in the pelvis [30, 45].
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2.4.8 Boundary conditions and pelvic loading
Although the junctions to the pelvis are located superiorly at the lumbosacral joint and
inferiorly at the acetabulum, there was a large variation in the application of boundary
conditions and loads on the FE models of the studies reviewed. The boundary conditions in
most cases were dependent on the purpose and nature of the study. In addition, the loading of
the pelvic FE models were found to be dependent on the boundary conditions applied to the
model.
Dalstra et al. [27] in their study on the development and validation of a 3D FE model,
attempted to validate their model through experimental testing. The experimental test
involved cementing the superior part of the ilium of both the hemi-pelvis, and subsequently
applying a load from the femur. This setup was modelled in the subsequent FE model with
boundary conditions reflecting the experimental setup. Nodes at the superior part of the ilium
were fixed to reflect the cemented ilium, and a load was applied vertically through a
simplified model of the femur. A similar method was utilised in a number of other studies
[28, 31, 33] which attempted to replicate and compare results with this study.
Fixed boundary conditions applied superiorly to the pelvis were utilised by a number
of other studies. Phillips et al. [30] in their study fixed the iliac articular surface at the SI
joint. As a result, subsequent loading of the pelvis was applied through a spherical femoral
head which had a sliding surface contact with the acetabulum. Like the previous study Spears
et al. [74] fixed nodes at the iliac articular surface to the SI joint with pelvic forces applied on
the ceramic acetabular implant being investigated in this study. In comparison to these
studies, the model created by Bohme et al. [75] included the sacrum. As a result, the sacral
surface at the lumbosacral joint was fixed and loads applied directly to the surface of the
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acetabulum. A diagram of the pelvic loading and boundary conditions as utilised by Phillips
et al. [30] and Bohme et al. [75] is given in Figure 2-19.

Figure 2-19. Fixed constraint boundary conditions (blue) and loading of the pelvis (red) as
employed in studies by Phillips et al. [30] (left) and Bohme et al. [75] (right).
In contrast to the studies covered earlier, a number of FE models had swapped the
locations of their boundary conditions and forces. Studies by Ivanov et al. [29], Liao et al.
[36] and Zhao et al. [77] all utilised fixed constraints at the acetabular surfaces. As a result,
forces on the pelvis were applied through the part of the lumbar spine [29] or through the
articular surface of the sacrum at the lumbosacral joint (as shown in Figure 2-20 below) [36,
77]. Similarly, Jia et al. [76] had implemented loading of the pelvis through the lumbar spine.
As femurs were also included in this model, fixed boundary conditions were utilised below
the femur.
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Figure 2-20. Fixed constraint boundary conditions (blue) and loading of the pelvis (red) as
employed in studies by Liao et al. [36] and Zhao et al. [77].
Examination of the various boundary conditions covered so far (as utilised in
literature) finds appropriate application of boundary conditions for a static situation such as
the bilateral standing position. When standing, if the pelvis is assumed to be constrained
inferiorly (at either the femur or the acetabulum), the loads of the torso and upper body are
applied through the lumbar spine into the sacrum as discussed earlier. Similarly, if the pelvis
is constrained superiorly (at either the lumbar spine, lumbosacral joint or the SI joint), the
loading of the pelvis occur through the femur through hip joints to the acetabulum in reaction
to weight applied on the ground.
When considering non-static situations such as gait though, it is simpler to load the
pelvis inferiorly through the hip joint. This is due to the fact that from a practical perspective,
it is too difficult to obtain the change in loads through superior portions of the pelvis (such as
the SI joint and lumbosacral joint). In comparison, instrumented hip joints have already been
used by studies in the past to obtain the loading patterns on the hip joints (or acetabulum)
during various activities including gait [51, 53, 54]. Thus loading of the pelvis through the
hip joints would be suitable for our research.
51

2.4.9 Validation of FE models
Examination of the literature on FE analysis on the pelvis highlights only a few studies which
have attempted to validate the FE model developed. Out of these studies, a majority
employed experimental testing of specimen to compare results and validate their FE model.
Dalstra et al. [27] in their attempt to validate their model, utilised eight strain gauges
on two fresh cadaveric pelvises. These cadaveric specimen were experimentally loaded to a
force of 600N subsequent to which strains were collected from the gauges and converted then
to stresses. The actual process of validation involved comparing averaged Von-Mises
stresses, and the maximum and minimum principal stress range found experimentally to those
collected from the FE model. Stresses collected at each gauge were compared to stresses in
the FE model at the corresponding gauge locations. These stresses were subsequently plotted
and analysed gauge by gauge.
A slightly different approach was taken by Anderson et al. [28] and Shim et al. [31] in
their studies, both of which also involved utilising strain gauges on a cadaveric specimen to
compare maximum and minimum principal strains. In this case, all strains were collected,
plotted (experimental vs. FE strains) in a scatter plot and fitted with a line of best fit. The
resulting best fit line was compared to the ideal situation where experimental and FE strains
were equal.
Shim et al. [41] in a different study also utilised synthetic (polyurethane) pelvises to
validate the fracture prediction capability of its developed FE model. This study simply
involved comparison of the predicted failure load of their FE model with the experimental
failure load of the synthetic model.
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Phillips et al. [30] in order to validate their FE model, developed a simulation with
similar loading and boundary conditions to those utilised by Anderson et al. [28] and Dalstra
et al. [27] in their studies. Both of these studies had validated their FE models with physical
experiments, and hence Phillips et al. [30] utilised the Von-Mises stress distributions
generated by these FE models to simply compare with their own results for the purposes of
validation.
Summarising these studies, validation of the FE model is found to be most commonly
conducted through comparison of stresses and strains to results obtained from strain gauges
on a physical specimen (cadaveric or synthetic). Although all the studies assessed highlighted
similar stresses and strain experimentally to those found in their FE models, results were not
necessarily within the margin of error (where error bars were included) [27]. The studies
which utilised scatter plots as mentioned earlier found lines of best fit which were similar
qualitatively to the ideal case (FE strain = experimental strain), but there was a degree of
variability in the data with the coefficient of variability (R2) typically within the range of
around 0.73 to 0.95 (with subject-specific models showing lower variability) [28, 31].
Due to the complex nature of the pelvis and the pelvic bone, it is difficult to
accurately model the pelvis in FE and validate results. The above studies however have
shown that FE models of the pelvis, particular those which are subject-specific, can be
validated through qualitative comparison of results to those obtained from experimental tests.
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2.4.10 Studies on fixations
Studies by Bohme et al. [75], Garcia et al. [35], Liao et al. [36] and Zhao et al. [77] have all
employed FEA to analyse fixations. Whether it is for the analysis of the effectiveness a
particular fixation, comparison of multiple fixations or development of new fixations, these
studies have highlighted the significance of using FEA for this purpose, the greatest benefit
of which is to better adapt clinical surgery to the requirements of the patient.
Thus, in order to analyse these fixations, the fixation geometry must first be modelled
and included in the FE model. In most cases due to the already complex nature of the FE
model, fixations models are simplified with small details such as screw threads often
overlooked. While this may not represent the physical situation, this simplification is
typically utilised as the overall structural impact of the fixation on the pelvis is the focus of
these studies rather than any local impacts due to the screw threads. All of the studies
mentioned above had employed this simplification, with screws typically modelled as
cylinders. Subsequent to meshing and application of the relevant fixation material properties,
bonded contacts (or perfect union) were applied between the screw threads and bone (either
full thread or partial thread depending on the study) [35, 36, 75, 77]. Frictionless [77] or low
friction (0.1) [36] surface contact was chosen where the FE model had surface contact
between implant / fixation and bone.
In evaluating their fixations, Liao et al. [36] utilised two methods of comparison, the
first of which was to compare the displacement contours of the sacrum in order to analyse the
effectiveness in stabilising the fracture (by minimising movement) under load. The second
method of evaluating fixations was to compare the peak Von-Mises stress in main loading
regions of the pelvis (as a result of fixating the pelvis), thus allowing comparison of the stress
distribution capabilities of each fixation.
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Garcia et al. [35] similarly compared stability of the pelvis through comparison of
peak translation displacements and displacement contours on the pelvis due fixation of the
pelvis using the various different types of fixations. In addition to comparison of
displacement in translation, angular displacement at various parts of the sacrum were also
compared and analysed by Zhao et al. [77] in order to determine the effectiveness of multiple
fixations in stabilising the sacrum in bilateral sacral fractures.
In comparison to the above mentioned studies, Bohme et al. [75] in their study on
pelvic ring surgical implants opted to utilise peak pelvic strains and strain distributions
throughout their FE model of the pelvis in order to highlight areas of high strain. In particular
they identified and employed a criteria used by Frost et al. [91] which states that implant (or
fixation) loosening occurs when local strains were larger than 0.3%. This criterion was used
to identify the possibility of the various implants experiencing “screw loosening”.
A number of other studies have considered the loosening of fixations or implants,
however the loosening of implants at the bone-implant interface was gauged against a bone
specific strain based yield criterion [92-94]. This criterion stipulates that yielding of the bone
at the bone-implant interface results in implant loosening. It is important to note that due to
the soft and spongy quality of cancellous bone, the most likely contributor to implant
loosening is the loss of cancellous bone structure at the interface between the implant or
fixation and the cancellous bone. Most of studies had utilised varying levels of strain
depending on the literature referenced in their study. For this research, a study by Kopperdahl
and Keaveny [95] was chosen, whom in their study found mean yield strains for human bone
to be in the range of 0.78 – 0.84%. The above criteria can thus be utilised as a basis for
evaluating different fixations during the course of bone recovery.
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3 Experimental Methodology
This research employed experimental tests for two main purposes. The first purpose of this
test is to provide an insight into the structural mechanics of the pelvis through physical
testing. The second purpose is linked the first, in that the experimental tests provide a basis
for comparison of results to and validation of the FE model that has been developed.
The experiment employed in this research is similar in nature to those conducted by
Dalstra et al. [27], Anderson et al. [28] and Shim et al. [31] in their studies. These
experiments simply involved load testing a physical model of the pelvis up to a particular
load at which strain readings are collected from the model. Further detail of the experimental
procedure is given in this chapter.

3.1 Experimental specimen preparation
Two fused fourth generation composite saw bone models of a 91kg male pelvis (as shown in
Figure 3-1) were employed for experimental testing. These composite saw bone pelvises
were acquired from Pacific Research Laboratories, Inc. (WA, USA) and consist of a short
glass fibre reinforced epoxy material for its shell, which is analogous to the cortical shell in
human bones. The cancellous bone on the other hand is represented using a polyurethane
foam core. As mentioned previously, composite saw bone pelvises (especially fourth
generation) have been found in literature to have similar material properties to fresh frozen
cadaveric bones [25, 26] with many additional benefits on top of cadaveric bones such as the
ability to produce multiple specimens of the same geometry and material property [26]. As
there are numerous benefits in employing composite saw bone models over cadaveric bones,
fourth generation composite saw bone models of the pelvis were chosen for this research.
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Figure 3-1. Saw bone pelvis with bonded strain gauges.
Validation of the FE model requires comparison of FE and experimental stresses and
strains. Thus, in order to collect strain data from the specimen, four 3mm tri-axial rosette
strain gauges (TSM, 350 Ohms) were obtained for collection of strains at different points on
the saw bone pelvis. Rectangular stacked rosette strain gauges with 45o spacing (0o, 45o, 90o)
were selected in particular as the principal strains, stresses and axis orientations can be
deduced from the data collected from these rosette gauges. Additionally, the rosette strain
gauge is better suited to complex and uneven geometry of the pelvis [96].
Prior to the attachment of gauges, the surface at the attachment locations were
smoothed with fine sandpaper and subsequently cleaned. Gauge placement for this
experiment was based on the expected path of loading of the pelvis in the bilateral standing
position as shown earlier by the loading arch in Figure 2-7. Thus, two of these gauges were
placed along the expected path of load transfer within the pelvis as shown in Figure 3-1
above. Load transfer within the pelvis typically occurs between the acetabulum and the
lumbosacral joint via the pelvic ring. As a result, the first gauge (Gauge 1) was placed on the
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medial (or inner) surface of the left hip bone, near the pelvic ring and the SI joint, while the
second gauge (Gauge 2) was placed on the left sacral ala of the sacrum.
In comparison to the first two gauges, the third gauge (Gauge 3) was placed on the
ilium of the left hip away from the path of load transfer. This would allow for assessment of
stresses in non-critical locations during bone recovery. The final gauge (Gauge 4) was
located near the imposed fracture site to identify the change in strains and stresses during the
process of bone (stiffness) recovery. The locations of these gauges are shown in Figure 3-1.
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3.2 Experimental equipment and setup
The arrangement of the human musculoskeletal system is such that the pelvis is effectively in
a state of three point bending when in a standing position [97]. The femoral heads act as
supports at both acetabula with an effective compressive load applied superiorly at the
lumbosacral joint. This experiment therefore attempted to conduct testing of the saw bone
pelvis in a three point bending setup similar to the skeletal setup in the human body in a
bilateral standing position.

3.2.1 Materials testing machine and supports
An Instron 4505/5500R materials testing machine was employed to apply loading to the saw
bone pelvis, with acetabular supports created so that the pelvis could be setup in a three point
bending configuration. The spherical femoral heads that typically support the pelvis at the hip
joints were represented by steel supports with spherical heads. These supports were spaced as
required, in order to comfortably place the acetabular surfaces of the saw bone specimen on
the spherical heads of the supports as shown in Figure 3-2 below. These two supports were
secured at the base to a steel plate which allowed for attachment to the Instron machine.

Figure 3-2. Saw bone specimen on steel supports.
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Superiorly, the sacrum was supported by a cylindrical “plunger” support with a Vshaped end. Whilst this is not exactly identical to the actual constraint at the lumbosacral
joint, this type of a support provides a simple method of setup and testing while still
maintaining a 3 point bending configuration similar to that which is experienced within an
actual pelvis. It is important to note that the preciseness of the superior constraint is not an
issue for this study as the primary purpose of this experiment is to provide validation for the
FE model. Thus, an approximation of the superior constraint in this case is appropriate as
long as the FE model accurately reflects this setup.
Prior to testing, setup of the Instron machine begins with fastening of the acetabular
supports to the base mounts of the Instron. Once the inferior acetabular supports are attached,
the saw bone specimen is placed and orientated on the spherical support heads. Subsequently,
the plunger support is attached to the load cell of the Instron machine and brought within
reach of the specimen. The experimental setup as described above is shown in Figure 3-3.

Figure 3-3. The experimental setup of the pelvis under 3-point bending. By L. C. Y. Wong,
2012.
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3.2.2 Gauge wiring
The strain gauges which were attached to the physical model of the pelvis utilised a three
wire connection which was to be set up in quarter bridge circuit. A quarter bridge adaptor
was utilised for this purpose, and the output was then connected to an amplifier for signal
conditioning. The resulting signal was fed into a DAQ (Data Translation DT9834) at a
sampling rate of 20Hz for digital acquisition of the strain gauge data. A laptop equipped with
QuickDAQ software was utilised to collect the data from the DAQ. A diagram of the strain
gauge configuration is shown in Figure 3-4.

Figure 3-4. Strain gauge configuration for data acquisition.
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3.3 Experimental testing
Once all the equipment was set up (as detailed earlier), the saw bone specimen was placed on
the acetabular supports. In this case, soft 2mm thick layers of foam were added at the
acetabular supports in order to provide cushioning and support (to keep the pelvis steady) at
the hip joints. Subsequent to this the superior plunger support was lowered into place and a
load profile was created on the Instron machine. This load profile is shown in Figure 3-5 and
consists of the following steps:


An initial 10 second hold at no load (0N).



Compressive loading at 15N/sec up to a force of 900N.
(Approximately the single body weight of a 91kg male).



Complete unloading at 15N/sec back to 0N.



The above steps repeated twice more.

Figure 3-5. Instron load profile for the experimental testing of saw bone pelvises.
Comparing our maximum load in the load profile above to those in literature, we find
Dalstra et al. [27] and Shim et al. [31] in their validation tests applied a smaller load of 600N
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to their specimen. The corresponding body weight of their specimen was not mentioned in
their studies though. Anderson et al. [28] conducted a similar study but did mentioned that
the pelvic specimen were loaded to a compressive load of a single body weight (559N). For
this study, we have therefore chosen to use similar criteria and thus compressively loaded our
composite pelvises up to approximately a single body weight during the experimental tests
(900N for a 91kg male specimen).
In order to collect strain gauge data during the experimental testing of the specimen,
QuickDAQ was set up on the laptop ready to collect data from the DAQ at a sampling rate of
20Hz. Twelve channels of data were set up to be collected (3 individual gauges from each of
the four rosettes) in addition to the load output from Instron machine. The load profile was
subsequently run on the Instron machine and all the DAQ data saved across on the laptop. An
image of the Instron machine in action during a test is shown in Figure 3-6 below.

Figure 3-6. Experimental setup of the saw bone pelvis.
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After initial testing of the unmodified saw bone pelvis, the saw bone was fixated by
an orthopaedic surgeon using the multi-axial spinal fixation (covered in detail in the literature
review of this thesis). These fixations are commonly employed to fixate Denis type fractures
at The Alfred, Prahran, Victoria, Australia. After fixation, the saw bone specimens were
retested and strain gauge data collected from the gauges post fixation.
A Denis I fracture was imposed on the fixated saw bone specimen after collection of
the relevant strain data. This fracture was imposed using a thin hand saw to minimise the
breadth of “bone” removal. For the purposes of the experiment, the short fibre glass resin
representing the cortical shell was removed at the fracture site, and the soft foam core kept
intact. This minimises movement at the fracture site to facilitate curing of any adhesives
employed to represent restoration of stiffness at the fracture site.
Since the pelvis is of a sandwich construction, load transfer occurs chiefly through the
cortical shell [45]. In the case of a fixated pelvis where the cortical bone is fractured and the
cancellous bone intact, the fixation is expected to play a significant role in stabilisation and
load transfer. Due to the relatively large modulus of the fixation (105GPa) as compared to
cancellous bone (70MPa), it is expected that majority of the load transfer will occur through
the fixation. Thus, application of a curing adhesive subsequent to fixation and the removal of
cortical bone at the fracture site effectively represents a bridged fracture at the early stages of
recovery.
In order to initiate stiffness recovery of the bone at the fracture site, an epoxy
adhesive was applied at the area of fracture. This adhesive takes approximately 16 hours to
fully cure at room temperature and has a tensile modulus of approximately 2GPa [98], which
is somewhat lower than the cortical bone (approximately 17GPa as employed by Anderson et
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al. [28], Ivanov et al. [29] and Silvestri and Ray [32]). This adhesive sets in approximately 5
minutes and reaches full strength after 15 hours. Hence, the cure of the adhesive over this
period of time represents the recovery of stiffness (and material property) in the bone. The
curing model was tested and strain readings taken at specific intervals after application of the
adhesive prior to full cure. In the first two hours after application of the adhesive, a total of 7
sets of load tests were conducted with strain readings taken every time (the first taken right
after application). After this, tests were conducted and data collected at 4 hours, 6 hours and a
day (22.5 hours) after initial application of the adhesive.
If we thus consider the process of bone property recovery after fracture, it is expected
that when the property of the bone at the fracture site reaches its original property, the stress
distribution in the specimen will return to its initial state prior to the fracture. In the case of
the adhesive, we want to assess the change in structural mechanics of the pelvis (stresses in
particular) as bone stiffness (and material property) is recovered at the site of the fracture.
Hence, while full cure won’t necessarily result in the same level of stiffness as initially
provided by the cortical bone, we can analyse what occurs during the process of recovery in
the bone and validate our findings with the FE model.
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3.4 Strain data collection & processing
After every test conducted on the pelvis, the strain data collected from the DAQ was saved
across in a CSV (comma separated values) file format. Since these types of files have a
standard structure in the way data is saved and collected within the file, a MATLAB script
was written to efficiently collect, process and present this data in the form required. A
screenshot of the developed script is provided in Figure 3-7 below.

Figure 3-7. MATLAB script for strain gauge data conversion.
The above MATLAB script utilises a number of different equations in order to
properly convert strain data provided by the gauges into stress values that are required for our
study. These equations are typically dependent on a number of factors ranging from
equipment configuration to the type of stress values required for the analysis. For the
purposes of validation, this research employs an approach similar to that used by Dalstra et
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al. [27], who in their study utilised maximum and minimum principal stress ranges to
compare and validate results. In addition to this, this study determines the principal axis
orientations at all the gauges and utilises this for validation purposes. Hence, we need the
appropriate equations to convert the strain data in its current form as received by the DAQ to
a form we require for our analysis (i.e. principal stresses). The basic algorithm behind the
MATLAB script is given below.
Algorithm


Collect input parameters for the test and identify loads at which stress values are
needed.



Import all CSV data files into MATLAB.



Store strain gauge and load data (in terms of voltages) into matrices.



Convert load data from Volts to Newtons (as specified by the relationship set in the
Instron).



Identify the time or “row of data” where load values are closest to those identified in
the input parameters.



Identify the corresponding strain data for all gauges at these loads.



The individual gauge data at those particular times are averaged with the values
collected just before and after it.



Averaged strain data (still in voltages) are converted to strains for each individual
gauge using the quarter bridge equations.



Directional strains converted to surface strains using coordinate transformation.



Surface strains converted to surface stresses using Hooke’s law.



Surface stresses converted to principal stresses using stress transformation.



Output stress data at each rosette at the loads specified in the input parameters.
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3.5 Data conversions and equations
Since all the DAQ data was collected through the measurement of voltage, a number steps are
required to convert the relevant data to a usable form. This process was highlighted earlier in
the algorithm written for the MATLAB script. The load output for the Instron which was fed
into the DAQ, was set to measure 5V for every 1000N. This setting was adequate for our
purposes (maximum load of 900N), and conversion of loads from voltages back to Newtons
was simple.
In order to convert strain data from units of voltage to units of strain, the strain
equation for a quarter bridge circuit was utilised (as provided below in Equation 7) [99, 100].
𝑠𝑡𝑟𝑎𝑖𝑛(𝜀) = −

𝑉𝑟 =

4𝑉𝑟
𝐺𝐹(1+2𝑉𝑟 )

∗ (1 +

𝑅𝐿
𝑅𝐺

)

(7)

𝑉𝑂 (𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑) − 𝑉𝑂 (𝑢𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑)
𝑉𝐸𝑋

In the above equation, strain is a function of 𝑉𝑟 , which is a ratio between the change in
voltage readings between the strained and unstrained states, over the excitation voltage of the
circuit. The other parameters in the equations above are derived from the strain gauges
(gauge factor (𝐺𝐹) and gauge resistance (𝑅𝐺 )) and wiring (resistance of the leads (𝑅𝐿 )). The
lead resistance in this case was measured using a multimeter and found to be minimal (0.3
Ohms). Most of the values other values were provided earlier in Figure 3-4.
Once the individual strains were calculated from each of the gauges in the rosette, the
next step was to derive the surface strains at each of the rosettes from the individual gauge
strains. In the case of a rectangular rosette gauge (as shown in Figure 3-8 below), these
equations are simplified since the surface strain coordinate system is comparable to the
configuration of the rosette.
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Figure 3-8. Rectangular rosette strain gauge: Individual gauge directions and local
coordinates.
Equations 8, 9 and 10 below are derived from coordinate transform equations which
were developed to convert strains at the individual gauges to surface strains [101]. These
equations were therefore employed to calculate the surface strains at the rosette gauges.
𝜀𝑥 = 𝜀𝑎

(8)

𝜀𝑦 = 𝜀𝑐

(9)

𝛾𝑥𝑦 = 2𝜀𝑏 − 𝜀𝑎 − 𝜀𝑐

(10)

Subsequent conversion of surface strains to surface stresses involves simplifying
Hooke’s Law such that z direction stresses are considered negligible. This results in the
following matrix equation for converting surface strains to surface stresses [101]:
𝜎𝑥
1 𝜈
𝐸
[ 𝜎𝑦 ] = 1−𝜈2 [𝜈 1
𝜎𝑥𝑦
0 0
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𝜀𝑥
0
0 ] [ 𝜀𝑦 ]
(1 − 𝜈) 𝜀𝑥𝑦

(11)

Since strains are collected on the cortical bone and not the cancellous bone, cortical
bone material properties were utilised in the equation above. A Young’s modulus (E) of
17GPa and Poisson’s ratio (𝜈) of 0.3 were employed in the equation above as these values are
commonly employed in literature (as evident from the data in Table 2-3). Additionally,
Dalstra et al. [27] also employed these values in their study during the conversion of gauge
strains to principal stresses. Experimental studies on real bone specimen [87] and fourth
generation composite saw bones [26] have also found the average Young’s modulus of
cortical bone to be very close to this estimate (16 – 17.3 GPa).
Finally, once the surface stresses were obtained, the principal stresses were
subsequently computed using the stress transformation equations which may be derived using
Mohr’s circle [101]. Using these equations, both the principal axis angle and the principal
stresses can be determined as shown in equations 12 and 13 below.
tan(2𝜃𝑝 ) =

𝜎1,2 =

(𝜎𝑥 +𝜎𝑦 )
2

2𝜏𝑥𝑦

(12)

𝜎𝑥 −𝜎𝑦

𝜎𝑥 −𝜎𝑦 2

± √(

2

2
) + 𝜏𝑥𝑦

(13)

The resulting principal stresses from these rosette gauges were utilised to first of all
understand the changes in the structural mechanics as stiffness is restored at the fracture site.
Secondly, these stresses were compared to principal stresses found in the FE model for the
purposes of validation.
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3.6 Conclusion
The experimental methodology as detailed in this chapter, therefore addresses our aims as it
provides a suitable approach to collecting and processing experimental data from a
representative physical model of the human pelvis in order to determine its structural
mechanics. Furthermore, the simplicity of the experimental testing procedure employed for
this research, allows for relatively straightforward modelling and representation of the
experiment in a FE model. Thus, a suitable platform is provided for the validation of the FE
model which will be employed in this research.
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4 Finite Element (FE) Methodology
The FE model of the pelvis was a critical component of this research as it was used to
facilitate our analysis of the impacts of bone property recovery on the structural mechanics of
a patient’s fractured pelvis. Thus it is important to develop as detailed and representative a
model as possible. However, it is also important to note that due to the complexity of the
human body, the level of detail applied to the FE model need to be considered in the context
of the study. Based on literature, the level of detail applied to FE models typically vary from
study to study. While whole theses have been devoted to detailed modelling of specifics of
the human body, such as subject specific modelling of the bone, hip joint mechanics or the
application of ligaments and muscles; the broader context of this study must be considered in
the development of the model.
The FE model developed for this research attempted to achieve a balance between
providing a detailed representative model of the human pelvis, while also facilitating for the
analysis of issues associated with bone recovery and fixation within the pelvis. It is important
to note that development of the FE model of the pelvis was largely based on current
knowledge available on the pelvis, current practices in literature on the FE modelling of the
pelvis and findings from studies on and related to the pelvis. Hence, the model developed for
this project is the result of a wide-ranging analysis of all the aforementioned sources.
The methodology employed during this research project was largely common across
all the studies covered in this thesis. This chapter therefore aims to detail the methodology
behind the development of the overall FE model. However, during the course of this project,
improvements and study-specific adjustments were made to the model. These study-specific
methodologies are further detailed in their corresponding chapters.
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4.1 Development of the FE model of the pelvis
One of the key components to developing an accurate FE model is accurate geometrical
reproduction of the subject being modelled. In order to achieve this, laser topography was
employed on one of the saw-bone pelvis specimen. Laser topography typically involves the
use of a 3D laser digital coordinate measurement system to map out a cloud of points on the
saw bone pelvis. For this project, a FaroArm (FARO Technologies Inc.) measurement device
with an accuracy of 24 microns was utilised to record positional data throughout the pelvic
specimen. Once a cloud of points was created from the model, this data was imported into the
Rhinoceros freeform modelling software (Robert McNeel & Associates, Seattle, WA, USA).
Subsequently, a 3D geometrical model was rendered from these points and the model refined
for minor inconsistencies, which were a product of the laser topography.
Once the 3D geometrical model of the pelvis was produced, it was subsequently split
into its three major parts, the two hemi-pelvises and the sacrum using representative pelvic
model data obtained from another specimen with unfused joints. This was done to allow for
flexible modelling of the pelvis and pelvic joints during the course of the research. A
duplicate model was also initially developed with insertion holes at posterior of both hip
bones to accommodate for screw entry for the multi-axial spinal fixation. The resulting 3D
geometrical model of the pelvis as shown in Figure 4-1, was utilised to create an FE model of
the pelvis. All subsequent FE modelling, simulation and analysis was conducted through the
NX 7.5 (Siemens PLM) FE software package.
Since this research project focuses on the Denis I fracture in particular, the geometry
of the sacrum was modified so that the area of fractured bone as highlighted in red (shown in
Figure 4-1) could be treated as a separate object to the rest of the sacrum. This was done so
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that bone stiffness recovery could be modelled by modifying material property at the site of
fracture.

Figure 4-1. 3D geometrical model of the composite saw bone pelvis with location of Denis I
fracture region highlighted in red.
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4.2 FE meshing and convergence tests
Like most studies in literature, the pelvic geometry was meshed as two separate layers in our
FE model. The inner layer representing the cancellous bone was meshed using four-noded 3D
tetrahedral elements, while the outer cortical bone utilised a three-noded 2D triangular
surface mesh. This particular combination of mesh types and elements was utilised by a
number of studies that involved FE modelling of the pelvis [28, 74, 77, 78]. Three-noded 2D
triangular surface meshes were also used to represent the subchondral bone at both acetabula.
The separated geometry constituting the ‘area of fracture’ was treated as a separate mesh to
the rest of the sacrum in order to represent stiffness recovery. It is important to note that for
this research project, the terms ‘area of fracture’, ‘site of fracture’ and ‘site of recovering
bone’ are all used interchangeably as they refer to the area or site on the sacrum which is
fractured and subsequently undergoes bone recovery at the site of the fracture.
While higher order elements are typically more desirable in FE method [102], first
order elements were utilised in this model due to a number of reasons. Issues with the faces
on the geometric model resulted in difficulties obtaining a good mesh using larger sized
elements. Additionally, regions such as the ‘area of fracture’ in the sacrum required much
smaller mesh sizing due to the narrow geometry of the region. Smaller mesh sizes were also
preferred at strain gauge locations so that stresses from those particular locations could be
more easily compared. When the computational capabilities of our equipment and the
aforementioned issues were taken into account, it was decided that utilising first order
elements would be appropriate for this study.
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4.3 Subject specific modelling of bone
The literature review conducted on FE studies on the pelvis highlighted variations in the level
of subject specific modelling that applied to the FE models. Some studies utilised subject
specific bone property for all the elements representing bone [31, 33], while others only
adopted subject specific cortical bone thickness but with homogenous bone property
throughout their FE model [29, 39].
While studies on FE modelling of the pelvis have shown perceptible differences in
results between subject-specific models and homogenous models, Anderson et al. [28] in
their study found that cortical bone strains “were not statistically different” when comparing
subject specific models with those with an average cortical bone thickness. Dalstra et al. [27]
in a similar study on subject specific and homogenous models, also stated that
“homogenously distributed material properties” may be suitable when undertaking qualitative
studies. Examining these studies further though, we find that cortical bone strains are largely
affected by parameters such as cortical bone thickness and elastic modulus, with other
parameters such as cancellous bone property found to “little effect on the predicted cortical
strains” [28].
Taking the literature findings into consideration, it was decided that cancellous bone
would be modelled using homogenous properties in this FE model due to the fact that it plays
a relatively small role in affecting cortical bone strains throughout the pelvis. In comparison,
even though Dalstra et al. [27] mentioned average cortical bone thickness may be suitable for
qualitative studies, subject specific cortical bone thicknesses were implemented in this study
to improve the accuracy of the model. Provided in the following page (in Figure 4-2) is a
summary of the methodology employed in the development of a subject specific FE model of
the pelvis.
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Figure 4-2. Procedure for the subject specific modelling of cortical bone thicknesses.
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4.3.1 CT scanning and image processing
In order to develop a subject-specific model of the pelvis, one of the saw bone specimens
utilised for the experimental tests was sent for CT scanning. The resulting CT images were
collected and cleaned up for excess noise (by thresholding out pixels with lower intensity)
and segmented into the separate parts of the pelvis using Seg3d (SCI, University of Utah)
software. By taking into consideration the methods that are likely to be utilised to obtain
cortical bone thickness from the CT scans, a number of other issues were uncovered with the
CT images. These issues typically involved gaps or holes in the cortical bone and excess
cortical bone separated from the shell as shown in Figure 4-3. The saw bones obtained had
also contained small manufacturer created pilot holes, the corresponding CT images had to
therefore be corrected manually so that the cortical bone formed a continuous shell.

Figure 4-3. Inconsistencies in CT images as highlighted by the red circles.
Like a number of other studies in literature [27, 29, 31, 36, 39], identification of
cortical bone was done by applying thresholds to pixel intensity. In this case an appropriate
pixel intensity threshold was set, above which pixels were retained in the image as cortical
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bone. Any pixels below the threshold was removed as noise, therefore only leaving the
cortical bone profile remaining in the image.

4.3.2 3D Geometric Model
After the correction and segmentation of the CT images, these images were then stitched
together using Seg3D to form a 3D model of the pelvis. This 3D model was exported to
MATLAB (Mathworks) as a matrix of pixel data. In order to be able to visualise this matrix
as a 3D plot, an open source MATLAB function created by Aitkenhead [103] was employed.
This function simply works by recreating the matrix as pixels in 3D space, which can
subsequently be visualised as a 3D plot.
Once the 3D data was obtained within MATLAB, a method was developed to identify
the inner surface and outer surface of the cortical shell. This is an important step as the
cortical bone surface data will form the basis for our thickness calculations later in this
section. The method developed involved first identifying outer surface of cortical bone which
simply involved pinpointing the visible surfaces on the pelvis. This outer surface was
identified stored as a matrix and then separately stored as a filled volume (thus representing
the volume of the pelvis). Subsequently, the inner surface of the cortical bone was identified
by subtracting the pixels that constitute cortical bone from the filled volume of the pelvis.
This essentially exposed the surfaces that constituted the inner surface of the cortical shell
and these surfaces were similarly stored in a matrix. An example of this method in 2D is
displayed in Figure 4-4. Both matrices for the inner and outer surfaces of the cortical bone
were subsequently utilised in calculating location based cortical bone thickness.
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Figure 4-4. Identification of inner and outer cortical bone surfaces: An example in 2D.

4.3.3 Calculation of thicknesses throughout the pelvis
The thickness of cortical bone throughout the pelvis was determined by evaluating the
shortest distance between each pixel on the outer surface of the cortical shell and the
corresponding nearest pixel on the inner surface of the cortical shell. From a computational
perspective, this procedure entailed cycling through each and every pixel on the outer surface
of the cortical bone, and subsequently measuring the distance between this pixel and all
pixels on the inner surface of the bone which are within the same region to identify the
minimum distance. The equation for calculating the distance between two points in 3D space
(provided below in equation 14) was employed for measuring the minimum distance between
pixels.
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = √(𝑥𝑜 − 𝑥𝑖 )2 + (𝑦𝑜 − 𝑦𝑖 )2 + (𝑧𝑜 − 𝑧𝑖 )2

(14)

Once the minimum distance was found between the outer shell pixel and the
corresponding nearest inner shell pixel, this value was set as the local thickness for that
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particular outer surface pixel location or set of coordinates. This process was repeated until
thicknesses at all pixels on the outer surface of the pelvis were found. An illustrated example
is provided in Figure 4-5, with the resulting thickness distribution shown in Figure 4-6. This
particular approach of calculating bone thickness by measurement of the minimum distance
between points (as described above), is quite similar to the method employed by Anderson et
al. [28] in their study.

Figure 4-5. An example of the thickness calculation process using pixels in the outer and
inner surfaces of the cortical bone shell.

Figure 4-6. Cortical bone thickness distribution as displayed in MATLAB.
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4.3.4 Thickness Implementation in FE Model
The last step in producing subject specific and location dependent thicknesses throughout our
model was to apply this thickness distribution to the FE model. Due to slight warping of the
CT images, the direct transfer of all thickness data between MATLAB and the FE model was
not possible. Thus, in order to bring across the thickness measurements of the subject specific
model, a hybrid approach was developed requiring some manual input of data into the FE
model. Hence, transfer of data between MATLAB and the FE model involved:


Aligning of MATLAB CT model and FE model.



Contours of thickness intervals created in MATLAB.
(e.g. similar to contours on a topographical map showing elevations)



Thickness intervals transferred across as matrices which contain coordinate
and thickness data.



Thickness contour increments:
o Up to 1mm thickness:

0.1mm increments

o 1mm to 3mm thickness:

0.2mm increments

o 3mm thickness and above:

0.4mm increments



Manual correction of misaligned data.



Inverse-distance weighted interpolation applied between contours.



Resulting thickness data applied to the cortical bone shell meshes.



MATLAB thickness data and the resulting FE thickness distribution compared
and refined.

The errors in the cortical bone thicknesses which were associated with this particular
method were limited, as the contour intervals were small relative to the measured thicknesses.
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This resulted in a significantly improved model when compared with a homogenous model,
where a fixed thickness of 2mm may typically be used [27, 30, 35, 71, 77].
A study on this particular subject specific model conducted by Wong and Sing [104],
assessed cortical bone thickness from the original specimen CT data at a large number of
randomly selected points. These thicknesses measured were compared to the thickness
derived from the interpolated data on the FE model. Although the study found an error range
of 1.8% to 34.5% between the original thickness data and FE applied thickness data, the
mean error was found to only be around 4.6% to 6.7% depending on the part of the pelvis.

Figure 4-7. Subject-specific thickness distribution on the FE model of the pelvis.
The resulting subject specific FE model is shown above in Figure 4-7. As subchondral
bone like cortical bone forms a shell at both acetabula, the thickness distribution was
processed and applied concurrently with the cortical bone.
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4.4 Material properties
After meshing the FE model and applying the relevant bone thicknesses to the shell meshes,
the material properties were applied to the meshes of our FE model. These material properties
were derived wholly from literature and are provided below in Table 4-1.
Table 4-1. Material properties of bone mesh in the FE model.
Elastic Modulus (E)

Poisson’s Ratio (ν)

70 MPa

0.2

Subchondral
Bone

2 GPa

0.3

From CT Scans

Cortical Bone

17 GPa

0.3

From CT Scans

Cancellous Bone

Shell Thickness

The cortical bone properties provided above were sourced from literature which
employed subject specific modelling of thicknesses by thresholding [27, 29, 31, 36, 39]. All
these studies modelled cortical bone as an elastic, isotropic and homogenous (elastic modulus
and Poisson’s ratio) material with a location dependent thickness.
Similarly, properties of cancellous bone and subchondral bone were derived from
studies which implemented elastic, isotropic and homogenous material property for the 3D
solid [27, 29, 35, 39, 71] and 2D shell meshes [27, 36] of the bone respectively.

86

4.5 Boundary conditions and loading of the pelvis
From our review of literature into the pelvis, it was found that joint movement at the SI joints
and symphysis pubis are typically quite small [3, 47]. During the initial development of the
FE model, it was therefore assumed that relative movement at the joints were insignificant.
Hence, bonded constraints (surface to surface glue) were employed at both the SI joints and
the symphysis pubis. These constraint also served another purpose, which was to represent
the joints in the experimental specimen (composite saw bone pelvis) in which the joints were
fused together. A number of studies had similarly assumed no relative movement at the
joints, and thus mesh mated or bonded the articular surfaces [73, 75, 76].
As discussed earlier in the literature review, loading the pelvis inferiorly through the
hip joint allows for implementation of different loading patterns on the acetabulum as found
in studies on instrumented hip joints [51, 53, 54]. Thus the impact of activities such as gait
can be assessed using the FE model developed. This FE model therefore utilises acetabular
loading of the pelvis.
When acetabular loading is employed, it is automatically assumed that the pelvis must
be loaded superiorly. As our pelvic model includes the sacrum, the pelvis must be constrained
superior to the sacrum. The study conducted by Bohme et al. [75] had similar requirements to
our study, and therefore had a fixed constraint at the sacrum’s articular surface to the
lumbosacral joint. In this study however, it was decided that the pelvis would be constrained
at the last bony segment of the lumbar vertebrae just superior to the lumbosacral joint. This
particular arrangement is shown in Figure 2-5 which illustrates the fifth lumbar segment bone
and intervertebral disc (IVD) connected to the pelvis. This decision was made in order to
allow for “cushioning” at the lumbosacral joint during activities as is typically provided by
the disc [50] rather than the fixing all movement of the joint as typically done in most studies.
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This is particularly applicable to this research project as some of the studies covered in this
thesis incorporate gait loads in the FE simulation to assess its impacts on the pelvis.
It is important to note though, that the focus of this project is on the analysis of the
pelvis, hence the role of the IVD and the fifth lumbar vertebrae in this case is to provide an
improved boundary condition alternative to the commonly used fixed constraint. Any
subsequent analysis of the FE model will therefore focus on the pelvis itself.

4.5.1 Modelling the intervertebral disc and the fifth lumbar vertebrae
A representative geometrical model of the fifth lumbar vertebrae (derived from CT)
was obtained and then refined. The fifth lumbar segment was modelled in exactly the same
way as the bones in the pelvis as explained earlier in this chapter (with the same material
properties). The only difference in this case was that an average cortical bone thickness of
1.5mm was used as derived from literature [105].
The IVD was then shaped accordingly based on the inferior surface of the lumbar
vertebrae above it, the superior surface of the sacrum below it and anatomical references [49].
This geometry was subsequently meshed using a four-noded 3D tetrahedral mesh with a
maximum element size of 3mm, as per the solid meshes earlier. The material properties
applied to this mesh included a Young’s Modulus of 8GPa and a Poisson’s ratio of 0.45 as
Fields et al. [106] had utilised in their study on the disc.

4.5.2 Constraining the final model
Subsequently after meshing and application of the relevant material properties, the
joints between the sacrum, IVD and the fifth lumbar vertebrae were bonded (surface to
surface glue). Lastly, instead of applying a fixated constraint at the sacrum, central nodes at
the superior surface of the fifth lumbar vertebrae were fixed (all 6 DOF fixed). The resulting
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FE model of the pelvis is shown in Figure 4-8 below. These loading conditions and
constraints were utilised in all FE studies except for the study on bone recovery and
validation, which was required to mimic the boundary conditions and loading of the
experimental tests.

Figure 4-8. The initial FE model of the pelvis.
As the articular surfaces at the lumbosacral joint were linked using a surface-tosurface gluing constraint, stress concentrations on that particular surface of the sacrum are
expected. Thus, stress analyses of the lumbosacral articular surface of the sacrum with the
glue constraint was excluded from subsequent analyses.
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4.6 Modelling the recovery of bone property
Bone property restoration in the FE model of the pelvis was implemented by changing the
property of bone at the site of fracture (where a 2mm strip of the sacrum was separately
meshed as mentioned earlier), to varying fractions of the original bone property. For all the
following studies in this thesis, simulations were run for cases where the bone modulus and
density at the ‘area of fracture’ were set to 0.25%, 0.5%, 1%, 2.5%, 10%, 25%, 40% and
100% of the original bone property, thus signifying different stages of the recovering bone at
the site of fracture.
The 0.25% property was utilised as a starting point as it is sufficiently small a value
for comparison with the stiffness recovery process in the experimental tests. This region was
also mesh mated to the surrounding regions of bone which were set at full property. Hence,
by analysing these simulations, we can compare the change in structural mechanics of the
pelvis as a result of local stiffness restoration at the fracture site in healing bone. All studies
conducted in this research project utilised this method to analyse the effects of bone stiffness
recovery on the structural mechanics of the pelvis.
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4.7 Modelling the fixation
A simplified model of the multi-axial spinal fixation was incorporated into our FE model.
The screws in the fixation were simplified such that the thread was modelled as a smooth
surface with bonded contacts (surface to surface glue) applied between the surface of the
thread and the surface of the bone. Attachment mechanisms between the pedicle screws and
the interconnecting bar were also replaced with bonded contacts. All literature reviewed
earlier employed these types of simplifications to their fixations [35, 36, 75, 77].
For the multi-axial spinal fixation, once the geometry was modelled, the geometry
was meshed using a 4-noded 3D tetrahedral mesh with a maximum element size of 1mm. A
fine mesh sizing was utilised as the geometry was relatively small with high curvature.
Subsequently, material properties for the titanium alloy (Ti6Al4V) were applied from the
NX7.5 database. The physical fixated specimen and the FE model are shown side by side in
Figure 4-9 below.

Figure 4-9. The fixated experimental model (left) and the developed FE model (right).
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4.8 Mesh convergence study
To ensure appropriate sizing of mesh in the FE model (especially in the case of first order
elements), a convergence test was conducted. As mentioned earlier in the literature review,
this type of study is important to confirm the suitability of mesh sizing in the model, so that
accurate numerical results are produced [80]. Multiple simulations involving the same model,
loads, constraints and boundary conditions were produced, but with different mesh sizing
across all simulations. The material properties and constraints utilised for this study are
detailed in the latter parts of this chapter. For this particular study, a static load was chosen
based the load applied by Phillips et al. [30] in their study.
In order to assess convergence, the peak stress results at the hip bones, sacrum and
fixation were subsequently collected and analysed. For this study, convergence was defined
as the point when further refinement of mesh size has a relatively small effect on the result
being measured [80]. The results from the convergence test conducted are provided below in
Figure 4-10. It is important to note that stress concentrations at the constraints of the sacrum
result in large peak stresses at the sacrum. As is evident from the figure below, convergence
seems to start at a mesh size of approximately 4mm. If we consider the trend lines fitted to
the graphs in Figure 4-10, both tend to taper off (or converge) at the point where maximum
element size reaches approximately 3mm.
Summarising the results from the convergence test, it is apparent that the most
appropriate sizing for the FE mesh is approximately 3mm. Thus, applying these findings to
our study, mesh sizing across all meshes was set to a maximum element size of 3mm, with
finer mesh sizes employed in areas such as strain gauge locations and the area of fracture
(max element size of 1mm) due to the reasons discussed earlier.
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Figure 4-10. Results from the mesh convergence tests.
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4.9 Conclusion
In order to properly assess the potential of patient mobilisation, a suitable model needs to be
employed and analysed in order to ensure that the study conducted is as relevant as possible
to its practical implementation. In a case such as this, patient specific models are required as
each patient may have noticeably different bone geometry and bone properties. Factors such
as these were specifically taken into account in this study in order to ensure that the study
was easily translatable to further real world studies.
The model developed for this research therefore employed data, procedure and
knowledge from both literature and the physical specimen (as utilised for validation) in order
to provide a representative model of the pelvis. The level of detail adopted in this model was
based on comparable literature in the FE analysis of the pelvis, some of which had also
validated their relevant FE models.
This model was also adapted for the analysis of the fixated pelvis at various stages of
bone recovery from a fracture, thus enabling the assessment of the issues mentioned in our
research aims. Hence, the FE model that has been developed for this research thus provides a
sufficiently detailed representation of the pelvic structure in order to facilitate for the analysis
of the pelvic structure and the subsequent effects on the structure from the bone recovery of a
fracture.
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Chapter 5

FEA of the pelvic structural
mechanics and its validation during
the process of bone recovery
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5 FEA of the pelvic structural mechanics and its
validation during the process of bone recovery
5.1 Introduction
FEA studies on the pelvis have widely been utilised in recent times to investigate the pelvis in
scenarios which are not viable for in-vivo testing or too complex to setup experimentally.
Thus, there are many published literature found on the pelvis which focus on issues such as
the development of a subject specific model and its validation, assessment of implants and
fixations on the pelvis and the impact analyses of the pelvis simulating accidents and falls
[27-32, 35, 38, 40]. While these topics have been covered in details, there is a knowledge gap
in understanding of the changes in the structural mechanics of the pelvis, as bone property in
the healing bone is restored. Current monitoring methods typically rely on measurement of
Bone Mineral Density (BMD) of the regenerated callus in the healing fracture, in order to
relate bone property to the strength and stiffness of bone. However, they do not necessarily
provide accurate measurements of property at the callus in the healing bone [107]. With a
better understanding of this process, research could be directed towards improvements to the
fixation and healing process, which would greatly benefit patients.
For this study, since the in-vivo testing of a live patient is unviable, the utilisation of
an FE model was found to be best suited to this study. An FE study on the pelvis would allow
insight into the structural mechanics of the pelvis in such situations where destructive testing
of specimens (e.g. by simulating fracture), may be required. Furthermore, results from the FE
model could be validated through comparison of stresses and strains against an actual
physical specimen.
Hence, this particular study on the pelvis had two major purposes. The first was to
validate results from the FE model by comparison of stresses and strains to those obtained
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from an accurate saw bone model of the pelvis. Secondly, this study attempted to understand
how the structural mechanics of the pelvis (stresses and strains) change due to recovery of
bone at the fracture site. The findings from such a study may prove useful in assessing any
potential issues during the bone recovery process within the pelvis. This assessment could
also highlight the potential of mobilising patients when the structure allows for it rather than
through anecdotal assessment as is currently the case in surgical practice.
This chapter therefore presents a detailed comparison of the results obtained from the
structural assessment of both the FE model and the saw bone model of the undamaged pelvis.
It also presents, highlights and discusses the changes in structural mechanics of the pelvis in
response to the “recovery of bone” at the site of fracture. Findings from this study are
subsequently discussed in the larger context of benefits to the patient and their mobilisation.
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5.2 Methodology
As the FEA conducted for this research is to be validated through experiments, the
configuration of the FE model must reflect the experimental setup as best as possible, thus the
boundary conditions and loading conditions must be adjusted accordingly so that the results
can be comparatively analysed. Another factor that must be considered is way in which the
recovery of bone property will be modelled in the FE model, so that the impact of bone
property recovery on the structure of the pelvis can be comparatively analysed and
subsequently validated.

5.2.1 Reflecting the experimental test setup
The experimental testing of the pelvis specimen on the Instron machine typically involves the
experimental setup as shown earlier in Figure 3-6 (in Chapter 3). In this case as the
experimental simply involves testing of the saw bone specimen, and thus the lumbar
vertebrae and intervertebral disc are no longer required as they were introduced for the
purposes of constraining the pelvis. The FE model in this case only includes the pelvis, the
acetabular supports inferiorly and the plunger support at its superior.
After accurate reproductions of the supports based on drawings of the design models,
these supports were similarly meshed with 3D four-noded tetrahedral elements. The
acetabular supports were meshed with a maximum element size of 10mm transitioning to a
maximum element size of 2mm at the upper end near the spherical balls which act as femoral
heads. The corresponding material properties of steel were obtained from the NX 7.5
database and applied to the meshes.
In this particular experimental setup, once the testing commences the Instron machine
crosshead moves up in the vertical axis, moving the base acetabular supports up with it in
order to apply a load on the pelvis. The strict vertical movement of the acetabular supports
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(due to the nature of movement on the Instron), was represented by a slider constraint (with
free movement in the vertical axis). Fixed constraints were set for the plunger support at its
top end, thus representing the fixed manner in which it is locked into the Instron load cell in
the experimental setup. The maximum experimental load of 900N is then applied uniformly
through the bottom surface of the acetabular supports, thus representing loading of the
specimen through the Instron crosshead. Finally surface to surface contact objects were
applied between the surfaces of the supports and those of the pelvis which were in close
proximity and expected to come into contact with each other during the simulation. The final
FE model, the nature of its constraints and loads are displayed in Figure 5-1 below.

Figure 5-1. FE model for the bone recovery and validation study.
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As this study aims to validate the FE model using the experimental data obtained from
the saw bone, a static load condition was employed in this model based on the maximum
experimental load condition of 900N. The NX Nastran solver was employed to solve the FE
problem with a static solution type (SESTATIC 101).

5.2.2 Comparison of results and validation
In order to compare stresses collected from the experimental tests to those obtained in the FE
simulations, the gauge locations had to be identified on the FE model. This was done via
triangulation through measurement of distances from the gauges to any nearby features.
Three elements were subsequently selected on the FE model for each gauge location.
Principal stresses on the cortical shell of the FE model were then collected and assessed
against the principal stresses calculated from the strain gauges. The principal axis angles (or
orientation) were also calculated for both the FE simulations and experimental tests. In order
to compare axis orientations between tests, a common reference for measurement was
required. This was achieved through measurement of angles between the principal axis
directions calculated and the actual orientation of rosette strain gauge on the saw bone
specimen.
For the purposes of this study, validation was conducted through comparison of
experimental and FE stress data as collected from the pristine unmodified pelvis, the fixated
pelvis, and the pelvis with the ‘bridged fracture’. As our study focuses particularly on bone
recovery, our ‘bridged fracture’ state refers to the start of the stiffness recovery process where
the fracture has been bridged or stabilised but is at a very low property or stiffness.
Experimentally, this is the first gauge reading taken after the adhesive was applied (after
removal of cortical bone) as previously mentioned in in the experimental methodology. The
‘bridged fracture’ state in the FE model refers to the case where bone property at the fracture
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site were set to the smallest percentage of the original bone property (0.25%) from the values
simulated in this study.
These aforementioned states were chosen since they provide a common reference in
both the FE and experimental tests. It is difficult to identify the material property of the
adhesive during the curing process, and thus a direct comparison of stresses cannot be made
between the experimental and FE methods during the curing (or recovery) process. Hence,
while the stresses and strains obtained from the experimental pelvic specimen in its
undamaged state can quantitatively be compared to and analysed against the FE model;
stages of bone recovery in both physical and FE models cannot be directly correlated and
thus the different stages of bone recovery were analysed using qualitative analysis instead.
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5.3 Validation of the FE model
As mentioned previously, validation of the FE model involved collection of principal stresses
and principal axis orientations at each of the four gauges, and subsequent comparison of these
values to those found at the corresponding gauge locations in the finite element model.
Quantitative analysis was employed for the pelvis in its undamaged states, while the stages of
bone recovery were qualitatively assessed.
When conducting these comparisons, it is important to keep in mind that these two
measurements are derived in a slight different manner. Due to the nature of strain gauges, the
data collected from the gauge essentially provides a local average of the stress in the area
under the gauge. Comparatively, when conducting finite element analyses, the stress or strain
data is produced as a continuous field of strains. Hence, in complex structures such as the
pelvis, where there exists significant stress gradients throughout the structure, it is difficult to
precisely match experimental and finite element values [27]. Furthermore, the errors involved
in developing a geometric FE model from a detailed physical pelvis, can also impact on the
comparative study. It is expected that the aforementioned errors, in combination with errors
involved in the positioning of gauges between multiple pelvis specimens, will therefore result
in observable differences in stresses between the various specimens in the experimental tests.
However, for such an analysis, the order of magnitude of the FE and experimentally
measured results must be consistent.

5.3.1 Principal stress comparison at gauge locations
For this particular analysis, principal stresses from experimental tests on the physical
specimen were compared to stresses collected from both the uniform cortical bone thickness
and subject specific FE model of the pelvis. These results are shown in Figure 5-2 below,
which shows a comparison of the principal stress ranges (the range of stresses between the
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maximum and minimum principal stress) as collected at all gauge locations in both the
experimental tests and the FE simulation. The error bars in the experimental results highlight
the variation (± one standard deviation) in maximum and minimum principal stresses across
multiple tests and specimen, while the FE error bars highlight the variations (± one standard
deviation) in stress across multiple elements approximately within the region of the strain
gauge in the FE model.
Comparative analysis of the experimental and finite element results highlighted
similar levels of principal stress across all four gauges. In this study, the principal stress
range simply refers to the range between the maximum and minimum principal stresses. This
method was similarly employed by Dalstra et al. [27] to compare experiment and FE results.

Figure 5-2. Principal stress ranges at gauge locations.
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Comparing all of the gauges collectively it is evident from Figure 5-2, that good
agreement between the FE and experimental results are obtained. The FE stresses are
generally in the same order of magnitude as those collected from the experiments. Gauges 1
and 3 in particular (located on the hip bones), displayed experimental stresses which were
particularly close to the FE stresses collected. In comparison, gauges on the sacrum typically
experienced much larger magnitudes of principal stress than those found using the FE model.
Comparison of stress changes finds insignificant changes overall after fixation of both
experimental and FE models. Experimental stress changes after fracture (at the bridged
fracture state) are also reflected similarly in the FE model. This is especially apparent in the
results from gauge 4, where both FE and experimental studies experience noticeable
reductions in principal stresses when comparing the fixated pelvis with the pelvis with the
bridged fracture. Thus it is evident that changes in the principal stresses in all situations are
similarly reflected by the FE model.

5.3.2 Comparison of principal axis orientations at gauge locations
Assessment of the principal axis orientations (as displayed in Figure 5-3), show good
agreement between the orientation of the principal axis between the experimental and FE for
all four gauges. Axis orientation angles between the experimental tests and subject-specific
FE results were found to only differ by approximately 6o at its maximum across the four
gauges. Changes in axis orientation between the fixated specimen and the specimen with the
‘bridged fracture’ were found to be reflected similarly (although to a smaller degree in some
cases) with the exception of gauge 4 where changes in orientation were in opposite
directions. This may be due to the close proximity of the gauge to the fracture location, thus
resulting in larger sensitivity to changes in the load path due to fracture.

104

Variations in the principal axis orientation post fixation and fracture was found to be
typically very small. Across all gauges, the largest variation experienced was approximately
10o which is relatively small. Thus, the FE model generally provides a suitable measure of
the principal stress directions.

Figure 5-3. Principal axis orientations at gauge locations.

5.3.3 Discussion of findings
The results across all of these gauges show that the stresses found in the FE simulation are
generally representative of those collected from the experimental specimen. Furthermore, the
figure shows that the orientation of the principal axes of stress in the FE simulations
correspond well with those found in the experimental results. This is evident when examining
Figure 5-2 and Figure 5-3. Hence, the developed model can be deemed suitable for use in our
qualitative study on the pelvis. Although there are observable differences between
experimental and FE studies, these are expected due to the complexity of the pelvic structure.
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5.4 Structural mechanics of the pelvis during bone recovery
Even though the model was validated earlier in this chapter, further analysis of the post
fracture stress changes (during bone recovery) within the pelvis can provide us with an idea
of the load transfer mechanisms and structural mechanics within the pelvis. This part of the
study will therefore conduct a more in-depth examination of those results found
experimentally and within the subject specific FE model. This study also examines the results
from the intermediate stages of “bone recovery” in order to understand the how the structural
mechanics of the pelvis change over time. As explained earlier in this chapter, this particular
analysis focused primarily on the qualitative comparison of the stress changes due to bone
recovery, as it is difficult to gauge the exact property of the curing adhesive as employed to
simulate bone recovery.

5.4.1 Gauge 1 & 2 Results
Examining Figure 5-4 and Figure 5-5, principal stresses after fixation of the pelvis, in both
the experimental setup and FE model, highlights relatively minor differences in stress before
and after fixation. Subsequent to fracture (at the very start of the stiffness recovery process),
there is quite a noticeable change in stresses at these particular gauges. Minimum principal
stresses at both gauges are shown to noticeably increase in magnitude between the fixated
and the bridged fracture state (at commencement of the stiffness recovery process), while
maximum principal stresses exhibited changes in stresses at gauge 1 from small compressive
stresses to small tensile stresses. Gauge 2 had similarly shown increases in tensile stress after
fracture, showing good agreement between the FE and experimental results. The FE study
and experimental study (for both gauges), show similar orientations of principal stresses,
although the change in principal axis orientation due to fixation or fracture is noticeably
larger experimentally as compared to the FE.
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Although the level of stiffness recovery at the site of fracture is measured or
quantified differently for experimental and FE studies, it is still possible to compare trends in
the stiffness recovery process between both studies. Hence, during the stiffness recovery
process (or curing of the adhesive experimentally), both FE and experimental results as
shown in Figure 5-4 and Figure 5-5 highlight trends where post fracture stress levels
asymptote towards the levels of stress found in the unfractured & fixated pelvis. This is
particularly evident when we consider Figure 5-4 which highlights convergence of minimum
principal stresses after 6 hours to within 10% of those levels of stress found in the fixated and
unfractured pelvis, which is much earlier the time required for full cure of the adhesive.
Similarly, when the bone stiffness at the fracture site is set to 10% of its original property in
the FE study, principal stresses were found to asymptote to the levels of stress found in the
fixated specimen (at full property).
Considering the stresses at both gauges, the largest stresses are present in the form of
compressive stress at initial stages of bone recovery. The direction of this maximum
compressive stress generally follows the direct path of load transfer from the acetabulum
through the pelvic ring through to the sacrum, although there is a slight variation in principal
axis orientation after fracture. This particular orientation can be attributed to the path of load
transfer generally occurs along the pelvic ring when the pelvis is under compression.
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Figure 5-4. A comparison of principal stresses and axis orientation at Gauge 1.
(a) Experimental results. (b) FE results.
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Figure 5-5. A comparison of principal stresses and axis orientation at Gauge 2.
(a) Experimental results. (b) FE results.
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5.4.2 Gauge 3 & 4 Results
Examination of the changes in principal stresses throughout the experimental process, finds a
slight but noticeable change in stress post fixation in gauge 3 (as shown in Figure 5-6). This
gauge in particular experiences noticeable variations in stress between experimental
specimens at the same state. This may be due to gauge placement in a location of the
relatively small stresses away from the major paths of load transfer, therefore resulting in
noticeable variation in stress with relatively large margins of error. Analysing the changes in
stress post fixation and fracture, experimental results from this particular gauge in specimen 1
highlight similar levels of stress and changes in stress to results found in the FE model.
Exploring the stress changes in gauge 4, results from both experimental specimens as
found in Figure 5-7 show similar change in stress through the experimental process to those
found in the FE model. There is a reduction in both maximum and minimum principal
stresses at the bridged fracture state for both models. This is as expected, due to the simple
fact that the gauge is located very close to the fracture. Post fracture, as bone begins to
recover at the site of fracture, the low levels of stiffness in the bone results in a change in the
path of load transfer. As a result, the fixation is expected bear the additional loads resulting in
larger stresses. As the bone recovers though, it is found that both maximum and minimum
principal stresses return to the initial levels of stress.
Comparison of principal axis orientations shows similar orientations of principal
stresses in both FE and experimental setups. The only noticeable discrepancy is the change in
principal axis orientation in gauge 4 at the bridged fracture state. Although the experimental
results highlight a decrease in the principal axis angles, FE results show the opposite
(increase in axis angles). This may be attributed to the close proximity of gauge 4 to the
fracture location, and away from the major path of load transfer.
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The changes in stress during the stiffness recovery process as shown in Figure 5-6 and
Figure 5-7 highlight convergence of post fracture stress levels, towards the levels of stress
found in the unfractured & fixated pelvis. Similar to the earlier assessment of gauges 1 & 2
(using the fixated unfractured pelvis as a reference), principal stresses across both gauges
generally return close to the reference levels of stress after 6 hours of cure. The FE study
similarly experiences restoration of stresses to reference levels once bone is recovered to 10%
of its original property.
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Figure 5-6. A comparison of principal stresses and axis orientation at Gauge 3.
(a) Experimental results. (b) FE results.
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Figure 5-7. A comparison of principal stresses and axis orientation at Gauge 4.
(a) Experimental results. (b) FE results.
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5.5 Sources of error
As mentioned previously, due to the nature of the experiment and the complexity of the
pelvic structure, it is difficult to obtain precisely matching experimental and FE results. The
possible sources of errors are numerous in this case, some of which are discussed below.
The complex structure of the pelvis makes consistent gauge placement between
specimens difficult. The errors resulting from such an issue are especially apparent in areas
where stress variations are large. Thus, between the two specimens, results may not be
exactly consistent. Furthermore, specimen preparation issues such as bonding and
The differences between the results collected experimentally and those found in the
FE model developed can also be attributed to the modelling approach. This includes factors
such as overestimation of cortical bone property due to the assumed homogenous modulus
(17GPa) in the FE model, where typically there tends to be some variation in the material
property of the saw bone models produced. Another reason for this difference may be due to
the overestimation of cortical bone thickness during the process of developing a subject
specific FE model. As noted by Anderson et al. [28] in their study, “CT is notorious for
overestimating the thickness of cortical bone”.
However, examining the results presented in this chapter, since gauges at the sacrum
were found to have larger margins of error compared to those on the hip bones, a large
contributor to this error could possibly be due to experimental setup factors such as variations
in how the pelvis is supported. Representation of the surface to surface contact at the superior
supports may have been an issue in this case as the physical contact between the support and
the pelvis specimen occurs over a small surface area around the posterior edge of the
lumbosacral joint. Experimentally, the contact may have been biased towards the anterior of
the surface of sacrum, resulting in larger loads being transmitted through the anterior cortical
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bone surfaces of the sacrum (where the gauges are). In the FE model however, contact
parameters may have resulted in some of these loads being transmitted through the posterior
of the sacrum due to greater contact over the posterior surface of the sacrum. In any case,
since the interface between the two geometries do not match perfectly (and in the case of the
sacrum the geometry is uneven), it is difficult to accurately simulate such a contact. A
diagram of the support and its contact with the sacrum at the FE model is provided below in
Figure 5-8.

Figure 5-8. Pelvic support at the sacrum.
One other issue found in our study was the larger variation in principal axis angles
found experimentally. Due to uncertainty in the exact mechanics of the contact at the
supports, it is possible that experimentally there is a larger amount of movement at the
contact surfaces due to nature of the contact between surfaces.
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5.6 Discussion
Examining the results from this chapter, it is evident when taking into account the numerous
sources of errors, that validation was successfully conducted between the FE and
experimental models. This was completed through quantitative analysis and comparison of
results obtained from the pelvis at its undamaged state, and through qualitative analysis of
pelvis during the process of bone recovery.
Collating and analysing these results, the stresses and principal axis orientations
collected experimentally were found to be similar to the results obtained in the FE model.
Furthermore, the process of stiffness restoration in the bone highlights similar trends in the
restoration of stresses in both models. Hence, it can be stated the FE model that has been
developed can be suitably utilised for the purposes of our study on the pelvis.
During the process of stiffness recovery it is apparent that experimental stresses
eventually recover close to the levels of stress found in the fixated and unfractured specimen
(as shown in Figure 5-4 to 12). This convergence of stress occurs experimentally at
approximately the six to 22.5 hours mark (full cure in the datasheet is stated to be
approximately 15 hours). Furthermore, if we take into account the fact that the maximum
tensile modulus of the adhesive is 2GPa, this is approximately 10% of the original “bone
property” (17GPa) on the saw bone. This convergence is comparable to the FE model which
shows stresses reaching close to levels of stress found in the unfractured specimen, when
bone property at the fracture site has recovered to 10% of its original property.
To confirm the trend where stresses are seen to asymptote around the 10% property
mark, we can compare the stress distribution within the pelvis using the FE model at different
stages of bone stiffness recovery. Assessment of the anterior and posterior stress distributions
on the pelvis as shown in Figure 5-9, highlights very similar distributions between the two
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cases (with the exception of at the fracture site and throughout the fixation). It is therefore
evident that by the time bone has recovered to 10% of its original property, pelvic stresses
generally converge back to near the levels of stress expected in an unfractured pelvis.

Figure 5-9. Comparison of Von-Mises stress distributions at (a) 10% bone property at the site
of fracture and (b) full bone property (100%) at the site of fracture.
It is therefore important to note that this finding indicates that there is potential in
loading or mobilising a properly fixated pelvis during the recovery process. This could
ideally occur after the 10% threshold without causing excessive stress on the pelvis. This
introduces the possibility that patients with such fractures, may be allowed to apply loading
to their pelvis or mobilise earlier than the standard period of time during the recovery
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process. It is important to note that due to the limitations of this study, further detailed studies
are required to substantiate this hypothesis.
This study is limited to qualitative comparison of pelvic stresses during the process of
bone property recovery. Thus, in order to accurately determine if and when additional loading
or mobilisation can occur with patients of such fractures, a more detailed and representative
model of the pelvis is required. An accurate subject specific model which utilises a subject
specific variable bone density (and therefore modulus) could be employed. In addition,
muscles and ligaments could be implemented to further emulate the structure at the human
pelvis. Another issue to consider in this case is assessment of the bone property at the
fracture.
A study by Wong et al. [15] reviewed the various techniques for monitoring bone
healing and had found that while many studies have considered different forms of assessment
of bone healing in-vivo, identifying the level of healing on the pelvis was very difficult due to
its structure and accessibility. Hence, a moderately accurate method of identifying bone
property during the healing process (of a fracture) is required before judgment can be made
on the possible timing of mobilisation and / or additional loading of the pelvis.
While stresses at various sites in the pelvis has been considered thus far, it is
important to assess possible stresses at the fracture site and fixation in order to get a clear
view of how load transfer and stress distribution changes as bone property recovers. Utilising
the FE model developed, peak Von-Mises stresses were collected from the region of fracture
where bone property was varied in order to simulate different stages of bone property
recovery. This, along with the peak Von-Mises stresses from the two different parts of the
fixation (the sacral bar and the Pangea screws) are shown in Figure 5-10.
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As expected, comparison of peak stresses in the pelvis as obtained from our FE model
show stresses in the fracture generally increase as bone property in that area recovers. This is
due to the gradual increase in load transfer through the recovering bone. Consequently, this
results in a decrease in stresses at the fixation as the bone recovers as shown in Figure 5-10.

Figure 5-10. Peak stresses in the cortical bone at the site of bone recovery and within the
fixation (separated into the sacral bar and the Pangea pedicle screw components).
Similar to the trends found earlier, peak stresses in the fixation are found to converge
towards levels found at full property (100%) when the bone reaches 10% of the original bone
property. The stresses at these two states (10% and 100% bone property) when quantified
highlights a difference of less than 5%. Hence this underlines a significant possibility of
assessing fracture healing (particularly for Denis fractures) by measuring the strain on the
fixation.
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Employing measurements of fixation strains could be an effective way of in-vivo
monitoring of the changes in the pelvis during bone recovery post fracture, thus addressing
one of the issues highlighted earlier in realising the possibility of early patient mobilisation.
Ideally, further studies on this topic would include experimental assessment of fixation
stresses in a saw bone or cadaveric pelvis, during the process of bone property recovery at the
site of fracture.

120

5.7 Conclusion
Although there were some observable differences between experimental and FE results as
presented in this chapter, it is important to take into consideration the complex nature of the
pelvis and the possible sources of error that exist in this study as outlined in this chapter.
However, through analysis of the results given it is evident that the FE model developed
provides a representative model of the pelvis. There is quantitative agreement between the
FEA and the experimental results obtained with the undamaged pelvis. The principal stress
and orientations of principal axes at the gauges in the experimental specimen were found to
correlate well with those found from the FE model. Furthermore, the changes in stresses and
axis orientations due to changes to the pelvis were similarly reflected between the
experimental specimen and the FE model. Hence, this validated model was subsequently
employed in further qualitative studies of the effects of bone healing on the state of stress on
the pelvis.
The validated FE model was used to analyse the impacts of bone recovery on the
structural mechanics of the pelvis. A few notable findings were produced from this analysis.
Assessment of stresses in the pelvis as it undergoes bone property recovery, found that
stresses throughout the pelvis (except at the site of fracture) tended to converge towards the
level found in the unfractured pelvis. Furthermore, by the time bone at the fracture recovers
to 10% of its full property, stresses at this location are found to be very similar to the levels of
stress found in the unfractured specimen. This indicates a possibility that patients with Denis
fractures as is the case in this study, may be allowed to apply loading to their pelvis or
mobilise earlier than the standard period of time during the recovery process.
Results from the validated FE model found a similar trend of convergence in fixation
stresses during recovery as found in majority of the pelvis in this study. After imposition of
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the fracture on the pelvis, bone at the site of fracture is seen to be gradually loaded during the
process of bone recovery. Conversely, there is a reduction in stresses in the fixation due to the
recovery of bone property. This shows that changes in fixation stresses are dependent on the
level of recovery in bone property at the fracture. Thus, one possible way of monitoring bone
property in the pelvis, may be through the use fixations instrumented with strain gauges.
Further research is therefore necessitated in order to fully realise both these findings
due to the limitations of this study. This includes possible research using more detailed and
representative FE models of the pelvis in order to confirm trends found in this qualitative
study. Research also needs to be completed on pelvic stresses and strains when undertaking
typical activities during mobilisation such as gait in order to assess whether mobilisation is
viable for a partially recovered fracture. An investigation into instrumented fixations,
particularly using strain gauges, is required in order to assist in the search for an in-vivo
technique for assessing bone healing / recovery in the pelvis.
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Chapter 6

The impact of gait loading during the
process of bone recovery
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6 The impact of gait loading during the process of
bone recovery
6.1 Introduction
Analysis of the results presented in the previous chapter have shown that there is potential in
early patient mobilisation when bone has recovered to approximately 10% of its full property.
However, it is important to note that this particular study employed static loading conditions
on the pelvis (more specifically loading conditions in the bilateral standing position). When
considering patient mobilisation, it is important to take into account practical loading
conditions experienced by pelvis when such a patient is mobilised during the process of
recovery. Such patients would not only be standing statically after mobilisation, they would
also go through the actions of standing up, sitting down and undertaking gait during the
process of mobilisation. Thus, while previous results have shown a potential for early patient
mobilisation under a particular static load, the pelvis needs to be further analysed under
typical loading conditions related to mobilisation as stated above.
The human pelvis is one of the most important parts of the musculoskeletal system of
the human being. It plays a key role in providing support to the upper body and facilitating
load transfer of its weight to the lower body. Loads on the pelvis can therefore be quite large,
often much larger than the body weight during activities such as simple walking, to jumping
and even getting up from a seated position. During gait in particular, the pelvis is typically
subjected to forces between two to three times a single body weight, with noticeable
variations in the directions of applied loading at the acetabulum [51]. As a result, the loads
and stresses throughout the pelvis can vary substantially during these types of movements.
Considering the majority of FE studies on the pelvis, most currently focus chiefly on
analyses of simple static loads, with an absence of work in the structural assessment of the
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pelvis under various activity based loading scenarios such as gait. Only the study by
Majumder et al. [108] was found to have attempted to analyse the effects of gait on stresses
within a specific part of the pelvis. However, this analysis was limited as did not include
assessment of the whole gait cycle and in addition to leaving out the sacrum in the pelvic
model.
Considerations of activity based loading patterns are therefore not only beneficial for
understanding the impacts of activities of the pelvis, typical mobilisation activities such as
gait must be taken into consideration when assessing the potential for mobilisation of
patients. Gait is the most common form of human locomotion and thus plays a key part in
process of recovery for a patient who is immobilised for long periods of time post-surgery.
Typically when patients are mobilised after pelvic fractures, gradual weight bearing is
followed by functional activities such as gait training [8, 12]. Furthermore, evaluation of gait
is an important part in the assessment of a patient’s treatment and recovery [109]. Thus, in
order to properly understand the expected stresses in the pelvis if a patient is mobilised, gait
loading patterns must be incorporated into the FE model developed. Such a model would
provide a more representative measure of activities during mobilisation.
This study therefore attempts to analyse the FE model of the pelvis under a typical
mobilisation activity, namely gait. In particular, it aims to assess the impact of gait and gait
loading patterns on the fixated pelvis, at different stages of bone recovery from a Denis I
fracture. Furthermore, this study also aims to confirm whether the findings for early
mobilisation from the previous chapter, are similarly applicable in the actual practical
situation when gait loading patterns of a patient are considered. The findings for this study
are further detailed in the rest of the chapter.
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6.2 Methodology
Since this study no longer involves replicating experimental tests for the purposes of
validation, the loading system and constraints were reverted back to the original model
(shown in Figure 4-8) as described earlier in chapter 5. As the aim of this particular chapter
was to assess how gait impacts the pelvis during the recovery of bone stiffness after the
fracture has been bridged, representative gait loading must be applied to the FE model that
has been developed.

Figure 6-1. Hip contact forces on the right acetabulum of the pelvis adjusted for our
specimen. Source: Bergmann et al. [54].
For this purpose, data on the average hip contact force on the right acetabulum during
gait was obtained from a study by Bergmann et al. [54]. The data discussed earlier in the
literature review (as shown in Figure 2-8) presents gait loads in terms of percentage body
weight as a function of the % completion of the gait cycle. The hip joint loads were
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subsequently calculated in terms of Newtons by taking into account the body weight of the
source and a normal walking gait period of 1.1 seconds was assumed based on the study by
Bergmann et al. [54]. This data is presented in Figure 6-1.
In order to implement gait, the data presented for the right acetabulum must also be
complemented with data from the left acetabulum, but most studies like those by Bergmann
et al. [54] and Pedersen et al. [53] typically only study activity loads on a single joint. From
studies on human locomotion though, it is known that the body is approximately symmetric
in the mid-sagittal plane [110]. Gait movement in the left and right limbs is therefore similar
with a half cycle (or 180o) phase difference [111].

6.2.1 Implementation of gait specific loads
Hence, the same loads were applied to both the left and right hip joints, although load
directions were reflected in the sagittal plane due to body symmetry. Furthermore, since each
leg is typically half a cycle out of phase to the other, the hip joint forces applied to the left
and right acetabulum were adjusted accordingly to represent the typical gait cycle on the
pelvis. The resulting loads, which are to be applied to each acetabulum of the pelvis during
the gait cycle is displayed in Figure 6-2 below.
Once hip joint loads for both sides were obtained and tabulated, these load profiles
were created in our FE simulation.

Loads were subsequently applied as time based

(transient) loads and distributed to the surfaces of both acetabula as similarly done by
Majumder et al. [108] in their study. The FE results reported in this Chapter were obtained
from a series of analyses using a transient solution type (SEDTRAN109) in NX Nastran. A
full gait cycle (approx. 1.1 seconds) was thus simulated over 25 time steps (each 0.044
seconds). So that the impact of gait at different stages of recovery can be assessed, this
simulation was repeated for a number of different models with varying bone properties at the
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area of fracture. Each model was then comparatively analysed at different parts of the pelvis
over the 25 time steps of the gait cycle.

Figure 6-2. Hip contact forces applied to the acetabula of the pelvis.
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6.3 Expected load paths during gait
In order to understand the results collected from applying gait loads to the FE model, the
expected paths of loading need to be better understood. Depending on the property of the
fracture, the loads applied and where it is applied, it is expected the paths of loading will
change. Thus if we analyse the results obtained earlier in section 5, it would provide a
reference for our understanding of the results collected in this study.
Based on stresses collected at the gauge 4 on the sacrum in the previous chapter, it
was found that stresses near the fracture are much smaller at early stages of bone recovery
(low property) compared to when the bone at the fracture site is fully healed. This is
supported by results from the FE model as displayed in Figure 5-10 (Chapter 5), which show
stresses at the site of the recovering bone increase as bone property recovers back to its
original property.
From the above results it is evident that the load path between the right acetabulum
and the lumbosacral joint (which is a gateway to the upper body) is disrupted as a result of
the fracture on the right side of the sacrum. While bone recovers, so does the level of loading
through the recovering bone. Hence when fracture occurs at the right side of the sacrum, the
only remaining path of load transfer between the right acetabulum and lumbosacral joint is
the fixation, which provides a relatively stiff medium (compared to the “recovering bone”)
for load to be transferred from the right acetabulum through to the left hip bone and onto the
lumbosacral joint. This is further supported by the fixation stresses collected in Figure 5-10
(Chapter 5), which highlights the largest fixation stresses at the earliest stages of bone
recovery. These stresses decrease as bone recovers, thus highlighting its role in the transfer of
loads when a fracture is present (or in early stages of recovery). Thus, considering these
findings, it is expected that large loads from the right acetabulum will result in a noticeable
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change in load transfer paths throughout the bone recovery process. A diagram of the
expected load paths from the right acetabulum to the lumbosacral joint are shown below in
Figure 6-3.

Figure 6-3. Locations of external load transfer into and out of the bony pelvis (Top). Load
paths for load applied from the right acetabulum within the unfractured pelvis (Bottom-Left)
and within the Denis I fractured pelvis (Bottom-Right).
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6.4 Pelvic stresses during the gait cycle
6.4.1 Assessment of the hip bones
Examination of the peak Von-Mises stresses within the hip bones finds that during the gait
cycle, there is only a slight variation in stresses as the bone recovers at the site of fracture (as
shown red in Figure 6-3) from 10% of its original property to 100% of its original property.
This is consistent with our findings from the study conducted previously in chapter 5.
As shown in Figure 6-4, at stages of gait where large loads are applied to left
acetabulum, the left hip bone is relatively unaffected regardless of bone property, whereas the
right hip bone experiences a reduction in peak stresses. The path of loading from the left
acetabulum therefore remains unchanged as expected, but when considering the right hip
bone, the reduced loading on the right hip (when bone property at the fracture site is low) can
be attributed to additional rigidity provided by the fixation.
In comparison, when large loads are applied from the right acetabulum, the right hip
bone similarly experiences little variation in stresses over the course of bone recovery. The
left hip bone on the other hand experiences a large increase in stresses at the bridged fracture
state. This is due to the fact that the line of action of the loads, applied from the right
acetabulum, no longer run straight through to lumbosacral joint from the right hip. These
loads are now transferred through the fixation to the left hip and up to the lumbosacral joint
as shown in Figure 6-3. While the increase in stress is noticeable for those particular stages of
gait, the level of Von-Mises stress at both hip bones peak at approximately 89MPa at the
initial bridged fracture during gait, while the peak Von-Mises stress at 100% property during
gait reaches 84MPa. This is only a 6% increase on the full property state, thus highlighting
the fact that the hip bones are relatively safe from potential fracture if gait is performed at any
stage of recovery.
131

Figure 6-4. Peak stresses in the right and left hip bones during gait at different stages of bone
recovery.
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6.4.2 Assessment of the sacrum and site of fracture
Sacral stresses at the bridged fracture stage as displayed in Figure 6-5, are shown to be
slightly larger than the 100% property state during the stages of gait when majority of loads
are applied from the left acetabulum. This increase can be attributed to the transfer of loads
from the right hip, which are carried through to the left hip via the fixation. These (relatively
small) loads compound at the left side of the sacrum in combination with the loads applied
from the left acetabulum, thus resulting in slightly larger loads at the sacrum.
Investigating the stress changes in the sacrum, we find that large loads from the right
acetabulum make a noticeable difference at different stages of bone recovery. As explained
earlier, the load path from the right acetabulum changes noticeably when the bone is
fractured (or is at low stiffness). As a result, low properties at the site of bone recovery result
in noticeable increases in sacral stresses as compared to the full property state. Unlike the hip
bones, the peak stresses in the sacrum at 10% bone property are noticeably larger than the full
property case. Thus, in terms of a qualitative comparison, the 10% state is no longer adequate
for mobilisation as the stresses no longer converge near the levels of stress found in the 100%
property state.
Due to this very reason, the 25% bone property state was also included in the sacrum
graph in Figure 6-5. Stresses at this particular property were found to be slightly larger than
the fully recovered bone (100% state) when majority of load is applied from the right
acetabulum. The maximum Von-Mises stress during the gait cycle when bone property
reaches 25% at the fracture site, was found to be approximately 169 MPa, this is only around
4% larger than the max stress when the bone at the fracture site is at full property (163 MPa).
Qualitatively, this points to the fact that this may be a potentially safe threshold for patient
mobilisation.
133

Figure 6-5. Peak stresses in the sacrum and site of fracture (within the sacrum) during gait at
different stages of bone recovery.
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Analysis of the stresses at the site of fracture highlight the same trend found earlier in
chapter 5, which was the gradual loading of the site based on the bone property recovered.
This was trend was found to be independent of the gait cycle, although stresses were typically
much larger when a majority of the load is applied from the right acetabulum. Hence, the
stresses at the fracture site as found in Figure 6-5 substantiates the earlier claim that loading
of the site of fracture is proportional to and dependent on the bone property at the site. When
comparing the right acetabulum load curve and the stress bars at the different bone property
states, it is also apparent that stresses at this site of fracture are largely dependent on the loads
applied at the right acetabulum.
It is important note that the sacrum which is located centrally on the pelvis,
experiences similar levels of stress during the two periods where majority of the load is
applied from the left and subsequently the right acetabulum. This confirms the earlier
assumption of symmetry in the sagittal plane, and ensures the validity of this model.

6.4.3 Assessment of the fixation
Assessment of stresses within the fixation as displayed in Figure 6-6, highlight negligible
differences between different states of bone recovery during gait when loads peak at the left
acetabulum. It is therefore evident that while the fixation adds rigidity to the structure, the
effect it has on the path of load transfer is minor as stated from our findings earlier in this
chapter.
In comparison, the assessment of gait periods when right acetabular loads peak, finds
that the fixation plays an important role in stabilising the pelvis and also in the transfer of
loads throughout the pelvis at the bridged fracture state (when stiffness at the fracture site is
low). These stresses are found to converge when bone property recovers to approximately
10% of its original property, thus supporting the findings from earlier. However, it is
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important to keep in mind that while the fixation stresses converge when bone recovers to
10% of the original bone property; as stated earlier, the overall convergence of stresses in the
sacrum in particular (as shown in Figure 6-4), occurs closer to the point where bone has
recovered to 25% of its original property (at the site of fracture).

Figure 6-6. Peak stresses within the fixation during gait at different stages of bone recovery.

6.4.4 Stress distribution
While peak stresses at the various states have been assessed, the comparison of stress
distributions during the recovery process will provide better insight into the changes that
occur throughout the pelvis as the fracture ‘recovers’. For this comparison, the stage chosen
for assessment was the point at which hip contact loads at the right acetabulum peak. This
particular point was chosen as it displayed the largest peak stresses during the gait cycle. The
stress distribution throughout the pelvis at this particular stage of gait, at four different stages
fracture recovery is provided in Figure 6-7.
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Figure 6-7. Stress distribution within the pelvis at different stages of recovery (at peak right
hip acetabular load).
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Comparing the pelvis at the various stages of recovery, it is clear that stress
distribution converges to its original state as the pelvis recovers. Stresses within the fixation
are visibly similar after the recovering bone reaches 10% property. Peak stresses at the
sacrum are found just outside the site of fracture on the sacrum, and converge at
approximately 25% property. The area of fracture on the other hand displays continuous
changes in stress throughout all four stages of bone recovery as shown below. Hence, this is
consistent with the findings from the peak stress analyses earlier in this chapter.
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6.5 Discussion
In comparison to the limited analysis of the pelvis conducted in chapter 5, this study conducts
a full assessment of the FE model under simulated gait, and thus provides a more
representative analysis of the loads typically applied during mobilisation. Analysis of the
results presented earlier display asymptotic convergence of peak Von-Mises stresses as the
fracture heals, as previously found in the earlier study. This underlines the ability of the
pelvis to manage stresses effectively during the healing process. With exception to the
sacrum, when the bone at the fracture site reaches the 10% property state, stresses throughout
all parts of the pelvis and fixation converge to the levels of stress found in the ‘fully
recovered’ (100%) model. For the sacrum this threshold was found to be closer to the stage
where bone at the site of fracture reaches 25% property. This trend is similarly reflected in
the stress distributions on the pelvis. This therefore confirms the possibility of introducing
early patient mobilisation beyond this threshold, subject to more detailed and representative
quantitative studies.
The gradual loading of the fractured area in the sacrum is also seen to be compensated
by the fixation. Thus at early stages of healing, when the bone is weakened and recovering,
the fixation experiences larger stresses. As the bone continues to recover, the sacrum
experiences gradual loading at the area of fracture / recovery, with the fixation experiencing a
reduction in stresses. This further supports the possibility of introducing early patient
mobilisation as the fixation is correctly playing its role in supporting and stabilising the
pelvis.
From our assessment of the gait cycle, it was apparent that at low bone properties (at
the fracture site) a Denis I fracture on the right side of the sacrum resulted in much larger
stresses within the sacrum when majority of the loads were applied from the right
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acetabulum. This was found to be due to the change in the path of load transfer, as the area of
fracture is proportionally loaded based on the property of bone. Thus at low properties,
majority of the load transfer occurs through the fixation instead. This finding can similarly be
applied to Denis II fractures in the sacrum, as the paths of load transfer due to fracture would
be very similar. A Denis II fracture similarly to a Denis I fracture would cut off the direct
path of load transfer between the acetabulum and the lumbosacral joint. Additionally, the
above finding could equally be applied for left sided fractures during large loads from the left
acetabulum.
Practically speaking, the issue of excess stresses within the pelvis at particular stages
of gait could be resolved by reducing loads on the pelvis or loads transmitted through the legs
(during gait) particularly on the side of the body in which the fracture is located. This could
potentially be achieved by utilising crutches for example, at early stages of recovery to ensure
that the loading on the pelvis during that particular stage of gait, is minimal, thus minimising
the potential for fracture.
The issue presented above may also be addressed from a surgical perspective, in that
improved systems and methods of fixating the pelvis could potentially accommodate for the
earlier mobilisation of patients by reducing the peak stresses at the sacrum during gait. As
opposed to the sacrum where stresses converged to reach suitable levels when bone reached
25% of the original bone property, stresses everywhere else in the pelvis were found to
converge when bone reached approximately 10% of its original property. Hence, one way of
improving the potential of early mobilisation in patients is to specifically reduce peak stresses
close to the recovering bone in the sacrum (as shown in Figure 6-8) through a means of
fixation. Such a fixation would bridge areas on either side of the fracture in order to increase
rigidity of the area, allow transfer of loads across and distribute stresses within that region.
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However, such a fixation must further be assessed for its practicality from a surgical point of
view.

Figure 6-8. Peak stress on the pelvis during the peak load stage at the right acetabulum.

6.5.1 Assessment of quantitative factors
While we have qualitatively confirmed the potential of early mobilisation, it is would be
useful to quantitatively assess the potential of bone fracture using the simulation we have
developed. Stability of the fracture site is one of the most important factors which must be
considered to ensure proper bone healing. Typically this stability is quantified in terms of
strain, with the maximum allowable tissue strain for primary and secondary healing being 2%
and 10% strain respectively [65-67].
Von-Mises equivalent strains are often employed in studies as a measure for assessing
bone failure [112, 113], thus for this particular study the Von-Mises equivalent strain at the
area of fracture was collected as a function of gait at different stages of recovery. These
results displayed in Figure 6-9 do not include the ‘bridged fracture’ state as strains are too
high. The results presented, highlight that bone at the fracture site which has recovered to
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10% of its original property, experiences a peak strain of 4.8% which is much lower than the
maximum threshold allowed to achieve secondary bone healing. Thus, based on our study,
mobilisation (through gait) of a Denis I fractured and fixated pelvis should not ideally disrupt
the healing process at the fracture site. This is may not be universally true though, as our
model is based off a healthy specimen. Pelvises experiencing noticeable degradation of bone
quality and thinning of the cortical bone are typically at higher risk of fracture. Hence, these
factors would have to be further taken into account within the subject specific FE model as
developed for such patients.

Figure 6-9. Peak strains at the site of fracture during gait at different stages of bone recovery.
Studies typically vary in their assessment of the strength of cortical bone, with most
test specimen originating from the femur. It is therefore difficult to settle on a particular value
for the cortical bone strength. Hence, we have decided to employ the findings from a study by
Grimal et al. [87] which found a mean cortical bone strength of 195MPa.
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Comparing the peak stresses in the pelvis during gait to the aforementioned reference
value for cortical bone strength, we find that at a bone property of 10% (at the site of
fracture), peak Von-Mises stress reaches 199 MPa at the sacrum. Comparatively when bone
property reaches 25%, the peak stress reduces to approximately 169 MPa, which is lower
than the cortical bone strength value found in the literature mentioned above. Similarly,
analysis of the fixation shows Von-Mises stresses peaking at 93 MPa during gait at 10%
property. This is considerably lower than the strength of the fixation material (Ti6Al4V)
which yields at around 1100MPa [114].
Thus it is evident that at earlier stages of recovery where bone property is yet to
recover to approximately 10% of the original or full bone property or less, there is a risk of
failure in the cortical bone if gait is to be undertaken for the purposes of mobilisation. Once
bone property reaches 25% of its original property at the site of fracture, gait is unlikely to
cause failure of either the cortical bone or the fixation. Furthermore, considering that strains
within cortical bone at the fracture site were found to be below the required threshold for
healing to occur, these results provide an indication of significant potential in the possibility
of early mobilisation.
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6.6 Conclusion
This study successfully builds on a number of findings from the previous chapter.
Assessment of the stresses within the pelvis confirmed the trend of asymptotic stress
convergence all throughout the pelvis during gait as bone recovers (except for the site of
fracture), thus reflecting the findings from chapter 5. Furthermore, like the previous study,
most areas of the pelvis experienced asymptotic convergence of stresses towards the levels of
stress found in the fully recovered pelvis once the bone at the site of fracture had reached
approximately 10% of full property. However, assessment of the peak Von-Mises stresses
within the sacrum had found negligible difference in peak pelvic stresses during gait between
recovered bone at 25% property and bone at full property.
This study also further confirmed the possibility of early mobilisation through
quantitative assessment of the peak strains and stresses within pelvis and fixation during gait.
This assessment found that strain and stress levels were within certain acceptable limits when
bone at the fracture site recovered to 25% of its full property, so that continued healing is
ensured and failure of bone / fixation is prevented. Thus, the analysis of the validated FE
model with applied gait loading patterns, indicates a strong potential for the mobilising
patients when bone recovers to 25% of its original property at the fracture site.
Mobilisation of patients could be performed even earlier if the issue of high sacral
stresses could be addressed. It was found in this study that when compared to the rest of the
pelvis, areas near the fracture site in the sacrum were found to be susceptible to larger
stresses which converge at later stage in bone recovery (25% property instead of 10%).
Solving this issue could therefore potentially reduce mobilisation times of patients even
further.
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Assessing the full gait cycle as simulated in this study, it was found that for a right
sided Denis I fracture, large loads from the right acetabulum have a noticeable impact on the
stresses throughout the pelvis at the early stages of bone recovery. As a result, if loading on
the side of the body with the fracture is avoided (i.e. right side in this case), it is possible to
mobilise patients earlier than the case where full gait is performed during mobilisation. This
finding has practical implications as it introduces a possibility in which a patient may be
mobilised earlier than expected by slowly introducing them to specially tailored activities,
thus speeding up the overall process of mobilisation.
While the particular case of a Denis I fracture on the right side of the sacrum has been
assessed in this study, the symmetry of the pelvis in the sagittal plane and cyclic nature of
gait means this study is just as applicable to Denis I fractures on the left side of the pelvis.
Additionally, if the expected paths of loading are assessed, Denis II fractures are expected to
experience similar changes in stress over the course of bone recovery at the fracture site,
although this is subject to further analysis.
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Chapter 7

Inclusion of ligamentous structures
and their impact during bone
recovery
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7 Inclusion of ligamentous structures and their
impact during bone recovery
7.1 Introduction
Ligamentous structures in the pelvis play a key role in the stability of the pelvis. In addition
to the SI joint and the symphysis pubis ligaments which are responsible for keeping the
pelvic ring intact, other major ligaments such as the sacrotuberous and sacrospinous
ligaments are instrumental to the overall stability, especially during fracture [3].
Employing an FE model with ligamentous structures could thus prove useful in the
assessment of the pelvic structure during the recovery of bone. Not only would a model
inclusive of ligaments be more representative of the physical situation compared to a model
without these ligamentous structures, any impacts due to the disruption of certain ligaments
during the recovery process can also be assessed. This type of comparison would be valuable
in assessing how the structural mechanics of the bone change due to ligament disruption. As
mentioned earlier, Denis I fractures of the pelvis are typically also coupled with disruption of
ligaments.
This chapter, like the previous chapter on gait, therefore attempts to initially assess
the impact of gait on stresses within the pelvic structure during bone recovery. This would
highlight the relative differences between the basic model (without ligaments and cartilage)
and the model with ligaments, and thus prove if the previous findings still apply when
ligamentous structures are incorporated into the FE model. Additionally, this study
comparatively analyses a number of different practical situations using the FE pelvic
ligament model, where ligaments such as the sacrospinous and sacrotuberous ligaments are
disrupted due to a Denis I fracture. The results from this particular study are detailed in the
rest of this chapter.
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7.2 Methodology
The inclusion of ligaments in the FE model is essential to developing a representative model
of the pelvis. Thus, in this particular study, the most important ligamentous structures of the
pelvis were adapted into the previous FE model as developed for the study in Chapter 6. As
found in the review of literature, modelling of cartilage in joints typically goes hand in hand
with the modelling of ligaments. Thus, cartilage found in SI joints and symphysis pubis were
also incorporated into our FE model for this chapter.
The FE model from Chapter 6 was imported wholly into this study and subsequently
modified to incorporate the ligamentous and cartilage structures. Hence, features such as the
fracture location, fixation and its attachment points, load conditions and boundary conditions
were retained exactly as per Chapter 6. The only differences of note (in the FE model
employed in this chapter) were the inclusion of sacrotuberous and sacrospinous ligaments,
and the modification of the previously rigid sacroiliac joints and the symphysis pubis in order
to incorporate the relevant cartilage and ligaments as further detailed in this chapter.

7.2.1 Modelling cartilage
In order to incorporate cartilage at SI joints, a gap was created between the articular surfaces
of both SI joints. This gap was set to approximately 2.1mm in width to account for the
thickness of both the sacral (approx. 1.4mm) and iliac articular cartilages (approx. 0.7mm) as
found in the study by Salsabili et al. [115]. As per the study by Liao et al. [36], these cartilage
were modelled as a single entity with the material properties specified in Table 7-1.
Table 7-1. Cartilage properties in the improved FE model.
Elastic Modulus (E)

Poisson’s Ratio (ν)

Thickness (mm)

SI joint cartilage

12 MPa

0.45

2.1

Interpubic disc

5 MPa

0.45

5.5
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The geometry of the symphysis pubis had to be remodelled as the composite saw bone
specimen had a fused symphysis pubis which does not represent the physical form. Thus a
separate reference model of the hip bone and detailed diagrams of the symphysis pubis cross
section (such as the diagram shown in Figure 2-6 in Chapter 2) were used to remodel the
region.
The interpubic disc was modelled to a thickness of 5.5mm as derived from the study
by Zheng et al. [88]. Material properties as provided in Table 7-1 were obtained from the
study by Liao et al. [36], and again the interpubic disc and articular cartilage was modelled as
a single entity. For these cartilages, a simple elastic model was utilised instead of the
Mooney-Rivlin model due to limitations of the solution type chosen for solving the model.

7.2.2 Modelling ligaments and cartilage
As per the majority of the studies in the literature review, ligaments were modelled as groups
of 1D springs in parallel. These springs were distributed across the attachment points for each
ligament as found in Figures 6 to 8 [49]. Detailed diagrams from the book by Bucholz et al.
[8] were also employed as a reference. These diagrams clearly highlighted the anatomical
areas of the attachment for ligaments on the hip bones.
Hence, each ligament was modelled by a single group of these connectors, and were
distributed to the correct anatomical locations according to data sourced from the references
above. Once they were modelled, they were given uniaxial spring stiffness based on values
commonly employed in literature as provided in Table 7-2 [30, 71, 77, 88]. The updated FE
model after the inclusion of cartilage and ligaments is displayed in Figure 7-1.
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Figure 7-1. Updated FE model of the pelvis with cartilage and ligaments included.
Table 7-2. Ligament properties in pelvic FE model.
Ligament

Total Stiffness
(N/mm)

Total No. of
Elements in Group

Symphysis Pubis: Superior Pubic

500

25

Symphysis Pubis: Arcuate Pubic

500

23

SI Complex: Interosseous (Right)

2800
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SI Complex: Interosseous (Left)

2800

166

SI Complex: Posterior (Right)

1400

133

SI Complex: Posterior (Left)

1400

140

SI Complex: Anterior (Right)

700

25

SI Complex: Anterior (Left)

700

23

Sacrospinous (Right)

1400

64

Sacrospinous (Left)

1400

48

Sacrotuberous (Right)

1500

70

Sacrotuberous (Left)

1500

67

7.2.3 Analysis on the impact of ligaments
As Tile et al. [3] had mentioned in their study, “Both the sacrotuberous and sacrospinous
ligaments must be disrupted for complete instability of the hemipelvis to occur”. Tile et al.
[3] had also highlighted a link between sacrotuberous avulsions and Denis I fractures. Hence,
our improved FE model was employed to analyse the impact of mobilisation (i.e. gait) on the
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recovering pelvis in a number of different cases to take into account the findings of Tile et al.
[3] as stated above.
The three cases that were examined and analysed thus included the case where both
the sacrotuberous and sacrospinous ligaments are intact, when the sacrospinous ligament was
intact & the sacrotuberous ligament is disrupted and the worst case scenario where there is
avulsion of both ligaments. For the models where ligaments were meant to be disrupted, the
1D springs representing the relevant ligaments were removed. After simulation of these FE
models, a comparative analysis of the models was conducted to assess the impacts of
sacrotuberous and sacrospinous ligament avulsions on the recovering pelvis.
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7.3 Pelvic stresses during gait (FE pelvic ligament model)
7.3.1 Assessment of the hip bones
A detailed assessment of the pelvic stresses during gait is provided in this section for the
‘worst case’ scenario, where the ligamentous structures at the SI joint and symphysis pubis
were assumed intact, and the sacrotuberous and sacrospinous ligaments were disrupted. This
particular setup also provides an equal comparison between the previous FE model with its
rigid joints and the new ligament model, which includes ligamentous structures and cartilage.
The results collected from the ligamentous model during gait (as displayed in Figure
7-2) indicates very similar trends in stress changes within the hip bones at the various stages
of bone recovery when compared to the results from previous model (as shown in Figure 6-4
in Chapter 6). Although the relative stress changes were similar across both models, there
was a noticeable increase in the magnitude of stresses in both hip bones during the time
where majority of loads originate from the right acetabulum. Peak stresses within the right
hip bone during gait, were found to be much larger (approximately 74%) in the FE pelvic
ligament model, with a peak stress of 151MPa compared to 87MPa in the basic nonligamentous model (model without ligaments). The left hip bone in the current model
similarly experienced larger stresses (by approximately 40%) compared to the nonligamentous.
As shown previously from the results of the study in Chapter 6, the differences in
peak stress between the sacrum and the hip bones were found to be relatively large at peak
loads during gait. Furthermore, the hip bones in this study experienced noticeable increases in
stress after inclusion of the ligamentous structures to the FE model. It is evident from these
results, that the increased stresses could potentially be attributed to redistribution of stresses
by the ligamentous structures.
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Figure 7-2. Peak stresses in the right and left hip bones during gait at different stages of bone
recovery in the FE pelvic ligament model.
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It is therefore expected that if the ligamentous structures aided in the redistribution of
stresses within the pelvis, the resulting increase in peak hip bone stresses should consequently
correspond to reduction in peak stresses within the sacrum. Hence, stresses obtained from the
sacrum must further be analysed in order to confirm this finding.
Taking a closer look into the relative stress changes within the hip bones during the
recovery of bone property; once the bone at the site of fracture recovers to approximately
10% of its original property, peak stresses in both hip bones are found to converge to within
10% of the stresses at the fully healed state. Furthermore, quantitative assessment of the peak
stresses in the right and left hip bones at 10% property (136MPa and 84MPa respectively)
finds that they are below the value of cortical bone strength as found from literature [87].
Hence, when we compare these results to those found in the previous study (in Chapter 6), it
is evident that the observations and findings from the previous study similarly apply in this
study.

7.3.2 Assessment of the sacrum and the fracture site
Peak sacral stresses during the gait cycle in both the ligamentous and non-ligamentous FE
pelvic models (as displayed in Figure 7-3 and Figure 6-5 in Chapter 6 respectively), were
found to be very similar, with small variations in stress between models. For the current
ligamentous model, the pelvis with a bridged fracture experienced a peak sacral stress of
approximately 225 MPa. When compared to the non-ligamentous FE model (from Chapter 6)
this corresponds to a 5% reduction in peak stresses during gait. This to some extent explains
the observation earlier of increased hip bone stresses in this particular model. It is likely that
the ligaments modelled have played a role in redistributing stresses from the sacrum to other
parts of the pelvis.

154

Assessment of the pelvis at the 25% property state and the fully recovered (or 100%
property) state finds the peak stresses to be approximately 168 MPa during the whole gait
cycle for both states. This also corresponds to the maximum stress during the whole of the
gait cycle within the whole of the pelvis at both states (25% and 100%). Again, these findings
concur with the findings from the studies in the previous chapters, which had previously
shown peak stresses within the sacrum (and the pelvis as a whole) to converge at the 25%
property state (during gait). Additionally as found previously with the hip bones, the peak
sacral stress at 25% property during gait was found to be lower than the strength of cortical
bone (obtained from Grimal et al. [87]).
It is important to note that assessment of the peak stresses at the fracture site indicates
peak stress from the FE pelvic ligament model to be slightly lower (6%) than the
corresponding result in the basic model (without ligaments), thus highlighting better
distribution of stresses by the ligamentous structures. Otherwise, both sets of results from the
FE pelvic ligament model and the basic non-ligamentous model were largely similar.
From the results presented so far it is expected that strains at the site of recovering
bone will be lower in the FE pelvic ligament model due to the ligamentous structures present
in the surrounding proximity to the recovering bone. This was found to be the case with
fracture strain improving from a peak of 4.8% in the basic model to 4.4% in the FE pelvic
ligament model (as shown in Figure 7-4). Otherwise, the peak strain at the site of recovering
bone still remains below the 10% threshold required for secondary healing to occur.
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Figure 7-3. Peak stresses in the sacrum and site of fracture (within the sacrum) during gait at
different stages of bone recovery in the FE pelvic ligament model.
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Figure 7-4. Peak strains at the site of fracture during gait at different stages of bone recovery
in the FE pelvic ligament model.

7.3.3 Assessment of the fixation
Peak fixation stresses during gait as provided in Figure 7-5, were found to be very similar in
both the FE pelvic ligament model (Figure 7-5) and the FE model without ligaments (Figure
6-6) when bone was recovered beyond 10% property at the site of fracture. In comparison, at
the bridged fracture state, the fixation in the FE pelvic ligament model experienced larger
peak stresses (by approximately 10%). However, the peak stress during gait is still well
below the yield strength of the fixation. Similar to the basic model, convergence of stresses
occur when bone at the fracture site reaches approximately 10% of its full property.
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Figure 7-5. Peak stresses within the fixation during gait at different stages of bone recovery in
the FE pelvic ligament model.

7.3.4 Stress distribution throughout the pelvis
The stress distributions within the FE pelvic ligament model as shown in Figure 7-6, indicate
convergence of stresses in most areas of the pelvis and fixation when bone recovers to
approximately 10% of its original property. Again, like in the previous model, sacral stresses
except at the site of fracture similarly experience convergence of stresses when bone recovery
reaches 25%. A comparison of these stress distributions to those results collected from the
basic model without the ligamentous structures (Figure 6-7 in Chapter 6) finds no noticeable
difference throughout the pelvis except at the right SI joint. The large stresses present in the
right SI joint are the source of the increased peak stresses found in Figure 7-2 earlier.
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Figure 7-6. FE pelvic ligament model stress distribution at different stages of recovery (at
peak right hip acetabular load).
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7.4 Impact of sacrospinous and sacrotuberous ligaments in the FE
model
After inclusion of the sacrospinous and sacrotuberous ligaments into our FE model, the
changes in stress between these models were found to be slight, with very similar peak
stresses throughout the model both qualitatively and quantitatively. Thus, for the purposes of
comparison, analysis was conducted at a particular stage of gait. The stage of gait chosen was
the point where load at the right acetabulum peaks. This stage was chosen in particular as
changes in peak stresses due to the recovery of bone were typically greatest at point in the
gait cycle based on the results collect thus far. Furthermore, the peak overall stress also
occurs at this stage of gait.
A diagram of the peak Von-Mises stresses within the hip bones at this particular stage
of gait is provided in Figure 7-7. Employing the model with sacrotuberous and sacrospinous
ligaments intact as a reference, disruption of the sacrotuberous ligaments results in a slight
increase in stress at the bridged fracture state with no discernible difference once bone
recovers to 10% and beyond. After further disruption of sacrospinous ligament, there is a
visible reduction in stresses of between 6 – 7% within the right hip at all stages of recovery.
Likewise, the left hip experiences a negligible change in stress due to the disruption of
the sacrotuberous ligaments. Further disruption of the sacrospinous ligaments results in a 12 –
19% increase in peak Von-Mises stresses throughout the left hip. The results presented so far
highlight that disruption of the sacrotuberous ligaments has very little effect on the stresses
within the pelvis. In comparison, disruption of both sets of ligaments have a noticeable effect
on both the hip bones.
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Figure 7-7. Peak stress comparison of the various ligament models at the right and left hip.
(Gait stage: when load applied from right acetabulum reaches its peak)
Assessment of the peak sacral Von-Mises stresses as shown in Figure 7-8 highlights
no discernible changes in stress after recovery of bone beyond the 10% property.
Furthermore, the stress change at the bridged fracture state is minor (less than 3% increase in
stress due to disruption of both ligaments).
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Like all the previous cases, at the bridged fracture state the fixation experiences a slight
increase in stress after disruption of the sacrotuberous ligaments. In contrast though, after
disruption of both ligaments, peak fixation stresses increase by between 10 - 23% at the
different states of recovery. Thus it is evident that disruptions of both ligaments are required,
to make a noticeable difference in the stress distribution within the pelvis.

Figure 7-8. Peak stress comparison of the various ligament models at the sacrum and fixation.
(Gait stage: when load applied from right acetabulum reaches its peak)
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7.5 Discussion
7.5.1 Assessment and comparison of the FE pelvic ligament model
The addition of cartilage and ligamentous structures to our FE model of the pelvis have
resulted in a number of minor changes to the structural mechanics of the pelvis. Rather than
simply facilitate the transfer of load as per the rigid joint assumption, due to the presence of
ligamentous structures near the region of recovery, this ligament model had shown
redistribution of stresses within the pelvis and in particular in the area of recovering bone. As
a result of the redistribution of stresses by the ligaments, there were reductions in peak
stresses within the pelvis (and more particularly the sacrum) and improved stability at the
fracture site during gait. These reductions in peak stress were offset by increases in stresses
within the hip bone, which were to be expected due to the role of the ligaments.
Overall the results collected from the FE pelvic ligament model was qualitatively and
in some cases quantitatively very similar. Convergence of peak stresses were found to occur
at the same thresholds found earlier in chapter 6. Additionally, once the pelvis had recovered
to 25% of its full property at the site of fracture, peak stresses within the pelvis (as found
within the sacrum during gait) were found to have converged to the same value of peak stress
found in the fully recovered pelvis. Further assessment of stresses and strains against a
number of criteria such as bone failure, fixation failure and healing, had found that all values
were below the acceptable limits when the recovering bone reaches 25% of its full property.
The results presented above when compared to the previous chapter similarly indicate
a potential for allowing mobilisation of patients with such fractures at relatively early stages
of recovery as stated above. However, overall it is evident when compared to the previous
model with the rigid joints and no ligaments (Chapter 6), the current model with the intact
ligaments indicates improved distribution of stresses and reductions in peak stresses &
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strains, thus highlighting a marginal improvement in the potential for earlier mobilisation. It
can therefore be concluded that our study of the FE model with the ligaments and cartilage
indicates that our assessment of the potential for mobilisation is more conservative than
previously thought.

7.5.2 Assessment of the model with ligaments intact or avulsed
It is evident from the results presented in this chapter that sacrotuberous avulsions have little
impact on the structural mechanics of pelvis overall, and particularly at the chosen stage of
gait. The insignificant changes in stress throughout the pelvis at the various stages of bone
recovery highlight this fact. In comparison, further disruption of the sacrospinous ligaments
results in a perceptible change in stresses throughout the pelvis, particularly at the bridged
fracture stage. However, beyond the point where bone reaches approximately 10% of its full
property, these changes are less significant.
Applying these findings in the context of bone recovery and potential mobilisation of
patients, it is apparent that these ligaments are likely to have the greatest impact at fracture
and early stages of recovery. This is confirmed by the stresses found within the fixation itself,
where disruption of both sets of ligaments results in a large increase in peak stresses of
approximately 23% at the bridged fracture state. This indicates that these ligaments while
intact had a significant role in the overall stiffness of the structure at this state, which after
disruption was compensated for by the fixation.
In contrast, at the potential stages of mobilisation as found in this research project
thus far; the difference between both sets of ligaments being disrupted and staying intact was
noticeably smaller. Hence, the relative stiffness of pelvic structure relegates the overall
impact of the sacrotuberous and sacrospinous ligaments on the pelvis. Thus, from a structural
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mechanics point of view based on the FE model developed, the disruption of these ligaments
have little consequence in the potential mobilisation of patients.
It is possible to take the qualitative comparison employed in this study, one step
further by considering a healthy or fully recovered pelvis (100% property at fracture) with
both the sacrotuberous and sacrospinous ligaments intact as the ideal reference. This is due to
the fact that it provides the expected stresses during gait within a healthy pelvis under typical
conditions. Assuming this pelvis undergoes a Denis I fracture, and in the process the
sacrotuberous and sacrospinous ligaments are disrupted. This would represent the earliest
point of mobilisation for the worst case scenario (disruption of the two ligaments) as
determined by our study in this chapter. The direct comparison of these models would
subsequently provide a degree of certainty to our findings earlier regarding mobilisation of
the pelvis when there is an avulsion of these ligaments.
Hence, based on our previous assessments, peak stresses occur within the sacrum. A
comparison of the peak sacral stresses (Von-Mises) during gait in the two aforementioned
models is therefore provided in Figure 7-9. The peak stresses during the gait cycle for the two
models as shown in Figure 7-9, highlight very similar levels of maximum stress during the
whole cycle. In fact, this difference was found to be approximately 1%. Hence, this finding
supports the outcomes of the detailed assessment of bone recovery during gait as conducted
earlier in this chapter.
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Figure 7-9. Comparison of peak Von-Mises stresses in the sacrum during gait within a fully
recovered pelvis with ligaments intact and a partially recovered pelvis (25%) with disrupted
ligaments.

7.5.3 Study limitations
It is important to note that this study has a number of limitations which need to be considered.
As patient data on ligament placement is not easily obtainable, attachment points were based
on the typical human anatomy. Additionally, the springs utilised for representation of the
ligaments were distributed as evenly as the mesh would allow over the attachment areas of
the ligaments, but the actual configuration of the ligaments may not be precisely represented.
Furthermore, although cartilage has been included, implementation of a hyperelastic
Mooney-Rivlin model of the cartilage would have provided for a more accurate model. The
interfaces at the joints (especially between the cartilage surfaces) were bonded in our model
as per other literature, but this is a simplification of the actual contact which isn’t a bonded
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contact. The bonded contact assumption is typically utilised as the SI joint complex typically
allow for very little movement at the joints.
Finally, this study also hasn’t covered all the potential combinations of ligament
avulsion such as the disruption of the SI joints which are also possible, and can have a major
impact on the stability of the pelvic ring. Furthermore, this study has not assessed how
severance of the sacrospinous and sacrotuberous ligaments affect the overall stability of the
pelvis during mobilisation. It would be important to study the effects of these avulsions on
the pelvic stability (both rotational and translational) with the presence of a fixation in order
understand whether it is actually feasible to mobilise patients with such avulsions early
during the recovery process. However, the measurement of strain in the site of bone recovery
provides an indirect measure of overall stability within the pelvis, and for the purposes of
assessing a few key practical situations to develop a better understanding of the possible
recovery process and mobilisation, the scope of the study completed is sufficient in the wider
context of our research.
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7.6 Conclusion
In this study, the ligamentous structures and cartilage were successfully implemented in the
FE model of the pelvis. The simulation of gait loading patterns on the resulting FE model is
shown to have little impact on our results, when compared to those from the previous study in
chapter 6. Furthermore, the ligaments of the SI joint were found to play a minor role in the
redistribution of stresses within the pelvis and in the improvement of stability at the fracture
site. Hence, the findings from our previous model of the pelvis are shown to still apply once
the important ligaments of the pelvis such as the SI joint ligaments are taken into account to
produce a more representative model of the pelvis.
In order to assess the practical implications of disrupted sacrotuberous and
sacrospinous ligaments, FE analyses were conducted on a few different situations where
sacrotuberous and / or sacrospinous ligaments were disrupted. The results from this study
indicated that avulsion of the sacrotuberous ligaments had a relatively minor effect on the
stresses throughout the pelvis. In comparison, the avulsions of both ligaments were found to
make an observable difference in stresses within the pelvis. Additionally, through assessment
of the fixation stresses, it was found that these ligaments also had a small impact on the
stability of the pelvis. However, bone recovery beyond 10% property at the area of fracture,
was found to greatly reduce the role of the sacrotuberous and sacrospinous ligaments in
reducing and redistributing peak stresses throughout the pelvis.
As a result, when considering these results in the context of patient mobilisation, the
roles of the sacrospinous and sacrotuberous ligaments in the assessment of mobilisation were
found to be negligible. Thus the findings from previous studies still apply, which from the
practical perspective means that patients with such fractures may still potentially be
mobilised once bone at the fracture site recovers to 25% of its original property, regardless of
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the condition of the sacrospinous and sacrotuberous ligaments. However, due to the
limitations of this study, it would be important to assess the importance of these ligaments in
terms of its role in providing stability to the overall pelvis, which has not directly been
covered in this particular study. Thus while there is potential of early mobilisation, and while
strain in the recovering bone provides an indirect measure of overall stability within the
pelvis. Furthermore, it is apparent that the inherent rigidity of the fixation and its bridging of
the two hip bones provides sufficient stability to the pelvis, lessening the role of the
ligaments. Ideally however, the actual rotational and translational stability within the pelvis
must be further investigated to ensure that instability does not adversely affect the patient
during mobilisation.
Although, these results must take into consideration the limitations of the study, a
‘worst case’ scenario has been assessed where ligaments are disrupted. Thus, in a practical
case where certain ligaments are present, these ligaments are expected to assist the stability of
the pelvis. Hence, this assessment would be a more conservative assessment of the actual
practical situation. Furthermore, the 25% threshold is also considered to be a relatively
conservative assessment of the potential for mobilisation due to the relatively large intervals
between the different stages of recovered bone. Further research employing smaller intervals
between stages of bone recovery (when compared to this study) could lead to a more precise
assessment for the potential stage of patient mobilisation for such fractures.
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Chapter 8

The comparative analysis of fixations
and their effectiveness in stabilising
Denis I fractures during bone
recovery
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8 The comparative analysis of fixations and their
effectiveness in stabilising Denis I fractures during
bone recovery
8.1 Introduction
The current research on the study of the pelvic structural mechanics during bone recovery has
thus far investigated the effects of a number of different factors in order to improve the
representativeness of the assessment to the practical situation. However, the fixation system,
which is the key factor in the stabilisation of the pelvis, is yet to be considered. It would be
therefore be appropriate to consider the role of the fixation system in stabilising the pelvis,
especially during the course of bone recovery.
With current surgical methods, the choice of fixation system is typically dependent
upon the surgeon’s assessment of the patient and fracture. In most cases, a high level of
consideration is given to the ability of the fixation to stabilise that particular fracture and the
risk involved during surgical fixation. However, the final decision is typically made by the
surgeon, and typically the surgeon’s choice of fixation is often guided by personal preference
[116]. In this particular research where early recovery is targeted, a more deliberate approach
is required in order to ensure that the fixation chosen best fits the criteria for mobilisation
without adding risk to the patient.
While the multi-axial spinal system has been assessed thus far, its ability to stabilise
the fracture and redistribute loads must be assessed against the other current forms of
fixations. Additionally, consideration must be given to fixation related risks, such as the
possibility of fixation or implant loosening at the implant-to-bone surfaces among all the
fixations considered in the case where a patient is mobilised [117]. Fixation loosening is a
real risk in patients, and can have serious consequences if it were to occur to patients [118,
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119]. This would evidently result in a loss of stabilisation within the pelvis, resulting in
further risk of injury and other health implications such as infections [119].
Hence, this research consequently aims to survey the fixations employed in
stabilisation of such fractures and identify the fixations best suited to stabilisation and
recovery of the pelvis during the early or targeted mobilisation of patients. This would be
done through use of similar criteria applied in the studies covered in earlier chapters, while
also applying the criteria for implant loosening to assess the likeliness of fixations loosening
due to mobilisation. The findings of this study are detailed further in this chapter.
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8.2 Methodology
The final study of this thesis investigated the fixations mentioned earlier in the literature
review, to assess their ability to stabilise Denis I fractures of the pelvis through the different
stages of recovered bone. For this study, the FE model with the ligamentous structures at the
joints was employed. In order to determine their effectiveness in the worst case scenario, a
completely unstable pelvis was employed as the subject of this study. Thus, sacrotuberous
and sacrospinous ligaments were considered to be disrupted and hence were not included in
the study. Like previous studies, the gait loading patterns were applied to the acetabulum and
the models were subsequently simulated and analysed.
The fixations employed in this study are presented in Table 8-1 below, and include
the iliosacral screw, the posterior tension band plate fixation and the multi-axial spinal
fixation, which has been the main subject of this research project. These fixations as
represented by Fixations 1 to 4, are most commonly utilised in surgical practice for the
stabilisation of Denis I fractures [3, 58, 62] as detailed previously in the literature review.
Table 8-1. Fixation types investigated in this study.
Fixation

Multi-axial
spinal fixation

1

Iliosacral
screws at S1
-

2

1

-

-

3

2

-

-

4

-

-

5

1





Posterior
tension band
-




-
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It is important to consider the fact that Fixations 1 & 4 both stabilise fractures in a
similar manner by rigidly linking the two hip bones together. In comparison, Fixations 2 & 3
directly fixate the fracture site through the insertion of iliosacral screws through the hip bone.
Thus, in order to provide an alternative method of fixation, an additional fixation system was
trialled as represented by Fixation 5 in Table 8-1. Fixation 5 represents a multi-axial spinal
fixation system which is supplemented by an iliosacral screw placed at the first sacral
segment. This fixation utilises both reduction techniques as mentioned earlier with regards to
the two pairs of fixations.
These fixations were thus attached to our FE model of the pelvis to determine their
capabilities in redistributing loads and stresses throughout the pelvis and in stabilising the site
of fracture.

8.2.1 Development of the FE model
The FE modelling procedure applied for the multi-axial spinal system was also similarly
employed for all the above fixations (please refer to section 4.1.5 in page 89). The design of
Fixation FE models based off actual physical samples of fixations (Stryker Trauma AG). As
all the aforementioned fixations are typically available in Titanium alloy (Ti6Al4V), the
corresponding material properties were applied to all fixation meshes. Fixation attachment
points were based off literature as mentioned in section 2.2.1 of the literature review.
The assumptions and constraints utilised during the FE modelling of the multi-axial
spinal fixation were also applied to the fixations in this study (see section 4.1.5). All screws
utilised within the fixations were assumed to be fully threaded screws as they typically
provide better purchase within the bone [120]. The resulting fixation models are displayed in
Figure 8-1. Similar to previous studies, gait loading patterns were applied to these models.
These FE models were subsequently simulated at the various stages of recovered bone.
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Figure 8-1. FE model of the various fixation configurations employed in the study.

8.2.2 Fixation loosening criteria
In order assess the risk of implant or fixation loosening; the strain criteria found in section
2.4.10 of the literature review were employed. These criteria typically rely on measurements
of cancellous bone strain at the cancellous bone-fixation interface. For this study, two
separate criterion were employed for fixation loosening:


Risk of implant loosening at 0.3% strain, as stated by Frost [91].



Strain based yield criteria for cancellous bone [92-94]: Human bone yields at 0.78 –
0.84% strain as per the study conducted by Kopperdahl and Keaveny [95].

Von-Mises equivalent strains were collected from cancellous bone elements which were in
direct contact with the screw surfaces of the fixation.
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8.3 Assessment of pelvic stresses
Results from earlier chapters had shown that throughout the gait cycle, stresses and strains
were typically largest and experienced the greatest change when forces at the right
acetabulum peaked. This was applicable across all parts of the model including the sacrum
(see Figure 7-3), the right and left hip bones (Figure 7-2), the fracture site (Figure 7-4) and
the fixation (Figure 7-5). The sacrum, which experienced the greatest stresses within the
pelvis, also experienced similarly large stresses when load at the left acetabulum peaked once
bone at the fracture site recovered to 25% of its original bone property.
As this trend in stresses was similarly found in the results found in this study, instead
of presenting individual figures for stresses and strains during gait for all the separate fixation
systems, the analysis of stresses were largely limited to the peak load stage at the right
acetabulum during the gait cycle. For the sacrum, analysis of stresses was extended to the
stage where the load applied at the left acetabulum peaks. This is due to the fact that stresses
at this stage were significant to earlier findings.

8.3.1 Hip bone stresses across the different fixation systems
An initial assessment of stress changes within the left hip bone (as shown in Figure 8-2),
highlights very similar levels of stress and trends in stress change regardless of the fixation
system utilised. All fixations experienced a noticeable reduction in stresses once bone
property was set to 10% of its original property. Left hip stresses at initial stages of recovery
(bridged fracture state) are found to be slightly larger in fixation models 1 & 4. This can
easily be attributed to the different ways in which these fixations stabilise the pelvis.
As mentioned previously, the multi-axial spinal fixation system (Fixation 1) and the
posterior tension band plate fixation (Fixation 4) are both fixations, which stabilise the
fracture by bridging the right and left hip bones. Thus, when the site of fracture is at early
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stages of recovery (with lower property), majority of the load transfer from the right
acetabulum occurs through the fixation into the left hip, thus resulting in larger stresses
within the left hip bone. Fixation 5, which supplements the multi-axial spinal fixation with an
iliosacral screw displays lower left hip bone stresses in the FE model in comparison to the
above fixations.
Once bone property is set to 10% property or larger, stresses are shown to converge to
similar levels of stress in all fixation models. As left hip stresses across all the models remain
significantly lower than the strength of cortical bone and stresses from other parts of the
pelvis, gait loading regardless of the bone recovery stage is expected to have little impact on
the left hip bone itself with negligible risk of fracture.

Figure 8-2. Comparison of peak stresses within the left hip across the various fixation models
at different stages of bone recovery.
The largest stresses within the right hip bones across all fixation models at all stages
of recovery were also found to be lower than stresses found within the sacrum even at the
fully recovered (or 100% property) state. Additionally, these stresses are significantly lower
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the cortical bone strength of 195MPa as derived from Grimal et al. [87]. Thus, like the left
hip, any risk of failure in the cortical bone on the right hip bone is minor.
However, it is interesting to note the difference in stress changes between FE models
for Fixations 1 & 4 and those models for Fixations 2 & 3 as displayed in Figure 8-3.
Examination of the stress changes in iliosacral screw fixation models (Fixations 2 & 3)
highlights a significant levelling of stresses, with only a 4% variation in peak Von-Mises
stresses across all stages of bone recovery. In addition, stresses in the iliosacral screw models
were found to be lower than the levels of stress experienced in the other fixation models at
the fully recovered state. The presence of two iliosacral screws (as is the case with Fixation
3) instead of one, had shown even further reduction of stresses.

Figure 8-3. Comparison of peak stresses within the right hip across the various fixation
models at different stages of bone recovery.
These findings are as expected as the iliosacral screws directly stabilise the pelvis
from within the SI joint and sacrum, hence excess stresses in the vicinity of the joint are
reduced due to the additional stiffness and support provided by the fixation in resisting loads
and movement typically handled by the joint. Furthermore, the iliosacral screws enter and
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exit the right hip bone surfaces, and enter through the lateral surface of the sacrum again.
This means the iliosacral fixation is supported by cortical bone at these three surfaces
providing a much sturdier purchase and support for the fixation. In comparison, screws from
Fixation 1 and Fixation 4 only ever enter the ilium of the hip bones, which results in a single
supporting cortical bone surface. As a consequence, the iliosacral screw fixation is
anticipated to bear a significant amount of load regardless of the state of the fracture.
In comparison to the standard fixations, the combination of fixations employed in
Fixation 5 resulted in stresses in the right hip which were mid-way between the stresses in the
individual fixations.

8.3.2 Sacral stresses across the different fixation systems
The analysis of the peak sacral stresses as shown in Figure 8-4 highlights similar levels of
stress across all stages of bone recovery for both the multi-axial spinal fixation (Fixation 1)
and the posterior tension band fixation (Fixation 4). As found previously with the assessment
of the multi-axial spinal fixation in previous chapters, when bone at the fracture site is set to
25% of original property or greater, both of these fixation models experience peak Von-Mises
stress within the pelvis at the sacrum. This occurs when the left acetabulum experiences
maximum load during the gait cycle. The peak stresses at this point in the gait cycle are found
to be very similar (approx. 170MPa) at both 25% and 100% property. Hence, at bone
properties of 25% and above, the peak stresses within the pelvis not only converge but also
remain below the reference value of cortical bone strength [87]. Both fixations therefore
potentially allow for mobilisation of the recovering pelvis beyond this point, therefore
matching our findings from earlier chapters.
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These findings are similarly applicable to Fixation 5, which highlights similar results
to both the above fixations but with reduced peak stresses due to the additional support
provided by the iliosacral screw.

Figure 8-4. Comparison of peak stresses within the sacrum across the various fixation models
at different stages of bone recovery.
Unlike the FE models for Fixations 1 & 4, the iliosacral screw fixation models
(Fixations 2 & 3) do not experience the same level of convergence of peak Von-Mises
stresses. This is evident in Figure 8-4 which shows the pelvis at the 25% property state,
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experiencing peak stresses approximately 12% larger than peak stresses within fully
recovered pelvis. However, while stresses do not converge to same extent, the iliosacral
screw fixation models display noticeably lower peak sacral stresses during the gait cycle at
early stages of recovery. If the peak pelvic stress within the fully recovered pelvis (100%
state) in the multi-axial spinal fixation model is used as a reference, the peak pelvic stress in
the iliosacral screw models are found to be only about 8% larger at the 10% property state.
Hence, it is apparent that the iliosacral screw fixations are especially effective at
reducing the overall stresses within the pelvis at the earlier stages of recovery. This is further
evident when comparing peak stresses during gait to the strength of cortical bone. It is
evident from Figure 8-4 that when employing these fixations, the cortical bone is not
expected to fail due to excess stress at any stage of the bone recovery process.

8.3.3 Pelvic stress distributions
The results so far highlight the ability of iliosacral screws to carry excess loads within the
pelvis even at early stages of bone recovery. This is particularly apparent as peak stresses
during gait at the bridged fracture state are shown to be lower than the strength of cortical
bone. Thus, in order to compare the relative ability of the fixations to redistribute stress
throughout the pelvis, the stress distributions throughout all five fixations models are
displayed in Figure 8-5. These distributions are collected from the pelvis at the bridged
fracture state when right acetabular load peaks during gait (hence at the maximum stress state
for the pelvis).
Through the examination of stress distributions displayed in Figure 8-5, it is clear that
the peak stresses throughout the pelvis (and in particular the sacrum) are greatly reduced
when fixated only with an iliosacral screw fixation (as with Fixation 2 & 3). This is
observable when comparing the stress distributions between the models in the region near the
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sacral ala at the top of the sacrum and on the anterior of the first segment as encapsulated by
the circle over Fixation 1 in Figure 8-5.

Figure 8-5. Stress distributions of the pelvis at the bridged fracture state (when right
acetabular load is maximum during gait).
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Comparing stresses at the sacral region, pelvises fixated with Fixation 1 & 4 both
have significant regions of stress above 100MPa in addition to large areas of stress above
30MPa in the sacral ala which are not present in the iliosacral screw fixations. In comparison
the Fixation 5 model, which is supplemented by an iliosacral screw, experiences smaller
regions of stress above 30MPa at the sacral ala and slight reductions in the regions of stress
above 100MPa near the site of fracture.
Right hip stresses near the joint are found to be more evenly distributed in the
iliosacral screw fixation models, with a decrease in peak stresses at the right SI joint and an
increase in pelvic ring stresses. Thus, it is evident that overall the iliosacral screw fixations
provide better stress redistribution throughout the pelvis when compared to the other
fixations. This is especially clear at early stages of bone recovery. Fixation 5 in comparison,
which employs the iliosacral screw as a supplement to the multi-axial spinal fixation
experiences slightly reduced joint stresses and increased pelvic ring stresses compared to the
multi-axial spinal fixation by itself or the posterior tension band fixation.

8.3.4 Fixation stresses
Peak Von-Mises stresses within the different fixation systems are provided below in Figure
8-6. From these results it is evident that the fixations which utilise an iliosacral screw
(Fixations 2, 3 and 5) experience much larger stresses within the iliosacral screws than those
fixations that fixate through relative stabilisation of the hip bones (Fixations 1 & 4). This
finding correlates well with our finding earlier, where it was mentioned that iliosacral screws
by providing additional rigidity and support from within the pelvis, the screws themselves are
consequently expected to experience much larger loads and stresses during gait.
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Figure 8-6. Comparison of peak stresses within the fixation across the various fixation
models at different stages of bone recovery.
Similar to previous studies, all fixation stresses converge once bone at the fracture site
reaches 10% of its original property. However, even at the bridged fracture state, the peak
Von-Mises stresses in all fixation systems are significantly lower than the yield strength of
1100MPa the Titanium alloy (Ti6Al4V) [114]. Thus none of these fixations are prone to
failure due to gait at any stage of recovery.

8.3.5 Strains at the fracture site
Analysis of the strains at the fracture site found minor differences in strains between the
various fixation types, with slightly better stability provided by the iliosacral fixations when
compared to the other fixations. These results are presented below in Figure 8-7. Since strains
at the bridged fracture state were extremely large and substantially greater than acceptable
thresholds, they were left out of both Figure 8-7 and our assessment.
The assessment of the strains which are presented in this figure highlight fracture
strain reduction to below the acceptable 10% threshold for secondary healing once bone
property recovers to 10% of its original property. Furthermore, once bone property reaches
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25% of its original property at the fracture site, this strain decreases to just above 2%, which
is the acceptable threshold for primary healing. Hence, if mobilisation were to occur beyond
10% bone property, bone at the fracture site would still be expected to continue healing based
on this criterion.

Figure 8-7. Comparison of peak strains within the fracture site (or area of recovery) across
the various fixation models at different stages of bone recovery.

8.3.6 Cancellous bone strains at the bone-fixation interface
The strains collected from the cancellous bone at the bone-fixation interfaces varied similarly
to other parameters, where peak strains during the whole gait cycle were found occur at the
point when load applied at the right acetabulum was a maximum. Thus a comparison of these
peak strains across the various fixation models is provided in Figure 8-8. Strains collected
from the fixation models all exceeded the strain criterion set by Frost et al. [91] for fixation
loosening. This was not the case when considering the other criterion. The strains caused by
the iliosacral screw (Fixation 1, 4 & 5) were found to greatly exceed both strain criteria at all
stages of recovery. This highlights a significant risk of fixation loosening with iliosacral
screw fixations if gait is undertaken regardless of the bone property at the fracture site.
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In comparison, both the multi-axial spinal fixation and the posterior tension band
plate fixation were found to impose strains on the cancellous bone, which were lower than the
yield strain of human cancellous bone (as measured by Kopperdahl and Keaveny [95]), thus
implying a much lower risk in fixation loosening when compared to Fixations 2, 3 & 5 which
utilised the iliosacral screws. The strains on the bone at the bone-fixation interface of the
posterior tension band fixation were also found to be lower than of the multi-axial spinal
fixation system. This indicates a lower risk of fixation loosening with the posterior tension
band fixation.

Figure 8-8. Comparison of peak strains within the cancellous bone at the bone-fixation
interface.
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In order to confirm the risk of fixation loosening on the fixations, the strain
distributions on the bone at the bone-fixation interface were analysed. These strain
distributions are provided in Figure 8-9. In this figure, strains above the yield strain of
cancellous bone [95] are shown in red. Comparison of these strain distributions clearly
indicates that sacroiliac screws are at high risk of instigating yield in the cancellous bone
surrounding the screws. This is also displayed in Fixation 5, which combines the iliosacral
screw and the multi-axial spinal fixation.
In comparison, the bone-fixation interfaces of both the multi-axial spinal fixation and
the posterior tension band fixation display relatively low levels of strains indicating a
relatively low risk of fixation loosening occurring.
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Figure 8-9. Strain distributions at the bone-fixation interface at the bridged fracture state
(when right acetabular load is maximum during gait).
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8.4 Discussion
The iliosacral screw fixations (Fixation 2 & 3) in this study were found to be much better at
redistributing peak stresses throughout the gait cycle. Results from the right hip and sacrum
in particular highlighted significant reductions in peak stresses which are especially apparent
at the bridged fracture state. These iliosacral screw fixations reduced and redistributed
stresses within the recovering bone such that peak pelvic and fixation stresses during gait at
all stages of bone recovery were found to be below the criteria for failure. Additionally, the
use of two iliosacral screws instead of one for fixating the Denis I fracture further reduced
peak stresses within the pelvis. However, when considering the strain criterion for continued
healing within the fracture, continued healing was only found to be feasible when bone
property was set to 10% of its original property. At the bridged fracture state, the strain at the
fracture site was found to be significantly higher in all fixation models. Thus, conducting gait
at the bridged fracture state was unfeasible regardless of the fixation utilised in this case.
While this would typically mean that there is a strong possibility of mobilisation using
the iliosacral screw fixations when bone recovers to approximately 10% of its original
property, it is important to consider the possibility of fixation loosening. When taking this
into consideration, peak strains in bone at the bone-fixation interface of the iliosacral screws
were found to be in the region of 2.4 to 2.6% strain. This greatly exceeded the two criteria
found in literature for fixation loosening, thus indicating a significant risk of fixation
loosening due to cancellous bone failure at the bone-fixation interface. It is important to note
that the two iliosacral screw fixations actually exhibited higher bone-fixation interface strains
compared to the single screw fixation. It is apparent this was due to the relative proximity of
the two screws that compounded strains in the bone-fixation interface regions. Thus,
iliosacral screw fixations are an unviable option for the early mobilisation of patients.
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Fixation 5, which consisted of a multi-axial spinal fixation supplemented with an
iliosacral screw fixation, was initially expected to potentially provide benefits of both the
iliosacral screw and the multi-axial spinal fixations. Further analysis of the fixation found that
in all cases, the effectiveness of this fixation to stabilise and redistribute pelvic stresses was
typically somewhere between the iliosacral screw type fixations (Fixation 2 & 3) and the
fixations which stabilised posteriorly through the hip bones (Fixation 1 & 4). With this
particular combination of fixations, it was found that while the cancellous bone strains at the
bone-fixation interface was significantly reduced as compared to the iliosacral screw
fixations, it was still noticeably larger than the two criterion utilised for fixation loosening.
These strains were again found to be largest around the iliosacral screw. Thus, due to the risk
of fixation loosening, this particular combination is unviable for early mobilisation of
patients.
In comparison to the iliosacral screw fixations, peak pelvic stresses in both the multiaxial spinal fixation and the posterior tension band fixation were shown to converge after the
bone at the fracture site had recovered to 25% of its original property. Additionally, at this
property, cortical bone stresses in the pelvis and fixation stresses were found to be below
their relevant fracture criteria. Assessment of strains at the fracture site had also highlighted
that strains were much lower (approximately 4.4%) than the maximum allowable strain
(10%) for secondary healing. Unlike all the aforementioned fixations, both the multi-axial
spinal fixation and the posterior tension band fixation were found to satisfy one of the
criterion for fixation loosening. These fixations were found to impose strains (of
approximately 0.3 to 0.6%) in the cancellous bone at the bone-fixation interface, which were
lower than the strain criterion for the yielding of cancellous bone (0.78% as per Kopperdahl
and Keaveny [95]). While this suggests that there may be a low risk of fixation loosening
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occurring under this criterion, it must also be considered that these strains exceed the
criterion obtained from the study by Frost et al. [91].
From the results presented thus far, it is evident that both the multi-axial spinal
fixation and the posterior tension band fixation show the greatest potential in accommodating
for the earlier mobilisation of the patients of with such ‘Denis I’ injuries. From a stress
redistribution point of view, the iliosacral screw fixations were found to be most effective
among the fixations assessed; however, after the consideration of the fixation loosening
criteria, it became apparent that only the multi-axial spinal fixation and the posterior tension
band fixation may potentially be suitable for allowing earlier patient mobilisation. Based on
the above results, there is a significantly higher risk of fixation loosening on the iliosacral
screw fixations. Furthermore, the posterior tension band fixation in particular was shown to
easily meet the strain criterion for fixation loosening as obtained from Kopperdahl and
Keaveny [95], while also barely exceeding the strain criterion obtained from Frost et al. [91].
With further optimisation of the fixation design, there may be significant potential in
employing the above fixations for the earlier mobilisation of patients with Denis I fractures.
It is also important to note that the criteria of fixation loosening is an important factor
to consider in the assessment of fixations as fixation loosening can result in loss of stability
within the pelvis and hence result in serious consequences such as further injury to the patient
[118, 119]. In this study in particular it played a crucial role in determining that the utilisation
of iliosacral screw type fixations for early mobilisation of Denis I fractures is too great a risk,
and hence these types of fixations are unsuitable for early mobilisation.
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8.4.1 Study Limitations
While all the modelling parameters and assumptions were based on literature, there are two
limitations of concern in this study. Simplifications were made to the fixation models, where
threads were modelled as flat surfaces and were bonded with glue constraints to the
cancellous bone. Thus, it is difficult to determine the accuracy of implementing such
assumptions. Furthermore, with the variation in criteria for fixation loosening, it is unviable
to quantitatively judge whether a fixation would experience fixation loosening. Rather, only a
relative assessment can be made on the risk of fixation loosening.
This issue can possibly be addressed in future work by experimental testing of actual
fixations fixated onto saw bones. While it would be difficult to experimentally measure
strains at a threaded interface, gait loading could be applied experimentally on such fixated
specimens and these specimens assessed for potential fixation loosening after a large number
of gait cycles. Additionally, with regards to the criterion for fixation loosening, it is evident
that cancellous bone yield property varies greatly from person to person and even within the
pelvis itself. Thus, while the studies by Frost [91] and Kopperdahl and Keaveny [95] have
provided reference criteria for conducting this study, the actual assessment of early patient
mobilisation on real patients require a patient specific assessment of fixation loosening.
It is therefore evident that further research is required for a more definite assessment
of the possibility of early or targeted mobilisation.
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8.5 Conclusion
This study has thus contributed to the issue of early mobilisation by ascertaining the
effectiveness and suitability of five different fixation combinations in facilitating for the
mobilisation of patients with Denis I fractures. Additionally it has also highlighted the
importance of considering the risk of fixation loosening when assessing the suitability of
fixations for early mobilisation.
It was evident from our study in this chapter, that fixations employing iliosacral
screws were much more effective in redistributing stresses throughout the pelvis. This is
notable as both the single and the double S1 iliosacral screw combinations effectively
reduced peak stresses within the pelvis at all stages of recovery. Even at the bridged fracture
state, peak stresses within the pelvis were found to be below the failure criteria for bone.
However, when taking the criteria for fixation loosening into account, it was evident that
strains at the bone-fixation interface of the iliosacral screws are noticeably larger than the
criteria found in literature. These findings were similarly applicable to, Fixation 5 which
employed an S1 iliosacral screw in addition to the posterior tension band fixation. In addition
to exceeding the fixation loosening strain criteria, this particular fixation provided no
noticeable benefit over the multi-axial spinal fixation and the posterior tension band fixation
with regards to mobilisation.
In comparison to the above fixations, the multi-axial spinal fixation and the posterior
tension band fixation were found to be potentially suitable for early or targeted mobilisation,
having fulfilled at least one out of the two strain criteria for fixation loosening as employed
by this study. Like the previous assessments of the multi-axial spinal fixation in chapter 7, the
posterior tension band fixation exhibited peak pelvic (both hip bones & sacrum) and fixation
stresses which were of very similar levels during the gait cycle when compared to the multi193

axial spinal fixation. Consequently, like the multi-axial spinal fixation system, there exists a
potential for mobilisation once the bone has recovered to approximately 25% of its original
property.
In terms of the potential practical implications of this study on potential patients, it
has been established that while fixations with iliosacral screws are effective at stabilising
fractures and minimising peak stresses within the pelvis when required, they pose a high risk
of fixation loosening, and therefore are the least suitable out of the fixations examined for
facilitating early mobilisation in patients.
Conversely, the posterior tension band fixation and the multi-axial spinal fixation
were found to be best suited for potentially facilitating early mobilisation of patients based on
assessment of the numerous criteria that have been employed in this study. The similar trends
in stress during recovery for both these fixations highlight the fact that both these fixations
are equally capable with respect to the stage of bone recovery at which early mobilisation
may be possible. However, these fixations do differ in a number of ways, and thus both are
found to provide advantages and disadvantages of their own.
Comparative assessment of the aforementioned fixations found the posterior tension
band fixation exhibiting lower bone-fixation interface strains relative to the multi-axial spinal
fixation. Hence, the posterior tension band fixation provides a lower risk of fixation
loosening when employed for fixation of Denis I fractures. However, there is still the issue of
extra risk of surgically fixating this type of a fixation. While the multi-axial spinal fixation
experiences slightly larger bone-fixation interface strains, it is much simpler to surgically
fixate this particular system onto patients in comparison to the posterior tension band (as
discussed in section 2.2.1). Thus it is evident that from a surgical point of view, there are
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clear benefits to each of these fixations, and ideally the surgeon would employ the right
fixation based on surgical conditions and the condition of the patient.
This study thus ties together the findings from previous studies and successfully
builds on these findings by presenting an assessment of the potential for early mobilisation
when employing one of five fixations that are commonly utilised to fixate Denis I fractures.
However, due to certain limitations as listed in this chapter, these results are subject to further
validation using more detailed subject specific models and ideally through further
experimental work.
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Chapter 9

Conclusion
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9 Conclusion
The overall objective of this research was to tackle the subject of prolonged patient
immobilisation by developing an understanding of the structural mechanics of a fixated pelvis
during the process of bone recovery. This objective was thus achieved through the
development and analyses of an FE model of the pelvis, which was validated against
experimental studies and then progressively improved throughout the course of this research.
In order to develop a suitable FE model of the pelvis, literature on the development of FE
models of the pelvis were investigated and surveyed. Subsequently, a subject specific FE
modelling methodology was derived and developed from literature, and finally a subject
specific FE model of the bony pelvis was produced from an accurate saw bone model of the
human pelvis. The development of such a model provided for a sufficiently detailed
representation of the pelvic structure in order to facilitate for the analysis of the pelvic
structure and the subsequent effects on the structure from the bone recovery of a fracture.
For the purposes of validation, the FE model developed was comparatively analysed
against the physical saw bone model through experimental tests. The experimental tests
employed were a simple reflection of the pelvis under load when in a bilateral standing
position. Experimental tests were conducted through the process of fracture (imposed to
reflect a Denis I fracture) and simulated bone recovery post fracture (through the cure of an
adhesive). Despite the many potential sources of error due to the complexities of the study,
results from this study had shown quantitative agreement between the FE and experimental
models at the undamaged states (both fixated and without fixation). Furthermore, subsequent
qualitative analysis of the FE and experimental models had also highlighted good agreement
between models during the process of simulated bone recovery. Consequently, it was found
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from this particular study that the FE model provided a generally representative model of the
physical specimen, and was therefore subsequently employed in further studies.
In the initial study on bone recovery post fracture, the physical saw bone model and
the FE model of the pelvis were both assessed at different stages of recovery (as represented
by varying bone property at the fracture site) when under loading conditions representative of
the bilateral standing position. Analysis of the results from this study, had resulted in some
significant findings. By the time bone at the fracture site (of the recovering pelvis) had
recovered to approximately 10% of its full property, stresses throughout the FE model of the
pelvis were found to converge to similar levels found in the undamaged pelvis, therefore
indicating a potential for mobilisation based on the assessment of stresses. This was similarly
reflected in experimental tests, through assessment of the stresses found from gauges attached
to the saw bone specimen. Another notable finding from this study was the discovery of a
similar trend of stress convergence as found in the FE model, in both the area of fracture and
the fixation through the process of bone recovery. The gradual loading of the bone at the
fracture site was conversely met, as expected, by gradual reduction of fixation stresses as
bone recovered. These trends at the fracture site and within the fixation, were in accordance
with those found throughout the pelvis, thus highlighting the fact that the fixation is largely
responsible for potentially facilitating for earlier mobilisation by compensating for the
recovering bone at the fracture site. Furthermore, based on these results it was also concluded
that, bone property may be monitored through the use of fixations instrumented with strain
gauges. Such a system could address one of the practical difficulties associated with judging
when a patient is potentially ‘ready’ for mobilisation.
The next study on bone recovery investigated the impact of performing gait at
different stages of bone recovery in order to assess the viability of mobilisation at early stages
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of bone recovery (i.e. when bone at the fracture site is partially recovered). Considering the
real-world situation, a patient undertaking mobilisation would experience varied loading on
their pelvis as they would undertake activities typical to mobilisation such as gait. As
opposed to the simple static, single body weight loads of the bilateral standing position, gait
loading varies greatly, with loads much greater than a single body weight being applied to the
pelvis over the gait cycle. Hence, this study attempted to investigate the impacts of typical
mobilisation activities, more specifically gait, in order to firstly confirm whether the findings
for early mobilisation from the previous study were still applicable once gait is taken into
account and secondly to provide an understanding of the structural mechanics of the pelvis in
response to gait. In addition, this study also attempted to assess peak stresses and strains at
the various stages of bone recovery in order to ensure that the pelvis, when mobilised early,
remained below the acceptable thresholds required to avoid failure of bone and to ensure
continued healing at the bone fracture site.
The results from the gait study confirmed findings of the previous study, where
asymptotic stress convergence were found to occur throughout the pelvis and the fixation
during gait, through the whole process of bone recovery (except for the site of fracture).
Similar to the previous study, the recovering bone at the site of fracture was found to
gradually increase in loading as bone recovered to its full property. These results were thus
found to generally reflect the findings from the previous study. However, results from the gait
study had indicated one significant point of difference; convergence of peak stresses within
the pelvis no longer occurred when the recovering bone reached 10% of its full property, but
rather at the stage where it recovered to 25% of its full property. This could be attributed
particularly to the high sacral stresses in regions near the fracture site. Quantitative
assessment of peak stresses in the pelvis and fixation, and peak strains within the site of
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fracture further confirmed this finding in that the stresses and strains were found to be below
the relevant thresholds required (as determined by literature) to avoid failure of both the bone
& fixation and also to allow healing to continue at the site of fracture. From the perspective
of real world patient mobilisation, the implications of these results are obvious, in that the
sacrum would be the primary source of concern during mobilisation of patients with Denis I
fractures. Thus, it is evident that while the results indicate a potential for mobilisation when
bone at the fracture site recovers to 25% of its property, mobilisation could potentially be
initiated even earlier if the large sacral stresses are addressed through better redistribution of
stresses. As redistribution of loads within the pelvis is one of the key roles of the fixation,
future studies may use results from this study to improve fixation designs and configurations
in order to address the issue of high sacral stresses.
Another notable finding of the gait study was that stresses within the pelvis were
found to be highly dependent on both the location of fracture and the stage of gait of the
patient. Peak gait loading on the same side of the body as the fracture (i.e. peak loading on
right hip for a right sided fracture as examined in this study) was found to result in the large
levels of stress within the pelvis and sacrum in particular. Consequently, it can be concluded
that another potential method of addressing peak sacral stresses to facilitate for earlier
mobilisation is to tailor mobilisation methods and strategies to avoid excess loading on the
side of the fracture. Hence, the major contribution of this study lies in that it not only assesses
the potential for mobilisation by considering gait and its impact structurally on the pelvis, but
also in that it assesses the potential for mobilisation both qualitatively and quantitatively
through relevant criteria as employed in literature. Furthermore, this study also provides an
indication of the areas of concern when considering mobilisation, and the potential areas for
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improvement in terms of surgical fixations and mobilisation strategies in order to address the
issue of earlier mobilisation.
Subsequent to the detailed study on gait, this research focused on the implementation
of ligamentous and cartilaginous structures in the FE model and simulation as employed in
the gait study. This study aimed to not only develop a more representative model of the
pelvis, but also to develop an understanding of the importance of the presence (or severance)
of these ligaments and cartilage in patients, and their relevant impacts on the pelvis during the
recovery of bone post fracture. Results from this study demonstrated small differences in
peak stresses overall when comparing the ligament and cartilage model (with both
sacrospinous and sacrotuberous ligaments intact) to the previous model employed in the gait
study. Ligaments in this study were found cause a small redistribution of stresses within the
pelvis thus improving the stability of and stress distribution within the pelvis. But otherwise,
the results from both studies were found to be very similar. Hence, findings from the gait
study were found to similarly apply to this study once important ligaments of the pelvis such
as the SI joint ligaments are taken into account. Assessment of sacrospinous and
sacrotuberous ligament avulsions in this model had shown a minor change in stresses and
strains as a result of sacrotuberous ligament avulsion, whereas avulsion of both ligaments
were found to make an observable difference in stresses within the pelvis. When assessing
these results from the perspective of bone recovery, when bone property exceeded 10%
property at the site of fracture, sacrotuberous and sacrospinous ligaments were found to play
a lesser role in redistributing stresses within the pelvis.
Thus it is evident that while the sacrospinous and sacrotuberous ligaments typically
play an important role in the stabilisation of the pelvis, the fixation of the pelvis with a multiaxial spinal fixation provides much needed stability especially in the early stages of bone
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recovery. From the perspective of early mobilisation, avulsion of both the aforementioned
ligaments in a way represents a ‘worst case scenario’, however even this scenario was shown
to have little impact on the potential for mobilising patients early, with patients still expected
to potentially be ready for mobilisation when bone at the fracture site recovers to 25% of its
original property. Additionally if it is considered that not all patients with Denis I fractures
will have both these ligaments avulsed, and additionally that relatively large intervals
between bone recovery stages were employed for this study, the assessment for early
mobilisation could be considered to be a conservative assessment.
As a result, this particular study contributed to the field by providing an understanding
of the differences in rigid joint modelling as opposed to modelling with ligaments and
cartilage. Additionally, this study also assisted in understanding the differences between
various situations in Denis I fractures where certain ligaments are severed and how it impacts
a fixated and recovering pelvis in the wider context of early mobilisation. It is important to
note, for the purposes of assessing early mobilisation, while a ‘worst case scenario’ was used
as a basis for our study, real life cases of pelvic fractures can vary greatly from patient to
patient. However, the findings from this study provide a significant insight into key issues
that play a part in understanding the bigger picture of early mobilisation of patients with such
fractures.
In considering the issues of gait loading on the pelvis and inclusion of ligamentous
structures (as conducted in the studies from Chapters 5 to 7), it is apparent a significant
amount of knowledge and understanding was provided from these studies thus far in the
context of early mobilisation of patients with Denis I fractures. However, in order to provide
a well-rounded understanding of key issues involved in early mobilisation, the final study of
this research focused on the issue of the fixation itself. This study extended upon previous
202

studies by employing the ‘worst case scenario’ model from the previous study (with the
severed sacrospinous and sacrotuberous ligaments) to comparatively assess and identify the
fixations best suited to stabilisation and recovery of the pelvis during the early or targeted
mobilisation of patients.
In investigating fixations in particular, the important issue of fixation loosening was
considered for this study through the use of two different criteria as suggested by literature. It
was evident from the results in this study that when taking into account the risk of fixation
loosening during early mobilisation, the various commonly employed fixations for Denis I
fractures were found to fare very differently. While iliosacral screw fixation systems were
much more effective in redistributing stresses throughout the pelvis at all stages of bone
recovery, the risk of fixation loosening was found to be large, with bone-fixation strains at
the iliosacral screw interface greatly exceeding both criteria. On the other hand, both the
multi-axial spinal fixation and the posterior tension band fixation were found to fare well,
with both sets of fixations showing bone-fixation interface strains below the level set by one
of the criterion. The posterior tension band fixation, was found to exhibit very similar
capabilities to the multi-axial spinal fixation, and therefore like the multi-axial spinal fixation
system, there exists a potential for mobilisation once the bone has recovered to approximately
25% of its original property.
The implications of this study is quite significant, in that iliosacral screws are
unsuitable for facilitating early mobilisation due to their relatively high risk of fixation
loosening. In contrast, the posterior tension band fixation was found to be best suited for
potentially facilitating early mobilisation of patients (based on assessment of various criteria
as employed in this research), due to its marginally lower levels of peak stress and bonefixation interface strains when compared to the multi-axial spinal fixation. However, the
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choice of a potential fixation for early mobilisation isn’t simply a clear cut choice. The multiaxial spinal fixation requires a simpler and less intrusive surgical procedure, thus reducing the
risk of surgical complications as opposed to a more involved fixation procedure as required
by the posterior tension band fixation. Hence, the choice of fixations to accommodate for
early mobilisation is dependent on balancing a number of issues, key among those being
surgical and patient conditions. By investigating a number of fixations and analysing their
ability to facilitate for early mobilisation, this study has contributed to the field by providing
a deeper understanding of the capabilities of such fixations in fixating a Denis I fracture, and
in issues underlying in employing these fixations for this purpose. But the benefits of these
findings aren’t isolated particularly to the context of early patient mobilisation, rather they
may also assist surgeons in determining the right choice of fixations for given surgical
conditions, as advantages of the various fixations are clearly outlined in this study.
The ultimate goal of this research was to address the subject of prolonged patient
immobilisation, particularly after surgical fixation of unstable pelvic fractures. This research
has attempted to address this goal by exploring the potential of earlier mobilisation of patients
with Denis I fractures using FEA. Throughout the course of this research, the potential for
early mobilisation was assessed at a basic level using a suitable FE model derived from
literature under a typical static load as often employed in the examined literature (as covered
in Chapter 2). This study was subsequently expanded to improve the relevance of our
analysis by considering a typical mobilisation activity such as gait and applying the relevant
loading conditions for gait into our FE simulation. Furthermore, after understanding the
impact of gait, the rigid joint model as often used in literature, was replaced with a ligament
and cartilage model, which was implemented to not only improve the representativeness of
the model, but also to provide a better understanding of the role of ligaments in the pelvis
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during the course of recovery and in the context of early mobilisation. Finally, the improved
ligament and cartilage model was employed to comparatively assess a number of fixations
that are commonly employed by surgeons to address Denis I fractures.
The results and analyses presented in the aforementioned studies and the thesis as a
whole, therefore provides a contribution to field by tackling specific gaps of knowledge.
These gaps in knowledge were targeted specifically to address issues underlying in the
facilitation of early mobilisation of patients, hence achieving the overall goal of addressing
the issue of prolonged patient immobilisation. While this study focused on Denis I fractures
in particular, it is important to note that such methods of assessment could similarly be
applied to other classifications of fractures. This research aims to further contribute to the
field and this particular issue by providing a foundation for future work to build upon, in
order to develop potential solutions to this problem at hand. Thus it is hoped that findings
from this research could be furthered by future work in this area, as detailed in the following
section.
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9.1 Limitations of this research and potential future work
When considering the complexity of the human body, it is evident that the development of an
accurate and representative FE model to represent parts of the human body can be a long,
difficult and complicated process. Thus, one of key issues with employing FE method in
biomechanics, is in the level of detail employed in FE models in order to as accurately as
possible, represent the human body. It is apparent that with biomechanics related studies the
level of detail in the model can vary widely. However, considering the scope of this study, a
suitable model of the pelvis was developed for the purposes of this research. While this
model was developed to a certain degree of detail, further improvements are possible. Whole
dissertations and papers have been dedicated to the development of biomechanical models
[27, 28, 31, 32, 71], however considering the scope of the current research, time spent on
model development is limited to a portion of the research. Thus it is inevitable that certain
limitations exist in the models employed. It is also important to consider the fact that certain
limitations are imposed due to the limited knowledge available in the complex field of
biomechanics and FE modelling of the human body.
Thus in considering the issues above, it is important to note some of the key
limitations in our studies. In terms of FE modelling of the bony pelvis, although this study
employed high resolution laser topography in order to obtain an accurate geometrical model
of the pelvis, the accuracy in modelling the actual bone structure within the pelvis was
limited due to the resolution limitation of the CT scanner employed and the utilisation of
shell elements for representation of the cortical bone. Ideally, this limitation could be
addressed in future studies through the use of high resolution CT scans, which may be used
for generating a 3D model which subsequently uses with thresholding of individual pixels in
order to not only accurately determine the composition of bone, but also the property of bone
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at each pixel within the pelvis. This is similar to the method employed in a number of studies
such as that by Shim et al. [31] on the development of an FE model of the hemi pelvis. Such a
method would allow for the creation of a high quality subject-specific model of the pelvis,
which would be extremely useful in practical terms when it comes to assessment of actual
patients. Additionally, the consideration of the anisotropy of bone and its implementation into
the FE model of the pelvis, could greatly improve the accuracy of the model [27, 28].
When considering issues of boundary conditions on the pelvis, it is evident that a
simplified bony pelvis model was employed in this research, upon which the key ligaments
and cartilage were subsequently implemented. However, it is important to note that there are
a number of studies which have attempted to accurately model pelvis and its interactions with
the rest of the body. Some studies have moved beyond the bony pelvis and have included all
the surrounding ligaments, cartilage and muscles, while others have created full knee-hipthigh models in order to best represent the interactions of the pelvis with the surrounding
body [30, 32] . Furthermore, ligaments and cartilage in this study were assumed to be linear
springs or structures. However, recent studies have helped develop more complex non-linear
models such as the Mooney-Rivlin model for cartilage as employed by Kim et al. [71].
Further limitations of this study include the assumption of simple surface-to-surface
glue constraints between simplified fixation surfaces and the bone, which could further be
improved through the modelling of threading in the screw. However considering the
complexity of the pelvic model as it is, it would be difficult to model the fixation threading to
the level of detail required to fully assess localised stresses which may subsequently result in
fixation loosening.
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Again, when it comes to developing an FE model of a biological specimen, it is
evident that there are almost limitless possibilities for improvement, however this is limited
by the technology & resources available, time constraints and the current depth of knowledge
in the field, thus a certain balance must be achieved. While, many of the aforementioned
improvements represent a great advance in terms of accuracy of modelling, these various
models are each complex in their own right. Hence, these improvements need to be
implemented into a single highly details and representative model in such a way so as to
facilitate for the assessment of gait and other relevant mobilisation activities during bone
recovery of the pelvis, while taking into account the resource, technological and knowledge
limitations of the present day.
In terms of building on the work completed in this research, there is a great amount of
further work that is required prior to fully understanding the potential for mobilisation. First
and foremost, is the requirement of finding an accurate method of assessing bone property (or
bone healing) in patients. A number of techniques have been explored in current studies [15]
but none have been successful in identifying healing within the pelvis, which is difficult due
to the complex structure and network of ligaments and muscles around it. From this research,
it was evident that the fixation itself shows potential for assessing bone recovery, but this
needs further study to figure out how changes in fixations stresses over time could be used in
combination with other techniques to assess bone recovery and facilitate mobilisation.
Further study is also required to fully understand the impacts of severed ligaments and
muscles during fracture, and how they affect the overall stability of the pelvis once it is
fixated. Such studies would need to be conducted on a model with accurate representation of
the joints, cartilage, ligaments and muscles to ensure that fixations chosen to be employed for
early mobilisation, are able to maintain stability in the actual fractured pelvis. Although gait
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was assessed in this study, other activities related to mobilisation must also be assessed.
Actions such as standing up and sitting down, and any other activities which may be of
relatively high risk during mobilisation, must also be investigated to fully understand the
loading conditions on the pelvis, and to ensure that extreme loading conditions are accounted
for in the assessment of early mobilisation. Ideally, further studies on fixations are required to
improve fixation systems and designs. Such studies need to find a balance between ease of
surgery, the surgical risks involved with such fixations and their ability to improve early
mobilisation outcomes.
All the above studies also need to consider the practical implementation of these
assessments in order to achieve the end goal of early patient mobilisation. Ideally, the process
of subject-specific modelling and assessment needs to streamlined in order make the whole
procedure as efficient, fast and cost effective as possible, so that these procedures can
eventually be employed for the treatment of actual patients, all of whom will have unique
bone property, structure and fracture conditions. Thus, in building on this study, such
considerations must be taken into account every step of the way.
Finally it is important to note that all the aforementioned studies, including those
conducted in this research, must be further validated through experimental studies. Since
fractures can have serious repercussions if not treated properly, prior to any implementation
of findings from an FE model, it is critical that relevant experimental validation studies are
conducted to ensure the safety of patients once these findings are applied in the ‘real world
situation’.
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Glossary
TERM

DEFINITION

ACETABULUM /

A cup shaped socket in the hip bones which receives the femoral head

ACETABULAR

of the femur to form the hip joint.

ANTERIOR

Nearer to or towards the front.
i.e. Anterior of the pelvis refers to the front of the pelvis.

ARTICULAR

A surface where two or more bones are joined.

SURFACE
CANCELLOUS /

Softer, weaker and less dense (spongy) bone which forms the core

TRABECULAR BONE structure of most bones.
CARTILAGE /

A firm, elastic and flexible band of tissue which serves to connect the

CARTILAGINOUS

articular surfaces of bones.

CORTICAL BONE

Strong, hard and compact bone forming the outer shell of most bones.
Facilitates most of the load transfer in bones.

DENIS FRACTURES

A classification of sacral fracture patterns divided into 3 particular
zones.

EARLY

Bringing patients back into mobility as early as possible (or progressive

MOBILISATION

mobility of patients) in order to reduce the negative effects of prolonged
immobility on the body.

FIXATE / FIXATION

The process of surgically installing or fixing an object or attachment in

(VERB)

place to hold fractured or unstable bones together in a fixed position.
i.e. surgical fixation of an iliosacral screw to stabilise the hip bone and
the sacrum.

FIXATION (NOUN)

Reference to the actual attachments or objects used to fixate fractured or
unstable bones.
i.e. the multi-axial spinal fixation
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TERM

DEFINITION

GAIT

A manner of walking.

HIP JOINT

The junction between the femoral head of the femur and the acetabulum
of hip bones.

INFERIOR

Situated below (lower) or closer to the feet.

LATERAL

Nearer to or towards the sides.

LIGAMENTS /

Tough, flexible and fibrous tissue which connects bones and/ or

LIGAMENTOUS

cartilage.

LUMBOSACRAL

With reference to the junction between the lumbar spine and the
sacrum.

MEDIAL

Nearer to or towards the centre.

POSTERIOR

Nearer to or towards the back.

SACRAL / SACRUM

With reference to the sacrum, the bone in the pelvis located medially
between the two hip bones and below the spine.

SACROILIAC (SI)

With reference to the junction between the sacrum and the ilium of the
hip bones.

SAW BONE /

Orthopaedic synthetic bone model utilised for surgical practice and

SAWBONE MODELS experimental testing. Models typically provide uniform physical
properties similar to real bone.
SEGMENTATION

The process of identifying, splitting or separating bones into their
separate parts from a CT image.

SUBCHONDRAL

Bone located beneath articular cartilage in a joint. Acts to provide

BONE

support for the cartilage.
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TERM

DEFINITION

SUBJECT SPECIFIC

Concerned particularly with the subject specified.
FE Modelling: A model which accounts for conditions or parameters
specific to the subject, such that the model provides a relatively
representative model specific to the subject being considered.

SUPERIOR

Situated above (higher) or closer to the head.

SYMPHYSIS PUBIS /

Fibrocartilaginous joint uniting the left and right pubic bones of the

PUBIC SYMPHYSIS

respective hip bones.
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