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1
INTRODUCTION
1.1

IMPACT ON SOCIETY
Catastrophic pelvic damage often seen in vehicle incidents results in unstable pelvic

fractures. The incidence of these fractures in MVC (motor vehicle crash) incidents has been
largely documented. It was estimated that in 1990 about 15,000 people in the US sustained
pelvic crush or fracture injuries in motor vehicle crashes (MVCs) (Moffet et al., 1990). Injury to
motorcyclists and pedestrians together increase the incidence of pelvic injuries by 50% over
those who are inside a vehicle during MVCs, and the severity worsens as vehicle speed
increases (Gunst et al, 2010; Adams et al., 2003). A group led by Demetrios Demetriades
performed a study during an eight-year period from January of 1993 through the year 2000
showed that 9% of all blunt trauma results in pelvic fractures (Demetriades et al., 2002).
Pelvic injuries are also common on the battle fields of war. For all of the recent wars,
explosive devices have accounted for more than 70% of deaths (Ramasay et al., 2009). The
occurrences of pelvic injuries account for a significant number of the fatalities. There were 350
U.S. soldiers who were either killed in action or died from their wounds in 2008 (U.S. Defense,
2010). Of those, 104 had pelvic fractures (Bailey et al., 2011). With the advent of better
protection devices and armored vehicles the mortality rate has decreased but those surviving
with extensive injury has increased. In World War II the survivability was 69.7%, and the most
recent Iraq encounter resulted in 88.6% survivability (Ramasamy et al., 2012).
In both MVC and battlefield associated pelvic injuries, the large forces often result in
unstable facture systems. According to a Julie Adams, 52% of the MVC pelvic fractures are
rotationally and/or vertically unstable (Adams et al., 2003). From improvised explosive devices
(IEDs) used in the Iraq and Afghanistan war between 2003 and 2012, 21% of patients with open
blast pelvic fractures were of the rotationally and/or vertically unstable classification (Ramasamy
et al., 2012).
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1.2

FRACTURE FIXATION
Unstable fractures require some combination of internal and exterior fixation. Interior

fixation was traditionally the method used. But the mortality rate was significant, at roughly 26%
(Riemer et al., 1993). It was believed that the deaths were mainly from blood loss which
becomes hidden in the pelvic area.

With the fracture event the pelvic volume increases,

allowing the blood to flow into those spaces (Moss et al., 1996). In the early 1970s, external
fixation was introduced as a method of reducing the volume expediently (Connes, 1973,
Carabalona, 1973). A team from Finland developed the trapezoidal frame external fixation
(Slatis and Karaharju, 1975). This device attached to the anterior superior iliac crest with three
screws on each side. A bar was bolted to the screws and then additional rods attached to the
bar, forming the trapezoid shape. For several years this type of configuration was studied. The
box shape provided rigidity and flexibility to reposition the bars as needed for soft-tissue and
organ repair. Mortality rates decreased by 20% throughout the 1980s as a result of the use of
external fixation (Riemer et al., 1993). Scaglione’s team confirmed in 2010 that external fixation
is the gold standard for urgent stabilization of the pelvis (Scaglione et al., 2010).
Because of the great thickness of the bone above the acetabulum, this site was optimal
for screw purchase and various angles of screw insertion were tried. The external fixation
options evolved to having screws attached to each side of the pelvis, left and right, at the
anterior inferior spines, with a single bar joining the screws.

By the 2000s it was widely

accepted and a team from the Netherlands conducted testing to compare twelve different
versions of external fixators, encompassing superior iliac crest and inferior spine attachment
sites as well as single bar, articulated single bar and frame configurations (Ponsen et al., 2002).
The success of the anterior external fixation method was shown by the surgical results.
Review articles were written about these results. Yang and Iannacone remarked that any of the
available external fixations provides approximately the same amount of stability (Yang and
Iannacone, 1997), and Ponsen and his colleagues, claimed the single bar to be preferable
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(Ponsen et al., 2002). The screw application sites initially used were at the anterior superior
crest. As this method was becoming more common as a tool for pelvic fixation, the use of
inferior iliac spine screws was introduced. Initially the studies showed three screws on each
ilium. Eventually, the number of screws began to vary (Haidukewych et al., 2003). Screw
position and diameter was studied in 2007 by Ponsen and his team and showed that some
positions were more beneficial for the single rod external fixation method (Ponsen et al., 2007).
Research and in-vivo application has proven the effectiveness of the external method for
quick reduction and ease of access to soft tissue injuries. Recommended optimizations for
hardware and screw placements have been provided. Consequently, external fixation is a pelvic
ring fracture fixation method that has been widely accepted.
1.3

DRAWBACKS TO EXTERNAL FIXATION
External fixation for the stabilization of unstable pelvic fractures was usually combined

with posterior internal fixation or percutaneous screw applications. This combination of external
and internal fixation has been largely successful for quickly reducing the volume in the pelvic
cavity (Keating, 2005). However, the external fixation has four major drawbacks. First, the
structure is cumbersome for the patient. It restricts mobility, making it difficult to roll to the side,
and sit or transfer in the early stages of healing.

Secondly, compared to internal fixation,

external fixation is biomechanically inferior because of the large moment arm created by the rod
distances from the screw attachment points (Keating, 2005). Figure 1.1 shows a type of exterior
fixation called a trapezoid compression frame, which demonstrates the discomfort for the
patient, and the moment arms. Third, the percutaneous screws pass through the skin and the
incision cannot be closed. This results in frequent pin tract infection. For the military application
there is even greater risk of pin track infection than for civilians due to the poor surgical
conditions (Mathieu, et al., 2011). And finally, the external fixator cannot be easily used for a
patient that is obese (Jiang et al., 2011). The rod structure for a frame or a single bar would
have to be very long and the stability of the rod system becomes more compromised as the
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screw moment arm increases. Also there would be loading from the panniculus directly on the
fixator bar that would compromise the strength of the fixation.
For these reasons, some surgeons are not confident that the external fixator should
remain for the long-term, but should be replaced by internal fixation when the patient is ready to
become mobile. This presents additional risk to the patient by requiring a second surgical
procedure (Kanlic et al., 2006).

Figure 1.1 The trapezoid compression frame mounted on the pelvic girdle (Reprinted from Slatis
and Karaharju, 1975 with permission from Elsevier).

1.4

ANTERIOR PERCUTANEOUS FIXATION
A new method for reducing the pelvic ring fracture of the unstable or partially unstable

type has been developed by Dr. Rahul Vaidya and his team at Detroit Receiving Hospital (DMC)
(Vaidya et al., 2012a). This method replaces the external fixation device with a percutaneous
rod that mimics the forces applied by the external fixation for reduction of the pelvic ring. Yet
the joining rod stays under the skin and reduces the moments placed on the fixation screws,
making it more biomechanically stable. This system has been named the INFIX system. Figure
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1.2 shows a radiograph of the applied INFIX method. The system uses one pin per side rather
than two or three as in other external fixation devices.

This reduces the time required to

stabilize the fracture. Upon completion, the incisions required to install the screws in the bone
and attach the percutaneous rod are closed, greatly reducing pin track infection. It is less
cumbersome and allows for more ambulation while healing. It can be used as easily on an
obese patient as on any smaller-statured person (Vaidya et al., 2012a). This system addresses
the four weaknesses of the anterior exterior fixation.

Figure 1.2 The INFIX method. The labels are: 1) posterior pin, 2) anterior screws, 3) INFIX rod
(Viadya, 2012c).

The INFIX system has been shown to be clinically effective. However, this is when the
patient is completely immobile. It would be beneficial to allow for mobility so the patient can
manage routine tasks. In order to achieve this goal a thorough understanding of the effects of
the INFIX on the pelvis and hardware during walking is needed. This will provide valuable
insight as well as a foundation for optimization and margins of safety for walking.
1.5

PELVIC BIOMECHANICS
Before the INFIX method can be fully understood an investigation into the biomechanics

of pelvic ring stability is necessary. The research of the biomechanics is generally from the
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discipline of forces on the bone as studied through musculoskeletal systems. This approach
considers the force acting on the bone, ligaments and cartilage of the pelvic ring and how the
pelvic ring responds to these forces.

This information was used to lay the foundation for

understanding the effectiveness of the fixation methods, and how they could be improved. More
information related to the study of pelvic biomechanics are provided in Chapter 3.
1.6

MODELING THE INFIX METHOD
Although the INFIX has advantages over external fixation, it is not fully understood as a

method and for future improvements, especially as would be needed for ambulation. In this
dissertation, finite element modeling was used to produce static walking conditions for eight
unilateral walking phases using a bilateral pelvic ring geometry, including the sacrum. The
creation of the bilateral models combined four gait phases of each leg resulting in four models
that show the effects of the opposing inputs on the pelvic ring. The internal stresses were
determined and displayed as stress contours on the pelvic bones. The pubic symphysis (PS)
displacement was measured for a geometric reference that could be compared to the literature.
The details of this finite element modeling can be found in Chapter 5.
Once the static gait models were developed and validated, the fracture was created on
each of them at the SI and PS joint, first on the left side then on the right. The INFIX was
applied.

The results were analyzed for internal stresses, PS displacement, hardware

deformation and changes to the shape of the pelvic ring.
1.7
1.7.1

INTENT OF STUDY – SPECIFICS AIMS
Problem Statement
The external fixation has four inherent weaknesses (see Section 1.4).

The

biomechanical weakness is related to the relatively poor mechanical stability. A method has
been developed to address the four weaknesses and does provide some improvement to
stability. This uses the INFIX system. The INFIX has improved the stability over the external
fixators but not to the amount needed for ambulation. The plan is to evaluate this system to
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understand its contribution to stability and to recommend ways to improve the stability it offers.
The specific aims were to answer the following questions:
•

How does the healthy pelvic respond to walking, using static models?

•

How does the fracture and INFIX fixation method change that response?

•

Can the INFIX be improved to be more stable and contribute toward a solution of
ambulation, and if so how?

1.7.2

Proposed Solution
An INFIX finite element model was developed using a Hypermesh finite element mesh

generator, and solved for stress and displacements using Abaqus as stated previously. These
models applied the conditions for eight walking phases. Analysis of the INFIX, with the fracture
condition, was conducted. The results were used to understand the strengths and weaknesses
of the INFIX, and to develop improvements to the methodology.
The greater goal of this study was to advance the knowledge of pelvic fixation for
unstable conditions. By providing the basis for new methodologies to improve fixation methods,
the success of the management of pelvic fracture will improve.
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ANATOMY OF THE PELVIS AND RELATED
LIGAMENT AND MUSCLE STRUCTURES
The anatomy of the pelvic structure, as needed for the discussion of pelvic fracture and
fixation, is reviewed in this chapter. The anatomy has been well understood for many years and
the available information and language is common for most sources. This research relied on a
mix of several sources such as Netter’s Anatomy, Rockwood and Green’s Fractures in Adults
and Grant’s Anatomy (Agur and Dalley, 2005; Netter, 1989; Starr and Malekzadeh, 2006;
Schultz, 1972; Moore and Agur, 2002). The explanation of this anatomy is broken into the
boney structure of the pelvic bone, the ligaments that support the joints of the pelvic structure
and the muscles that have attachments on the boney structure.
2.1
2.1.1

BONEY STRUCTURES
Innominate Bone
The pelvic structure is composed of the left and right innominate bones plus the sacrum

(Figure 2.1).

The innominate bones mate anteriorly at the pubic symphysis (PS), and

posteriorly to the sacrum at the sacroiliac joints. The innominate bone is made up of three
elements: the ilium, the ischium and the pubis. The intersection of the three elements is through
the acetabular region. Figure 2.2 shows the details of the innominate bone.

Figure 2.1 Three parts of the pelvic bone.
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Figure 2.2 Innominate Bone Anatomy. The left figure shows the three elements that make up
the innominate bone. The right figure labels the various features.

The ilium is the upper portion of the pelvic structure and is bounded by the iliac crest
along the top, and the anterior superior and inferior spine at the front. The rear portion of the
innominate bone is the posterior superior spine and inferior spine at the end of the iliac crest
and follows with the greater sciatic notch that curves toward the acetabulum, the cup that
receives the head of the femur. The bottom boundary is the structure mating to the ischium and
pubis. The central region of the ilium is called the iliac fossa, and has two sections. The wide,
fan shaped area is called the ala or wing, and the thicker, lower region is called the body.
Anteriorly, the iliac crest ends at the anterior superior iliac crest. This becomes the anterior
superior iliac spine which is followed by the anterior inferior spine. Within the pelvic structure,
on the proximal side of the ilium and on a plane that is mostly vertical is the sacroiliac joint
surface.
The lower section of the innominate bone is divided into two parts, the ischium being the
posterior area and the pubis at the anterior. The ischium starts at the ilium, makes up the
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inferior posterior piece of the acetabulum, and meets with the pubis below the acetabulum. It
has four key features. The ischial spine meets the end of the greater sciatic notch at the top,
and descends to the lesser sciatic notch. The lesser sciatic notch meets the ischial tuberosity.
These three features run along the posterior. The ischial tuberosity, the fourth feature, begins
the directional change of becoming the inferior geometry of the innominate bone. The inferior
ischial ramus joins the ischial tuberosity to the pubis element. The ramus is included in both the
ischium and the pubis. It defines the obturator foramen. The superior sections are part of the
pubis.
The pubis meets the ilium and ischium in the interior of the acetabulum. The mating of
the three elements is an approximate T shape. The pubis structure completes the shape of the
pelvic ring, a circular geometry that provides strength to the structure, by joining the iliac wings
and sacrum. This ring, shown in Figure 2.3, is visible when seen from the posterior anterior
viewpoint and is important to the discussion of pelvic stability. The anterior of the ring is the top
of the PS. The PS brings together the superior and inferior rami pieces at the pubic tubercle.
The obturator ring is completed by the superior ischial rami at the posterior with the inferior
ischial rami being the lower-most part (Figure 2.4).

Figure 2.3 Pelvic Ring
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Figure 2.4 Pubic rami anatomy.

2.1.2

Sacrum
The sacrum joins the two innominate bones to complete the pelvic ring and support

structure for the spine. The sacrum is composed of five fused vertebrae followed by a coccyx,
inferiorly. These vertebrae are a central column to which the alae are connected on each side.
The ala interfaces with the ilia. There is a canal that runs vertically through the length of the five
sacral bodies and is posterior to the vertebral surface. This is covered posteriorly by the medial
crest. The sacrum has eight bilateral foramina in a descending pattern which provide protection
and a passageway for the nerves. At the superior surface, which is the top of the first sacral
vertebra and has an area of approximately 60 mm by 60 mm (for an adult), rests the spine with
the upper body weight. This vertebra transfers the load through the ala, across the sacroiliac
joint and to the innominate bones. The ala has also been labeled in Figure 2.3. The sacroiliac
joints are key to the strength of the pelvic ring. As noted above, each innominate bone surface
is irregular and is matched to the shape of the sacral joint surface.
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2.1.3

Leg Bones
For this study, the femur should be discussed. The muscles apply forces to the pelvis

and to understand the direction of the force, the origin and insertion areas are needed. The leg
muscles attach to the femur.

The femur is composed of the head that mates with the

acetabulum of the pelvis, the neck which joins the head to the greater trochanter, greater
trochanter and shaft that leads to the condyle surfaces of the knee joint. Figure 2.5 illustrates
this configuration. Many muscles are attached at the femoral neck and greater trochanter area,
and the remaining attach along the shaft and above and below the knee joint. Some of the
pelvic muscles have attachment points just below the knee joint on the tibia proximal end.
These muscles and attachments will be discussed in Section 2.3.

Figure 2.5 Femur features.

When discussing the femur it is important to include the hip joint, where the femur
interacts with the pelvis through the acetabulum. This joint is a synovial joint and is significant
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because it transfers the loads from the body weight to the legs and from the ground reaction
forces and muscle forces, due to walking, into the pelvic bones.
2.2

LIGAMENTS
When studying the stability of the pelvis the ligaments need to be considered for the

tension they add to the system. They can be divided into three groups, PS, the sacrospinous,
the sacrotuberous and the sacroiliac ligaments.
2.2.1

Sacrospinous Ligament
The sacrospinous ligament attaches to the sacrum distal to and below the fourth anterior

sacral foramina. Its attachment point on the innominate is at the ischial spine, between the
greater and lesser sciatic notches. This ligament supports the PS in resisting outward rotation.
It also teams with the sacrotuberous ligament to further support the pelvic ring for many of the
fracture types.
2.2.2

The Sacrotuberous Ligament
The sacrotuberous ligament attaches to the sacrum adjacent to the third and fourth

foramina, along the distal edge of the sacrum, posteriorly, and continues past the fourth
foramina and just into the coccyx region. The point of attachment on the innominate bone is the
ischial tuberosity.

Figure 2.6 shows the anterior superior view and the posterior view of the

pelvic ligaments, respectively.
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Figure 2.6 The anterior view of the ligaments in the pelvic region is shown on the left; the
posterior ligaments are on the right (Gray, 1977).
2.2.3

Sacroiliac Ligaments
Three sets of ligaments make up the sacroiliac group of ligaments: the iliolumbar, the

anterior, and the posterior. The iliolumbar ligaments attach from the final (L5) vertebra to the
iliac crests and run approximately horizontal. There are some strands of this ligament that tie
directly into the fibers of the anterior sacroiliac ligaments. The posterior sacroiliac ligaments
connect to the sacrum by attachments along the median crest and across the posterior surface
of the sacrum. They proceed to the directly adjacent part of the posterior iliac and posterior
inferior iliac spines. One bundle reaches from the fourth sacral foramina area to the lowest tip
of the superior posterior iliac crest. The anterior sacroiliac ligament set attaches to the L5
transverse processes, proceeds along the L5 body, and includes the S1 body of the sacrum at
the superior sacral body. It connects to the body of the ilium (roughly) at a line that is tangent to
the pelvic ring opening at its widest part, going from median to posterior in direction.
2.2.4

Iliolumbar Ligament
The iliolumbar ligament ties the ilium to the transverse process of the L5 vertebra of the

spine. It follows a somewhat vertical path from the sacroiliac ligament bundle to the vertebra.
This provides strength to the lumbosacral joint and helps to stabilize the spine.
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The rupture of any of the ligament structures will affect the stability of the pelvis, some
with only minor effect, but others will present major instability issues.

A disruption of the

sacroiliac ligament structure, with or without the fracture of a bony structure, could require some
type of fixation.
2.3

LEG MUSCLES
There are 22 leg muscles that attach to the pelvis. They can be organized into four

groups: the hip, the anterior, the medial and the posterior thigh muscles.

Together these

muscles perform the actions of walking.
2.3.1

Hip Muscles
The nine hip muscles are those attached to the greater trochanteric area and neck of the

tibia. The three gluteus muscles are the minimus, medius and maximus. They define the shape
of the posterior hip region and have attachments on the posterior of the ilium wing. The iliacus
and psoas attach at the inner wing. Smaller hip muscles attach at lower positions of the pelvic
structure and are grouped on the posterior pubic rami area. They are the obturator internus,
and the gemellus inferior and superior, and the quadratus femoris muscles. The piriformis
attaches at the posterior inferior iliac spine. Figure 2.7 shows the hip and anterior muscles.
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Figure 2.7 Hip and anterior leg muscles (Gray, 1977).
2.3.2

Anterior Muscles
The anterior muscles initiate at various positions of the anterior pelvic bone and insert

lower on the anterior side of the femur shaft. The rectus femoris, a large muscle group that
makes up most of the anterior thigh, and the rectus femoris which connects to the anterior of the
pelvis near the sartorius, and lays over the top of the quadratus femoris, is the major muscle of
the group. There are two other muscles that are grouped with the anterior muscles but don’t
attach above the knee. The sartorius crosses over the anterior and attaches at the inner knee
at the tibia in the ligament group that includes the gracilis from the medial group and the
semitendinosus of the posterior group. The tensor fasciae latae is a muscle that extends to the
outer knee attaches at the top of the anterior tibia.
2.3.3

The Medial Muscles
The medial muscles attach at the pubic rami and go to the inner thigh. The three

adductor muscles, which are the magnus, longus and brevis, attach to the length of the medial
side of the femur with the brevis at the top third, and the magnus and longus below that and to
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the top of the condyle area. The pectineus attaches near the adductor brevis, the gracilis
extends to below the knee on the medial side of the tibia, and the obturator externus attaches
high on the inner femur. Figure 2.8 illustrates the medial and posterior muscles.

Figure 2.8 Medial and posterior leg muscles (Gray, 1977)

2.3.4

The Posterior Muscles
The posterior muscles initiate on the posterior of the lower pelvic structure and insert

lower on the femur shaft. The semitendinosus and semimembranosus attach at the medial
knee area and the biceps femoris longus attaches on the outer knee area.
2.4

TRUNK MUSCLES
The motion of walking includes action of the trunk muscles. The extension action of the

leg engages posterior muscles and the swing of the leg engages abdominals. The erector
spinae muscle attaches at the sacrum and medial posterior iliac crest and proceeds upwards
along the spine. It is a long muscle that has two parts on each side: the iliocostalis lumborum
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and iliocostalis thoracis, with the thoracis being more medial and extending higher on the spine.
Both eventually attach to ribs. They apply an approximate vertical force on the pelvic bone.
The internal and external obliques, as well as the rectus abdominus are the abdominal
muscles that are involved in the walking process. The obliques are each made up of five units.
The internal obliques attach along the superior and anterior iliac crest and proceed to the
anterior ligament that engages the rectus abdominus. Only two of the external oblique units
attach to the pelvis, at the superior iliac crest. They then proceed posteriorly to the spine
(Figure 2.9).

Figure 2.9 The direction of the oblique muscle units (Gray, 1977).

2.5

CHAPTER CONCLUSION
The anatomy for this study involves a significant number of hard and soft tissues. This is

expected when considering the actions involved in human gait. The bony structures are the
foundation, the 22 leg muscles cause the propulsion and the trunk muscles help with balance
and effort. The ligaments add stability to the pelvic ring. These are provided in Table 2.1. All
are either inputs or responses of these actions and need to be considered for a thorough
understanding of the response of the pelvis due to walking and when applying fixation methods.
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Table 2.1 Chart of all bones, ligaments and muscles used in the finite element models of this
dissertation.
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FRACTURE REPAIR BIOMECHANICS
3.1

BIOMECHANICS OF THE PELVIS
The pelvic bony structure, made up of the two innominate bones and the sacrum, come

together to form a ring. There are many forces being applied to the pelvis. Hoek van Dijke and
his team (1999) determined that to properly model all the loads it requires 94 muscle and six
ligament forces, plus the 18 forces in three directions at each of the six joints (van Dijke et al.,
1999). Since the current study focuses on the surgical reduction of the pelvic ring, only the
joints, ligaments and muscles described in the anatomy section need to be considered. If after
a fracture the ring has been stabilized, the contributing muscles will help to offset the weight
loads as in a non-compromised pelvic structure. The point of interest lies in the ability of the
fixation device to maintain the reduction of the pelvic ring until healing has occurred.
The pelvic ring maintains its strength by the ligamentous systems that join the
innominate bones to the sacrum, and the small ligaments holding the innominate bones
together at the pubic symphysis (PS). The posterior ligament system contributes most to the
strength, with the muscles attached to the pelvic structure adding additional strength.
The forces on the pelvic structure are the body weight at the sacrum that flows
downward through the spine, and the counter forces at the acetabular cups from the femurs,
which is the reaction from the ground and muscles. These three points define the mechanics of
the pelvic ring, with the inferior pubic rami acting as struts. The sacrum is wedged into the
innominate bone, preventing the spine from sliding through those bones. It has been proposed
that this wedging action is like the action of a keystone in architecture allowing the weight of the
spine and upper body to transfer outward along the ring to the acetabular sockets (Stephen,
2003; Tile et al., 2003c). Some efforts to quantify the forces of the pelvis will include a single
additional muscle. In the text “Musculoskeletal Biomechanics” a simplified version adds the
abductor muscle, from the iliac wing to the greater trochanter of the femur, for a three-force
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system as shown in Figure 3.1 (Brinckmann et al., 2002). Later studies include all of the leg
muscles that attach to the pelvic bones (Dalstra and Huiskies, 1995; Phillips et al., 2007).

Figure 3.1. The stance phase of the slow gate where W is the gravitational force over the center
of gravity when the shown leg is supporting, H is the force on the hip joint into the acetabulum, F
is the force of the abductor muscle, and D is the horizontal distance from the femoral head to
the center of gravity (Modified from Brinckmann, et al. 2002).

A publication of the forces on the pelvis by Goel and Svensson include moments as well.
This paper uses a mathematical model for the actions and reactions while standing on one leg
(Goel and Svensson, 1977). To calculate these forces all of the joint reactions and ligament
forces required for the study were included. Additionally, eight muscles were initially included.
This resulted in an indeterminate set of equations. Using previously published studies and
electromyographic (EMG) testing the team was able to eliminate six of those muscles, leaving
the psoas major and iliacus muscles in the calculation. They concluded that the PS is always in
compression and no single muscle force becomes equal to the weight transmitted through the
sacrum.
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Both of these analyses are planer and don’t provide for the twisting motion. A study
from the University of Amsterdam led by P. Scholten set out to clarify the findings of Goel and
Svensson and improve the knowledge base of the biomechanics of the pelvis (Scholten et al.,
1988). This study was based on a computer model simulation represented by five deformable
elements: PS, each sacroiliac (SI) joint, and for each side the combined sacrotuberous and
sacrospinous ligaments. The ligaments were modeled as linear springs. The three bony joints
were modeled as collections of six linear elastic components: three as linear springs to model
longitudinal compression and perpendicular transverse shear resistance, and the other three as
torsional springs for longitudinal twist and transverse bending resistance. This model is shown
in Figure 3.2.

Figure 3.2 A. Block diagram of Scholten model, top view, showing geometry and locations of
spring models. B. Shows motions in response to loads. (Reprinted from Scholten, et al. 1988,
with permission from Wiley).

Loads were determined from consensus in the literature, and were applied in
compression (1000N), anterior shear (500 N), lateral bending moment (10 Nm) and twisting (5
Nm). The results showed a maximum of 3 mm of translation with slightly more than one degree
of rotation.
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3.2

EFFECTS OF WALKING
The act of walking contributes tremendously to the reactions of the pelvis. For each

position of the gait phase the angle of force at the hip input changes. The muscle forces and
directions change continuously as the motion progresses from step to step. As the leg moves
from flexion to extension, the muscle attachments move with them which cause the input
direction on the pelvic to change even though the attachment point on the pelvic remains fixed.
As these muscle forces and directions change, the resultant force through the hip joint changes.
This continuous change is occurring on the opposite side of the hip but at different vectors of
force and direction. The torsional inputs that are created by the opposed nature of the forces
are intensified at the extreme range of opposition, such as the heel strike, and the weight shift
from one leg to the other just after the heel strike of the gait motion.
During walking, the kinematics of the hip needs to be considered. The hips move in
three distinct motions: the anterior–posterior rotation about the vertical axis, the obliquity where
the pelvis rotates about the forward–motion directional axis, and the tilt which rotates about a
line drawn between the left and right acetabulum. The anterior posterior rotation does not
create additional forces to the pelvic bone because the entire hip/leg combination rotates as a
unit. This motion does not result in different angles at the hip joints. The leg moves in an arcing
motion as can be seen by the path of the toes throughout the gait cycle. The toes point along
the tangent of the outside of the pelvic ring, showing that there is no additional rotation within
the acetabulum (Kaufman and Sutherland, 2006). The obliquity is the action of having the ilium
moving up and down, in opposite motion of the left and right sides. As the left rises the right
lowers. This rotation reaches four degrees at the maximum during the early part of the swing
phase of the gait (Figure 3.3). The legs rotate in the hip joint sockets, which result in vector
changes of the leg muscles, and therefore contribute to the torsional reaction. The pelvic tilt is a
minor amount of motion and is considered negligible in relation to pelvic input forces.
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Figure 3.3 The obliquity of the pelvis during walking. The illustration shows the rotation angle of
the pelvic ring about the fore-aft axis. The plot traces the hip motion on one side for a complete
gait cycle, showing the increase and decrease of the ilium angle (modified from Kaufman and
Sutherland, 2006)

The torsional motions can cause displacements across the cartilage at the SI and PS
joints. These values are difficult to measure in vivo. The displacement at the PS has been
measured radiographically to determine the value for a single leg stance of healthy subjects
(Walheim and Selvik, 1984). However, there is no metric established for this displacement
during phases of walking.
3.3

BIOMECHANICS OF PELVIC RING STABILITY
In studying fixation methods for unstable pelvic fractures, the biomechanical focus is on

the set of elements defining the pelvic ring and its stability.

The pelvis is loaded by the

downward force of the spine in the human upright position. The majority of this force transfers
across the sacrum, into the innominate bones and to the femurs through the acetabulum.
Figure 3.4 shows the path of this load through the pelvic bone. It also shows that one path
helping to support the load is through a line joining the acetabula (Tile et al. 2003c).

A

secondary path is shown with the dotted lines. Both of these paths contribute to the stability of
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the pelvic ring.

In response to the load on the sacrum, the forces of the ligaments and muscles

pull the innominate bones together causing compression at the pubic symphysis, and full
stability is reliant on this compression and the joint at the PS (Frohmuller et al, 1984).

Figure 3.4 The figure indicates the paths of the force from the body weight, with the solid lines
transferring the majority of the load and the dotted lines going through the pubic rami carrying a
smaller amount of load (Modified from Tile et al., 2006c).

During walking, the femurs transfer the ground forces to the ring non-symmetrically
resulting in torsional forces on the ring. When there is a fracture of the PS, the pelvic ring is
broken and these torsional moments cause the gap to widen and become offset during walking.
When an SI fracture is also involved, this lack of stability at the PS contributed to the instability
at the SI fracture. Consequently, for an APC III fracture (see Chapter 4) as is used in the INFIX
study, closing and securing the PS joint is necessary for overall stability while the fractures are
healing, especially when ambulation is the goal.
The ligamentous systems are the force elements that hold the three bony pelvic parts
together. The sacrotuberous and sacrospinous resist rotational deformation by connecting the
front (ischial tuberosity and ischial spine) to the back (sacrum) while joining in the center in a
crisscross type of pattern (Starr and Malekzadeh, 2006). This geometry is used in structures
such as motor vehicles and strut towers to increase torsional rigidity and reduce flexing of the
main support elements.
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The SI ligaments are a dense grouping of ligaments, posterior and anterior, that have
been called the strongest ligaments in the body (Stephen, 2003). They resist displacement,
both translational and vertical, of the SI joints (Starr, 2006). The PS ligaments hold the ring
closed anteriorly, but when severed the ring opened roughly 2.5 mm, which is still considered
stable (Pennal and Sutherland, 1961).
3.4

MUSCLE FORCE DETERMINATION
The twenty-two leg muscles and five trunk muscles involved in walking that attach to the

pelvic bone affect the overall biomechanics of the pelvis (Anderson and Pandy, 2001b; Arjmand
et al., 2009). The force values of these muscles change throughout the gait phases due to the
leg positions, distribution of the body weight and the changing hip motion. It is not possible to
measure these values directly. One method for determining the muscle forces assumes that the
physiologic cross-sectional area of a muscle is related to force. This was applied for the leg and
erector spinae muscle force values. The abdominal muscles were found by calculating the ratio
of EMG measured values to the EMG value for that muscle during the maximal contraction,
considering the cross-sectional area.
The leg and erector spinae muscle data used in this study was taken from the work of
Crowninsheild and Brand, who studied muscle force predictions (Crowninsheild and Brand,
1981). When a moment is created at a joint due to moving a load, the sum of the forces applied
by the muscles attached to that joint will equal the total force needed to move the load. To
apply this, the tensile force of each muscle is divided by the average cross-sectional area of that
muscle. A non-linear optimization method can then be used to determine the individual muscle
forces, considering that the larger muscles (higher cross-sections and longer lengths) will carry
more of the load.

By using this method the leg and erector spinae muscle force values

throughout the gait cycle were predicted and the resulting data was used in this study.
The remaining trunk muscle forces were not included in the Crowninsheild published
data. However, other methods were provided that correlate the EMG voltage values of the trunk
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muscles to muscle forces during walking (De Luca, 1997; McGill, 1992; Gagnon et al., 2001;
Cholewicki et al., 1995; Alkner et al., 2000). The results of these various methods are quite
similar. They calculate the force from the ratio of the measured EMG value over the maximum
achievable EMG value of the muscle, considering the muscle cross-sectional area.

The

Cholewicki method was chosen for the abdominal muscles of this study and the equation is
shown below.

=

/ .

+

where
Fi is the i th muscle force (N),
EMG/EMGmaxi is the muscle activation level expressed as a fraction of its maximum myoelectric
activity,

ai is the ith muscle cross-sectional area (cm2),
σmax is the maximum muscle force generated per unit of cross-sectional area (N cm-2),
Pi is the passive muscle force (N)

The cross-sectional area and force generated per cross-section were used in the calculation, as
with the leg and erector spinae muscles.
As can be seen, there is no simple conversion equation because each muscle
calculation is unique to that muscle based on its geometry. These methods for calculating the
force of the muscles have different approaches but both parallel the EMG experimental data
traces relatively well, indicating a reasonable correlation.
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3.5

CHAPTER CONCLUSION
The biomechanics of the pelvic ring allow for weight to transfer through the pelvic

bones, with the reaction forces of gravity from the femur. The ligaments support the bony
shapes to provide rigidity in all directions.

When this system is compromised, either by

fractured bone, damaged or severed ligaments, or both, various levels of loss of stability will
occur. The range of loss covers a full spectrum of conditions, from those that do not need
surgical intervention, to those that have compromised the entire system, anteriorly and
posteriorly, with failures in torsion, displacement and shear. Generally, a loss due to bone
fracture, accompanied by one of the ligamentous systems being compromised, will require
some type of fixation.

29
PELVIC RING FRACTURE CLASSIFICATION AND
FIXATION
In order to understand the pelvic fixation device for pelvic ring disruption, different types
of pelvic fractures need to be understood. These fractures have been classified by a few
different sources for the sake of a common language (Bucholz, 1981; Tile, 2003a; Young and
Burgess, 1987; Olson, 1996). Most of these classification systems have evolved from the work
done in the 1980s by two groups: Pennal’s team and Marvin Tile (Pennal, et al 1980; Tile,
2003a; Durkin, 2006). Pennal developed the concept of using force inputs to define the fracture
types. Tile refined it for fracture analysis considering type of stability and injury patterns. Young
and Burgess later developed the concept into a classification system of distinguishing
characteristics (Starr and Malekzadeh, 2006). Depending on the application, anatomical-based
as used for surgery, or mechanism-based as used for radiographs and diagnostics, the
classification choice may vary (Stephen, 2003).

Both of these classification systems are

referenced in the external fixation biomechanics (Kim et al, 1999; Starr and Malekzadeh, 2006).
Both have been incorporated into the Orthopaedic Trauma Association (Resemont, IL) system.
Since the Tile system is based on biomechanical actions and reactions, this
classification method will be followed for defining pelvic ring fractures and repairs in this study.
However, references to the Young and Burgess system will also be made. The relationship is
shown in Table 4.1 which defines the Young and Burgess system, then shows how it compares
to the Tile method. The Tile method is reiterated later in the chapter where it is explained in
more detail.

This chapter will explain the force mechanisms, show how they apply to the

classifications and explain fixation methods for repairing these pelvic ring fractures.
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Table 4.1 Pelvic ring fracture classification comparison of Tile with Young and Burgess.
Classification of the Pelvic Ring Disruption
Distinguishing
Characteristics
Stable Pelvic Ring

Tile
Type A
A1
A2

A3

Type B

Avulsion of the
innominate bone
Stable iliac wing
fracture or stable
minimally displaced
ring fractures
Transverse fractures
of the sacrum and
coccyx
Partially Stable

Young and
Burgess

No Equivalent

No Equivalent

No Equivalent

B1

Open-book injury

LC III

Symphyseal diastasis or longitudinal
rami fractures with slight widening of
pubic symphysis or anterior SI joint;
stretched but intact anterior SI,
sacrotuberous, and sacrospinous
ligaments; intact posterior SI
ligaments.
APC I plus: widening anterior SI joint;
disrupted anterior SI, sacrotuberous,
and sacrospinous ligaments.
Transverse fracture of pubic rami,
ipsilateral or contralateral to posterior
injury with sacral compression on side
of impact
LC I plus crescent (iliac wing) fracture
on side of impact
LC I plus complete SI joint disruption
with lateral displacement, disrupted
anterior SI, sacrotuberous and
sacrospinous ligaments; disrupted
posterior SI ligaments.

Combined
Mechanism CM

Combination of other injury patterns,
LC/VS being the most common.

Anteroposterior
compression APC I

APC II
B2
The lateral
compression injury

Lateral
compression LC I
LC II

No Equivalent

B3
Bilateral B injuries

Distinguishing Characteristics
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Completely
Unstable

Type C
C1

Unilateral

C2
C3

Bilateral, one side B,
one side C
Bilateral C lesions

No Equivalent

APC III,
Vertical shear
- VS

Symphyseal diastasis or longitudinal
rami fractures with complete SI joint
disruption with lateral displacement,
disrupted anterior SI, sacrotuberous
and sacrospinous ligaments, disrupted
posterior SI ligaments.

CM
CM
VS

Symphyseal diastasis or vertical
displacement anteriorly and
posteriorly, usually through the SI joint,
occasionally through the iliac wing or
sacrum.

The fixation methods apply to fractures defined by the classification systems.

These

method descriptions follow the classification explanation starting with a brief description for Type
A. The protocol for Type B is more involved with several fixation options. Type C uses a
combination of posterior open or percutaneous fixation, anterior internal and external fixation,
depending on the injury. The anterior exterior and percutaneous options will be discussed in
greater detail because they are more closely related to the percutaneous method evaluated in
this study.
4.1

FORCE DIRECTION
There are three general force conditions leading to the fracture of the pelvic ring. They

are: anterior posterior compression (APC), lateral compression (LC) and vertical sheer (VS).
4.1.1

Anterior Posterior Compression
This force is to the anterior or posterior of the pelvic area, including the extremities,

compressing those areas to move toward each other. The force then causes one side or other
to move or roll outward, resulting in an open book fracture where the anterior of the pubic ring
opens by separating at the pubic symphysis or by fracturing the pubic rami. (Figure 4.1)
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Figure 4.1 Anteroposterior compression. View A shows the force being applied posteriorly.
Ligaments (dotted lines) are intact. View B shows the force being applied through rotation of
the femur. The SI ligament has begun to tear (Modified from Tile, 2003).

The Tile system further defines the forces as being either applied to the posterior
superior iliac spine which causes a rotation of the ilium, or anteriorly applied against the anterior
iliac spine and opening the pubic symphysis as well as affecting the anterior and posterior
sacroiliac ligaments. The force input can also be by external rotation through the femur.
4.1.2

Lateral Compression
Lateral compression injuries are due to a side force on the pelvic ring. The result is a

compression of the bones at the sacroiliac/sacrum area, or possibly a fracture to the ilium, and
the pubic rami. The force is inward toward the center of the pelvic bowl and can be generated
by a side blow to the innominate bone or a thrust through the femur. The result of this action
fractures the pubic rami but only stresses, rather than disrupts, the ligament structures. Figure
4.2 shows a case of the ilium being fractured, the superior and inferior pubic rami fractured and
the ligaments stressed but not severed on the side of the fracture.
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Figure 4.2 Lateral compression fracture. Fracture is through ilium and pubic rami, ligaments
(dotted lines) are compromised. (Modified from Starr and Malekzadeh, 2006)

4.1.3

Vertical Sheer
A vertical sheer force imposes vertical forces on the system. This results in a vertical

displacement of a section of the pelvic ring. This displacement is usually at the joint locations
but can also be through the sacrum or iliac wing. The force direction generally crosses from the
anterior median plane and offsets to the left or right of median at the posterior, through the SI
joint or iliac wing as shown in Figure 4.3. It is also at a vertical angle. The result is a gross
disruption of both bony and soft tissue and results in major pelvic instability.

Figure 4.3 Vertical shear, showing the torn ligament structure (dotted lines). (Modified from Tile,
2003).
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4.2
4.2.1

CLASSIFICATIONS AND ACCOMPANYING FIXATIONS
The Tile Classifications
Tile considers stability to be the key element in deciding failure and treatment options for

pelvic ring fracture. Stability has been described relevant to two pelvic systems: the posterior
ligament structure and the pelvic floor structure. If the pelvic ring were not held together by
these ligament structures it would fall into three pieces, the sacrum and the two innominate
bones. The posterior ligament structure joins the posterior superior iliac spines to the sacrum.
The pelvic floor ligaments, the sacrospinous and the sacrotuberous in particular, connect
the anterior and posterior parts of the pelvic ring. These two systems are in various states of
compression and tension depending on the action of the body. For instance, with a stance
where each leg carries equal weight the posterior ligament structure is in compression while the
pelvic floor system is in tensions. When either of these systems is disrupted there is instability.
The disruptions can be by tears in these ligaments or fractures of the bones that reduce the
action of the ligaments.
The classification system divides disruptions into three categories of stability: stable,
partially stable, and unstable. This can be seen in Table 4.1. It is important to consider the
direction of force in classifications due to the influence it has on the failure system as discussed
in section 4.1.
4.2.2

Type A: Stable Injuries
Stable disruptions are the cases where the pelvic structure remains stable and there are

no displacements of bone areas relative to adjacent bones. They can be of three types. The
Type A1 disruption is an interruption in one of the innominate bones where the pelvic ring has
not been breached. This can be an avulsion of a small piece of bone at any attachment site due
to sudden muscle contraction and usually occurs in adolescents or athletes. The Type A2 is
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when the iliac wing is fractured or there is a pelvic ring disruption that is not displaced. The
ligamentous structure is totally intact and functioning to hold the system together. Another injury
in the Type A2 category is the “butterfly” or “straddle” fracture where all four pubic rami have
been fractured.

When there is a transverse fracture of the sacrum below the SI joint the

classification is a Type A3.
With the stable Type A injuries, the pelvic arch and floor are still intact. In general, these
injuries require no surgery. In the Type A-1 avulsion fractures, if occurring in adolescents, the
injury will usually join on its own. For an adult it depends on the expected outcome. For
instance, in the case of an athlete, if the fracture occurs at a muscle attachment, or has
significant forces applied due to extra conditioning of a muscle, an internal fixation or open
reduction may be required. The more complex Type A2 injuries are either isolated iliac wing
injuries or minimally displaced pelvic ring fractures. Normally, these fractures are held together
by the musculature and tendon systems and will repair with bed rest. However, elderly persons
with osteopenia will commonly fracture the pelvic ring in this manner. The treatment of bed rest
is again appropriate but can lead to other, non-fracture related complications such as
pneumonia and bed sores. Type A3 injuries of the sacrum and coccyx are considered spinal
injuries because they don’t upset the pelvic ring stability. Due to the neurological interaction,
open fixation is often preferred.
4.2.3

Type B: Partially Unstable
Partially stable disruptions are rotationally unstable but vertically and posteriorly stable.

This means that the posterior ligament system has not been disrupted. These are Type B and
have three categories.
4.2.3.1 Type B1 Open Book
The Type B1 is the Open Book injury where the anterior of the pelvic ring is fractured.
This can be at the pubic symphysis or pubic rami. The forces applied are either at the anterior
superior iliac spines or through externally rotated femurs. It is characterized as a disruption of
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the pubic symphysis, associated with anterior sacroiliac joint disruption. If the separation of the
pubic symphysis is less than 2.5 cm there will be considered as no disruption of the pelvic floor.
This is somewhat rare. Usually there is more than a 2.5 cm separation accompanied by failure
of the sacrospinous ligaments and/or the sacrotuberous ligaments, and possibly the anterior
sacroiliac ligaments. The failures can be unilateral or bilateral to the posterior ligaments and
usually include pelvic floor disruptions. Since the posterior sacroiliac ligaments are still intact
the vertical or posterior displacement is prevented. The Open Book injury may have variations
of these scenarios. For example, the pubic rami can be fractured resulting in the external
rotation, or the iliac wing could be fractured. Providing the posterior stability is intact then simply
closing the book will reduce the fracture and restore stability.
The Young system describes two versions of this failure. The first type, APC I, results
when the attached ligaments are stretched and the SI and PS joints spread but do not fail. The
second type, APC II, adds disrupted anterior ligaments to the APC I condition.
The treatment is different for each type of open book fracture. If the disruption is less
than 2.5 cm, the APC I, usually the ligament structures are intact.

The treatment is non-

surgical. Due to the action of the human gait, compressive forces are applied to the pubic
symphysis and cause it to close (Tile, 2003b). It can take several months to become pain-free
from this injury.
When the disruption is greater than 2.5 cm, the APC II, there is also accompanying
ligament lesions. One way of reducing the gap is to “close the book” by having the patient
assume the lateral position and let the femur weight apply the force that brings the two sides
together. However, as in the methods for treating Type A injuries, the patient may want a
quicker resolution. In addition, the injury may be such that the opposite sides of the gap do not
align properly. In these cases, either plate fixation at the pubic symphysis is used or open
external fixation is applied anteriorly (Star and Malekzadeh, 2006). These methods close the
gap while reducing any widening of the SI joints. In general, the internal plate fixation method is
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chosen most frequently for this injury. On occasion, when there is hemodynamic instability, for
instance, external fixation is applied.
The method for plate fixation is to use a pelvic reduction clamp to close the gap, and
then fix the plate in place with screws. There are two ways to use a reduction clamp. One is to
install screws in the pubic tubercles and apply force through those screws to pull the tubercles
together using a reduction clamp on the screws. The other is to use a pointed reduction clamp
directly to the bone or into pre-drilled holes. The clamp holds the gap closed while applying the
plate. There are generally three types of plates chosen for this application. The first is a twoholed dynamic compression plate (DCP), the simplest type, applied superiorly. This can be
used in tandem with a second DCP or multi-holed plate on the adjacent surface of the bone.
The multi-holed plate has the advantages of being formable to follow the curvature of the pubic
bones and extra fixation strength with additional screws. The third type is a box shape that
provides for screw insertion superiorly and anteriorly to the pubic tubercles and is stronger than
the two-plate option.

Less commonly used but effective for open book injuries with fewer

unstable complications are the methods of cerclage wiring and suturing across the pubic
symphysis with non-absorbable sutures.
4.2.3.2 Type B2 Lateral Compression
The lateral compression forces, in general, impact the ilium and cause an internal
rotation about the posterior sacroiliac joint. This results in a fracture system where the posterior
ligaments and pelvic floor ligaments remain intact due to the compressive nature.

The

avulsions to the posterior area can include an anterior crush of the sacrum, a compressed ilium
or combination of the two. The anterior sacroiliac ligaments are damaged due to this internal
rotation. The internal rotation also results in a fracture in the pubic rami area, avulsing both
superior and inferior, and can be either ipsilateral or contralateral to the point of impact. A less
common condition is one where only the superior ramus of the pubic rami structure is fractured
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and rotates through the symphysis, the result being called a “tilt” fracture. A locked symphysis
can occur, where the ligament is torn and the left and right sides overlap.
A different pattern is seen when there is a combination of iliac force and internal rotation
through the femur.

This is characterized by the fracture of both rami on a particular side

coupled with a rupture of the posterior sacroiliac ligaments on the opposite side.

This is

considered partially stable because the pelvic floor is still intact. This is known as the “bucket
handle” fracture.
The third category of the partially stable group, B3, is the bilateral injury. By far, the
most common of these is of the Open Book type and falls into this category when the pelvic
floor is disrupted on both sides along with damage to the anterior sacroiliac ligaments bilaterally.
There is no vertical or posterior displacement but there is no stability of the pelvic floor, allowing
for external rotation.
The Young System defines three conditions of the lateral compression failure. The first,
LC I, involves the sacrum and can fail in a line along the foramen openings on the injury side.
The variations on this can be a vertical fracture parallel to the foramen on either side or, in rare
cases, a horizontal fracture below the SI joint. The second, LC II, is an iliac wing fracture also
known as a “crescent” fracture that runs from the iliac crest to the greater sciatic foramen and
creates a full disruption to the pelvic ring. Both the LC I and LC II include the anterior open
book fracture and are included in the lateral compression category of the Tile system. Finally
the LCIII results when the impact is so great that the effect is bilateral, with compression on the
impact side and a rotational effect that is carried through to the opposite side.
The lateral compression injury fixation method depends on the location of the fracture.
For injuries with fractures anteriorly only, the treatment is to reduce the pelvic ring by anterior
fixation, usually externally. For injuries also involving posterior fractures, it is recommended not
to use external anterior fixation unless the posterior area has been repaired, because the sacral
area could open further (Trikha and Himanshu, 2011). In this case, posterior fixation can be
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applied prior to anterior fixation, or a C clamp can be used which would push the innominate
bones together more uniformly front to back. Alan Durkin has proposed three principles of
pelvic fracture fixation (Durkin et al., 2006). The first is that, with complete instability of the
posterior ring, anterior fixation cannot be used alone. The second is that, if there is also vertical
instability, posterior fixation cannot be used alone.

Finally, with partial instability, in which

ligaments are intact, anterior fixation may be adequate and allow for weight bearing.
4.2.3.2.1 Posterior fixation
Posterior fixation is generally achieved by internal fixation mechanisms. They fall into
two groups, plates and screws. The plates require an incision several centimeters long, with
removal of muscle attachments along the bone surface receiving the plate. The screws can be
inserted through a small puncture incision with minimal disruption to the soft tissue. There are
three general locations of posterior fracture: Iliac crest or wing, the sacrum, and the sacroiliac
joint.
The iliac wing fracture is one where the fracture starts at the crest and completes the
fracture through the greater sciatic notch. It sometimes propagates to the sacroiliac joint and
follows the joint to its inferior end. It does not breach the acetabular area. Reduction can be
retained by iliosacral screws. These screws are quite long and applied from the ala surface and
through the fracture.

The process requires several checks using fluoroscopic images.

Considerations are to get complete screw purchase, to avoid nerves and to locate in the bone
so other fixation can be applied as needed. See Figure 4.4 which shows the iliosacral screw
being applied in two ways, as a wing fixation, and to repair a fracture of the sacrum. The iliac
wing fracture can also be secured by plates that hold the fracture closed. The plates are
formable to be able to take the shape of the bone surface it is being applied to, and can be
applied anteriorly or posteriorly. The screws are located depending on the bone availability for
solid screw purchase (Figure 4.4).
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.
Figure 4.4 The right screw is being used to repair an iliac wing fracture. The horizontal screw is
being used to pull the SI joints together. The Iliac wing fixation is also shown using plate fixation.

The sacrum fracture can be anywhere on the sacrum, and the fixation will be different
depending on the location of the fracture and whether it is bilateral. The methods are plates and
iliosacral screws as for the other internal fixations. For sacral screw placement, the nerve
locations must be avoided. The sacral ala has the greatest area for screw purchase, with the
area reducing when progressing from the S1 to the S5 vertebral body. The screws and plates
will span the sacroiliac joint when the fracture is not central. If the fracture is central plates
would be used with purchase into the sacrum only. Rods with threads and nuts are also an
option used in place of screws and are percutaneously applied.

The nuts allow for better

security if there is a question of purchase of the screw threads into the bone itself, such as with
osteoporosis (Tile, 2003b).
The sacroiliac joint is managed in the same way as a sacrum fracture. Iliosacral screws
are applied when possible, and plates used when open fixation is needed due to a more
complex fracture.
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There are two external fixation methods that are included in the posterior fixation
classification. The first is the C clamp. The second is the Ilizarov cage and will be described in
the Type C fracture section. The C clamp is used to close the sacral area, by applying a
transverse force, when the ligaments and other soft tissues would not be able to pull the bones
back to their original mating position (Heini et al., 1996). The forces are applied just adjacent to
the sacroiliac joints, into the ilium. Figure 4.5 shows the placement of the tips of the C. The
clamp can be a large C shape or a series of three bars that form a three-sided box shape.
There is also a scissoring type of C clamp. The clamping bar crosses the body anteriorly. It
can pivot about the locators to be moved away from the working area when repairing the
internal organs and soft tissues.

It is fast to apply, which is advantageous in emergent

situations where internal abdominal tissues need to be addressed.

Figure 4.5 The left figure shows the location on the ala where the C clamp tips are placed. The
right figure shows the clamp in place (Heini et al., 1996).

4.2.3.2.2 Anterior fixation
Due to the dual purpose of the anterior fixation – reduction plus fixation – the anterior
hardware is more complicated than plate types of hardware that require open fixation.
However, open fixations require an incision of several centimeters or more, and removal of
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tissue from the bone surface, whereas the anterior is generally a device using two to four
screws in the superior or anterior iliac crest requiring incisions only long enough to insert the drill
bit and fixation screw.

Plate fixation is also more time consuming and reduction is not

implemented as quickly. Anterior methods have traditionally been exterior fixations starting in
the 2010s there have been percutaneous anterior fixation methods based on the same theory
as the external fixations but with the rod placed beneath the skin.
For the anterior fixation devices, there are two locations for screws, which are also
referred to as pins.

It is helpful to explain these locations prior to describing the various

configurations of the method. Pin locations are either on the anterior iliac crest or on the
anterior inferior spine (Ponsen et al., 2002; Starr and Malekzadeh, 2006) (Figure 4.6).

Figure 4.6 The right figure illustrates the arrows show the pin insertion areas and angles of
insertion, the left shows an optional angle when screws are adjacent to each other (Ponson et
al., 2002; Starr and Malekzadeh, 2006).

The pins should be inserted on the iliac crest with two considerations. The first is that
the angle of insertion should be such that the pins are always contained within the bone. The
second is that when adjacent to each other, they can angle toward each other internally in the
bone, or remain parallel, depending on the style of fixation (Tile, 2003b). The angle of the
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second location, at the inferior anterior spines, depends on the style of fixation. However, with
long screws there is little opportunity for angle change while keeping the screw in solid bone
purchase.
External fixation methods are either of the frame type or the single bar type. The frame
external fixators use two to three screws per side.

The screws are installed so there is

significant length remaining exposed out of the skin. This length provides a clamping area for
attaching bars that tie in the rods that form the frame. The bars can attach to a single pin or tie
all the pins together for more stabilization. The rods attached to the bars are positioned so they
extend out and away anteriorly from the body. The frame rods are arranged to form shapes
such as rectangles and trapezoids for strength. Once the extended rods are placed they are
joined together by cross members. One cross member is added at the midpoint between the
insertion site and the ends of the rods, another is placed near the distal ends of the rods. They
can be manipulated to form the shape required by the surgeon for the particular fixation case
and to allow for soft tissue repair procedures (Figure 4.7).

Figure 4.7 Anterior external frame fixation (Reprinted from Slatis and Karaharju, 1975, with
permission from Elsevier).
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Over time, different arrangements of rods and shapes were tried, with various testing
conducted for understanding the stiffness, load carrying potential, and displacements at the
joints (Slatis and Karaharju, 1975; Brown, et al 1982; Vrahas, et al, 1998; Ponsen et al., 2003).
The clinical outcomes were mixed as to which method was best, and it became apparent that
the stability would not be adequate with the cross members applied at a distance from the body
unless multiple screw locations were employed.
The single bars were included in the anterior external fixation studies with equally mixed
results. Single bar methods may or may not have an articulation within the bar, and all have the
capability to expand or contract to set the proper breadth needed by the size of the patient.
Figure 4.8 shows the single bar and uses screw attachment locations in the anterior inferior
spine region. Like the frame configurations, they can have the pins on the anterior superior iliac
crest or the inferior spine, and can number in one to three per side. A finite element study was
performed on the single bar at both of the recommended locations for screws (Garcia et al.,
2000). The results indicated that neither performed better than the other, and rotational stability
was not achieved for the vertical sheer fracture condition. The choice of screw location and bar
style is that of the surgeon and influenced by the situation.
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Figure 4.8 Single bar with one screw on each side at the anterior inferior spine (Reprinted from,
Stephen, 2003, with permission from Elsevier).

Percutaneous anterior fixation uses one long pin per side, in the anterior inferior spine.
The screw head is as close to the bone as possible and is configured to receive the rod directly
with a clamping mechanism as used by the Vaidya team that developed the method (Vaidya et
al., 2012b). The rod is shaped to follow the contour of the lower abdomen and inserted under
the skin from one side to the other. The rods are fastened to the screws once the pelvis has
been manipulated to the optimal reduction position. The mechanical advantage of the Vaidya
system is that the pin height from the bone surface is shorter and the rod attaches closer to the
bone. This eliminates force due to the weight of the extra hardware and shortens the moment
arm of the pins. These improvements result in increased stability (Gardner et al, 2012). The
clinical advantages are reduced pin loosening, no pin tract infection and the patient is more
comfortable for the healing duration (Kuttner et al, 2009).
4.2.3.3 Type B3 Bilateral
The Type B3 fractures are bilateral Type B2 fractures and are managed in the same way
as for unilateral fractures. The exception would be if the sacrum has fractures on each side of
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the central line, which is more unstable than for a single fracture and depends on strong
purchase into the remaining sacral bone. In this case, a plate spanning both sacroiliac joints
would be preferable to screws, which could have a crush effect and damage the nerves passing
through the sacrum (Starr and Milekzadeh, 2006).
4.2.4

Type C: Completely Unstable
This injury is caused by shearing forces and characterized by a complete disruption of

the posterior ligamentous system, allowing for displacement in the vertical and/or posterior
direction, indicating shear forces. There are three classifications of failure in the Type C group:
C1 is unilateral, C2 is bilateral with one side Type B and the other Type C, C3 is bilateral and
both sides are Type C. Generally, in these types of injuries much of the soft support system is
disrupted along with a significant amount of the surrounding soft tissue.
The C1 category includes iliac fractures, sacroiliac dislocation, sacral fractures, and the
APC III vertical sheer definition of the Young and Burgess Classification system. The iliac
fracture is one that is continuous from the posterior iliac crest to the greater sciatic foramen.
The fracture runs along at least some of the sacroiliac joint resulting in the disruption of the
posterior and anterior sacroiliac ligaments. The sacroiliac dislocations can be either pure –
tearing the ligaments but not avulsing bone, or fracture dislocations where the bone is also
disrupted. The later can also involve iliac fracture. Fractures of the sacrum are the most
common of the Type C injuries.

The sacrum most frequently fractures along the sacral

foramina, and somewhat frequently adjacent to the foramina. The most devastating Type C is
the “H-type” fracture involving two vertical fractures joined by a transverse fracture. The Type
C1 vertical shear, which results in instability due to the disruption of the ligament systems and
soft tissues at the posterior of the pelvic ring, is considered both rotationally and vertically
unstable.
explosion.

The cause of the Type C1 injury is from high force/ high velocity collision or
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With the Type C2 and C3 categories each has a Type C1 injury but C2 has a partially
stable disruption on the opposite side and C3 is bilaterally Type C1. There is one C3 variant
which is a bilateral sacroiliac dislocation combined with an intact anterior sacroiliac ligament
structure.
Since the Type C fractures are a combination of unstable and partially stable conditions,
fixation methods are also a combination of the methods outlined above. The first order of
operation is reduction and external fixation. This may be temporary and is necessary to achieve
homeostasis and to begin resolving emergent organ issues. Once the patient is stable the
decision can be made as to which of the other fixation methods need to be applied and at what
point in the healing time they should be administered. In some cases the external fixation is
removed and open fixation applied. It has been reported that for Type C fractures the external
anterior fixation alone has not been adequate (Lindahl and Hirvensalo, 2005). Also, the use of
percutaneous iliosacral screws have been shown not to be as effective with these complex
types of injuries when multiple fractures are grouped together (Griffin et al., 2003).
One successful fixation method presented in the literature is to use the Ilizarov fixation
method, which is an external method generally used for long bone fixation (Watson, 2006). It
consists of a cage that encircles the bone structure. In the case of pelvic fixation it encircles the
entire pelvic region. This method offers two advantages. One is that it bears the weight of the
patient while in the prone position, keeping the body weight off the wounds and fractures. It
also applies forces in 4 directions inwardly, closing the pelvic ring more circularly (Lerner et al.,
2008).
4.3

CHAPTER CONCLUSION
It is important to have classifications to determine injury patterns. These patterns define

the type of fixation method that needs to be applied. However, pelvic fixation is complicated
and the best choice of method depends on many factors. The type of fracture guides the choice
to the type of fixation method but the fracture may not completely meet the definition of a
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particular type. The surgeon ultimately has to decide the best fixation for the situation. The
hardware choice will depend on availability, especially in a trauma situation, and the experience
of the surgeon with that particular hardware. The literature shows more than one option of each
method, indicating an overlap in application. These options help provide the most successful
outcome when the type of fracture is understood.
The current study analyzes the effectiveness of the anterior subcutaneous fixation
method, INFIX, developed by the Vaidya team (Vaidya et al., 2012a). It has been applied to the
anterior posterior compression Type C1 - APC III vertical shear fracture with success. However,
the biomechanics related to this fixation method are not fully understood.

In the following

chapters, simulation models will be developed to understand the pelvic biomechanics during
walking. The APC III fracture and INFIX method will be applied to these models, and the results
will be analyzed to determine the effect of the fixation on the pelvis, and the effect of the walking
function on the INFIX.
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EVALUATION OF FULL PELVIC RING STRESSES
USING A BILATERAL STATIC GAIT-PHASE FINITE ELEMENT
MODELING METHOD
This dissertation uses finite element modeling to simulate static walking conditions for
eight unilateral walking phases using a bilateral pelvic ring geometry, including the sacrum. The
bilateral models combined four gait phases of each leg resulting in four models that show the
effects of the opposing inputs on the pelvic ring. The internal stresses were determined and
displayed as stress contours on the pelvic bones. The PS displacement was measured for a
geometric reference that could be compared to the literature.
5.1

INTRODUCTION
During walking, the bilateral forces from the left and right legs can induce torsion into the

pelvic ring. The SI and PS cartilages are force-loaded when reacting to these torsional inputs
(Pool-Goudzwaard et al., 2012; Eichenseer et al., 2011; Berber et al., 2011; Toogood et al.,
2013). Because of this, studies related to mobility need to include both legs simultaneously.
The vertical hip motion also contributes to the force inputs to the pelvic ring. Any fixation
methods that bridge the left and right innominate bones need to be evaluated with the full pelvic
ring and these walking motions in mind.
Studies of pelvic fixation that bridge the innominate bones are largely by experimental
means, using a linear force input (Vigdorchik et al., 2012, Berber et al., 2011, Toogood et al.,
2013).

There are investigations that use FE models but vary significantly in methodology

(Garcia et al., 2000; Eichenseer et al., 2011; Zhang et al., 2014).

None of these studies

consider the phase-specific walking criteria with force inputs, the bilateral nature of walking, and
hip motion.
At present, designing a fixation device requires either trial and error in the surgical
theater or experimental work that uses cadaveric specimens or mechanical mock-ups of the
pelvic ring in the lab (Scaglione et al., 2010; Barei et al., 2001; Ilharreborde et al., 2009). Lab
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tests are costly to produce and measurements can only be obtained at a few regions of interest
(Ponsen et al., 2003). Responses calculated from a bilateral model can help researchers better
understand the effects of fixation methods on the pelvic ring while walking, and the counter
effects of the pelvic ring forces on the fixation hardware, before conducting an experiment. The
hardware can therefore be optimized for greater stability, which can result in a higher
confidence of a successful outcome and less follow-up care. It can also prevent over-designing
and allow the development of accurate margins of safety.
An FE model provides the stresses of the bones and identifies weaknesses in
structures, including hardware, that are difficult to determine via specimen testing. Dynamic and
static models are options for FEA. A significant body of dynamic modeling for crash studies is
available in the literature. Since impact is studied in a sitting position, muscle forces are not
included except as an internal cushion, and then are modeled by springs from the skin surface
to the bone (Renaudin et al., 1993). Some fuse all bone together, eliminating the soft cartilage
interfaces at the sacroiliac (SI) and pubic symphysis (PS) (Renaudin et al., 1993, Plummer et
al., 1996). Another allows degrees of freedom in the SI and PS but still does not include the
muscles (Kikuchi et al., 2006).

Dynamic musculoskeletal models exist that are capable of

simulating any human motions. However, these models are very complex and computationally
very expensive (Damsgaard et al., 2006).
Static models are more appropriate for fixation modeling because they are less time
consuming to build and use readily available software. Unlike dynamic modeling using explicit
integration scheme, results from static analysis are numerically stable. Research shows that
properly formulated dynamic and static solutions yield equivalent results (Anderson and Pandy,
2001a). Recent research of fixation devices are including bilateral experimental testing (Garcia
et al., 2000; Berber et al., 2011). Garcia used an FE model for different internal and external
pelvic fixations. This work constrained at both acetabular sockets and applied a downward
vertical load to the sacrum, which created an equal bilateral condition across the pelvic ring.
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Berber loaded a synthetic pelvis as in a single leg stance by applying a static load to the sacrum
and cycling one hip socket from 0 to 50 N. These studies indicate a need for applying more
realistic conditions, including a full pelvic ring and the bilateral nature of walking, to evaluate the
deformations and stresses in fixation devices.
Based on these points, a model to evaluate pelvic fixation methods for the walking
motion needs to meet certain requirements:
•

Bilateral structure: Force vectors from one leg are not the same as those

for the opposite leg,
•

A full pelvic ring, including the sacrum: Soft tissues of the SI joint allow

the realistic torsional movement; some fixation methods include SI screws that need
to be modeled,
•

Inclusion of leg and trunk muscles, hip forces and opposing ligament

•

Hip motion: The obliquity changes the force vector magnitude and

forces,

direction, which causes a different resolution of the total forces.
Two models have been developed that consider muscle and hip joint forces in walking
(Dalstra et al., 1995; Phillips et al., 2007). The Dalstra study is unilateral and consequently
does not include the full pelvic ring, or the pelvic ligaments, and is constrained at the SI area of
the innominate bone. The Phillips study constrains a bilateral model at the lower sacrum area
but lacks the sacrum and SI cartilage needed for fixation evaluation. It considers only the single
leg stance. Both have drawbacks when being used for fixation modeling because they are not
bilateral and do not include the hip motions. However, they are a solid foundation from which to
build.
The current study starts with the work of these two groups, including the unilateral
innominate bone gait-phase models, using the Dalstra method of applying muscle force vectors
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and forces at different gait positions, and hip joint forces taken from publicly available research
(Dostal and Andrews, 1981; Crowninshield and Brand, 1981; Bergmann et al., 2001). It applies
the ligamentous and boundary conditions of the Phillips paper (Phillips et al., 2007).
The goal of this study is to provide a static, bilateral gait-phase FE modeling method that
can be used to evaluate pelvic fixation methods at various gait phases, and to demonstrate the
resulting internal stresses. The Dalstra gait phases, with the loading conditions, are
incorporated by assigning the first half of the phases to the right leg, the rest to the left and
aligning them as in natural walking, resulting in four unique bilateral models. The sacrum is
added and constrained as in the Phillips work, and ligaments are incorporated (Phillips et al.,
2007). The cartilages at the SI and PS joints use material properties of current literature for
fixation methods. These models are validated against data reported in the Dalstra phases and
the Phillips single-leg stance. Additional validation was conducted using side impact pelvic
loading methods, and measurements of the PS displacement. The hip obliquity motion is
evaluated and included in the model by adjustments to the muscle force vectors and hip joint
angles. Trunk muscles that attach to the pelvis are incorporated. These models can be easily
modified for any phase of the gait cycle to demonstrate the changes in stresses when the
opposing sides are influencing each other through the full pelvic ring.
5.2

METHODOLOGY
There were many steps to building the full bilateral model (Volinski et al., 2018). The

base structure was a full pelvic mesh, including the sacrum, with mechanical properties for
bone, cartilage and ligaments. The femurs were simulated using a hip joint geometry and rod,
and the hip motion was applied. The gait-phase model was created by integrating opposing
unilateral leg positions into a bilateral model. The leg and trunk muscle forces were added
considering their origin and insertion points. Hip joint forces were provided for each gait phase.
The final models were validated by measuring the displacement at the pubic symphysis during
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the particular gait phase and comparing that change to surrogate displacement data in the
literature.
5.2.1

Pelvic Structure
The initial phase of building the model was to create innominate bones and correlate the

results to existing literature.

Once correlated, the innominate bones were joined together

appropriately for bilateral gait phases and the sacrum was added. The model geometry was
taken from the left innominate bone and sacrum of the Global Human Body Model of 2011 and
represents a 50th percentile adult male (Gayzik et al., 2011). This model was chosen because it
was developed for the study of crash and resulting trauma. The model has been used for
evaluating muscle activation and pre-existing fractures during low impact ((Feller, et al, 2016);
Zaseck et al., 2016). Additionally, the mesh size and distribution correlates to that of the studies
of comparison (Dalstra and Huiskies, 1995; Dalstra et al., 1995). The mesh was improved for
uniformity of element size and type, using Hypermesh version 13.0 (Altair, Troy, MI). The
innominate bone was composed of 3,102 hexahedron and 2,562 shell elements; the sacrum
had 722 hexahedral and 833 shell elements. Shell elements were used for the cortical bone;
solid elements represented the trabecular bone. The shell geometric set-up in the software
allowed for thickness variation. Because the element size and shell thicknesses were chosen to
mimic the pelvic load transfer study of Dalstra, a mesh-convergence study was not performed
since the results of the solved simulation could have greater variation relative to Dalstra with
convergence. To correlate the model to the pelvic load transfer study of Dalstra, the same
material properties, boundary, loading conditions, and cortical thicknesses were used. The
assumed material properties are listed in Table 5.1. Bone and cartilage were both modeled
using linear elastic material law. This simplification is acceptable as the magnitude of loading
was low and hence the behaviors of these tissues are within the elastic limit. The solver used
throughout this study was Abaqus version 6.14-1 (Dassault Systèmes, Waltham, MA).
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Table 5.1 List of all material properties, and their sources, used in this study. This includes
properties of the bone, cartilage and ligaments of the entire pelvic structure.

Bone Structures
Young's
Modulus

Poisson's
Ratio

Density

Source

17 GPa

0.3

2 g / cm3

Dalstra et al., 1993

Trab1 superior

70 MPa

0.2

0.09 g / cm3

Dalstra et al., 1993

Trab2 over acet

70 MPa

0.2

0.17 g / cm3

Dalstra et al., 1993

Trab3 lower

70 MPa

0.2

0.10 g / cm3

Dalstra et al., 1993

Trab4 pub symph

70 MPa

0.2

0.14 g / cm3

Dalstra et al., 1993

Femoral Head Unit,
Steel

200 GPa

0.3

7 g / cm3

12 GPa

0.3

0.8 g / cm3

Subchonral Bone of
Acetabulum

2.0 GPa

0.3

Sacrum Cortical

17 GPa

0.3

Component

Innominate Bone:
Cortical shell

Thickness
Varies
from 1.0 to
2.25 mm

Innominate Bone:
Trabecular

Femoral Head Unit,
Bone

Sacrum Trabecular

Rohlmann et al.,
1983
Dalstra et al., 1995;
Erickson et al.,
2002; Papini et al.,
2007
Dalstra and
Huiskes, 1995

2 g / cm3

0.2

0.10 g /

cm3

Zhao et al., 2013
Zhao et al., 2013

Sacroiliac Cartilage

70 MPa
1000
MPa

0.45

Zhao et al., 2013

Pubic Symphysis
Cartilage

5 MPa

0.45

Zhao et al., 2013

Ligaments
Component
Pubic Symphysis
Ligaments

Spring Stiffness

No of springs

Source

1500 N/mm

10

Dakin et al., 2001

Anterior Ligaments

700 N/mm

16

Zhao et al., 2013

Posterior Ligaments

1400 N/mm

20

Zhao et al., 2013

Iliolumbar Ligaments

1000 N/mm

8

Phillips et al., 2007

Sacrospinous Ligaments

1.5 kN/mm

6

Phillips et al., 2007

Sacrotuberous
Ligaments

1.5 kN/mm

9

Phillips et al., 2007

Sacroiliac
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5.2.2

The Sacrum
The left innominate bone was reflected across the mid-sagittal line to form a symmetric

bilateral model. The sacrum mesh was taken from the same version of the Global Human Body
Model as the innominate bone. Material properties were added with a tied contact pair at the
sacroiliac interface. A central boundary condition was simulated by constraining the sacrum at
the anterior lower central area, using three nodes of the mesh at the top of the lowest elements,
as shown in Figure 5.1, which allows the pelvic structure to flex more naturally. To complete the
pelvic structure, the ligaments were added, which are the sacroiliac (SI) anterior and posterior,
the iliolumbar, sacrospinous and sacrotuberous ligaments. The PS and SI cartilage elements
were included, and a body load of 835 N in the (–Z) direction at the center node of the sacrum
SI superior surface was applied (Phillips et al., 2007).

Figure 5.1 Sacrum added, with 3 constraining nodes. (The X coordinate axis is out of the page.)
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5.1.1.1 Simulation Setups for Model Validation
The pelvic ring model has been validated to research in automotive crash that applies
both static and dynamic loading to cadaveric specimens of the pelvic ring. Automotive crash
studies consider side impact loading and evaluate static and dynamic results to understand the
mechanism of fracture. A study of the pelvic ring fracture mechanism was conducted that
compared crash victim results to cadaveric experiments for the development of a finite element
model (Guillemot et al., 1998). This crash study used 12 pelvis samples, each potted along the
left ilium as shown in Figure 5.2, with a force applied at a steel ball inserted in the acetabulum.
The dynamic force was generated from a falling mass of 3.68 kg at an initial speed of 4 m/s to
produce an impulse response. The dynamic method established a tolerance range of the pelvic
bone response to impact. This is dependent on material properties, cortical thickness, bone
mineral content and geometry. The upper and lower thresholds developed from the pelvic
bones were provided for the purpose of comparison to finite element simulations. These tests
were duplicated on the pelvic ring model of the current study, including the bone, cartilage and
ligaments. The Abaqus software was used for this simulation. The stable time increment was
based on linearization about the initial state. There were 100 results with eight field frames
each, providing 800 data sets over 8 minutes of simulation time.
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Figure 5.2 Dynamic validation set-up.

5.2.3

Leg Muscle and Hip Input Force Vectors
Initially, the femoral head unit was modeled as a steel material, the same as that used in

the earlier material property study by Dalstra, to validate the model against the same
experimental condition. Later, the material properties were changed to properties of bone, as
listed in Table 1 to calculate the stresses in the pelvis (Dalstra et al., 1995). A femoral shaft was
represented by a series of two-node rod elements. The shaft was connected to the femoral
head unit at the center line of the femur neck and the most distal point of the greater trochanter.
The femoral neck and shaft lengths are consistent with the geometry of the Global Human Body
Model of 2011 (Gayzik et al., 2011). A short length of the tibia was included for the longer leg
muscle applications, with the knee action rotating about the most distal part of the femur
elements. Figure 5.3 shows this geometry and the nodes that were placed on the leg elements
at locations consistent in the literature for muscle attachments (Dostal and Andrews, 1981). The
nodes were used for creating the muscle force vectors, going to the innominate bones, and
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were constrained in all directions to stabilize the model. The simulated femoral head and leg rod
were rotated in the acetabular socket as a unit to the correct angle of extension/flexion, and
then rotated 15 degrees medially, as described in the Dalstra work for the gait leg positions,
Figure 5.4. (Dalstra et al.,1995; Bergmann et al., 2001).

The hip input forces were applied

through the femoral head unit and into subchondral acetabular bone, consistent with Dalstra.

Figure 5.3 The leg rods are shown with the muscle force vector lines from initiation node to the
pelvic bones. The femur and tibia are illustrated B. Some of the muscles wrap around the
pelvic bone, attaching at the distal point of the greater trochanter of the femur. In these cases,
the vector direction as it initiates from the pelvic node is shown. C. The leg rod is attached at
the distal face of the femoral force unit, at the center node.
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Figure 5.4 The leg rods were rotated medially, toward the center of the pelvis, 15 degrees.

5.2.4

Building the Static Gait-Phase Models

5.2.4.1 Phases of Gait
The gait cycle has been defined in the literature and generally includes eight phases of a
single leg, starting from heel strike of one leg and continuing until that heel strikes again
(Inmann et al., 2006; Saunders, 1953).

This study uses the eight gait phases, modeled

unilaterally by Dalstra, to form four combined bilateral gait-phase positions at various
percentages of the gait cycle (Figure 5.5). When the left side is at Dalstra’s Case 1, the right
side is at Case 5, and similarly for the other cases. Each combination requires a different finite
element model in static analysis. The Model numbers coincide with the gait phase numbers of
the left leg and are listed in Table 5.2. To complete the gait-phase models, the hip angles and
forces that coincide with each case are applied, Table 5.3.
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,
Figure 5.5 The phases of the gait used for this study. Dalstra’s positions are labeled as cases
of specific percentages of a complete cycle, using only the right leg data for his unilateral
models. They start just prior to the left heel strike. The Saunders traditional gait cycle is shown
for reference. To create the bilateral model one case for each leg, right and left, is combined.
Case 1 and Case 5 are the same but with the opposite leg in flexion. Reflecting the right from
Case 1 to the opposite side on Case 5 creates the bilateral gait phase of Model 1, and so on as
shown in the chart. Model 1 (Cases 5/1) is when the weight is shifting from the right to the left
leg, Model 2 is as the right toe is comes off, Model 3 represents the single leg stance, and just
prior to the left heel contact is Model 4.

Table 5.2 The Model number as it relates to the gait-phase name.
FE Model
Model 1
Model 2
Model 3
Model 4

Gait-Phase Name
Weight Shift - Right to Left
Swing Phase Initiation
Single Leg Stance Portion of Swing
Left Heel Strike

Case No

Case No

Left
1
2
3
4

Right
5
6
7
8
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Table 5.3 Hip angles and forces for the walking cycle cases used in the Dalstra study. The force
was applied in the direction of the femur neck axis, toward the acetabulum, and is based on the
component forces along the X, Y and Z directions reported in the Bergmann study (Bergmann et
al., 2001).

Case
1
2
3
4
5
6
7
8

Description
Weight shift begins to right foot
Beginning left foot swing phase
Right single support phase
Initiating left heel strike
Weight shift begins to left foot
Beginning right swing phase
Left single support phase
Initiating right heel strike

Percent
Walking
Cycle
2
13
35
48
52
63
85
98

Flexion
Angle
(Degrees)
22
18
4
12
14
2
31
21

Direction
of Angle

Force (N)

flex
flex
ext
ext
ext
flex
flex
flex

426
2158
1876
1651
1180
187
87
379

(x,y,z)
Resolved

5.2.4.2 Adjusting the Leg Positions and Leg and Hip Muscle Forces
The twenty-two leg muscle forces were applied on each side using the muscle force
vector points on the leg and appropriate elements on the innominate bones as described by
Dalstra. The muscle forces for each Dalstra case are listed in Table 5.4. To complete the
model, the pelvic ligaments and body weight of 835 N in the (–Z) direction at the center node of
the sacrum were added (Phillips et al., 2007). This method is equivalent to the Phillips single
leg stance and the Dalstra Case 3.
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Table 5.4 Muscle forces for all Dalstra Cases, which are grouped together for each model.

Model

1
Weight Shift

Side

Left

Right

Left

1

5

2

Case Numbers

2
Swing Phase

3
Single Leg

4
Heel Strike

Right

Left

Right

Left

Right

6

3

7

4

8

Force
Muscle
1. Gluteus min
2. Gluteus med
3. Gluteus max

(N)

228
1018
842

175
1412
456

140
1053
930

123
982
491

263
1474
167

114
105
114

228
1504
377

219
421
482

4. Tensor fasciae latae
5. Sartorius
6. Rectus femoris
7. Iliacus
8. Psoas
9. Obturator Internus

0
0
0
0
149
167

149
35
0
307
88
61

132
88
123
0
149
123

88
158
175
272
175
149

88
0
0
0
316
0

70
88
105
0
105
123

158
0
0
228
175
61

96
88
96
0
140
0

10. Gemellus inferior
11. Semitendinosus
12. Biceps femoris longus
13. Adductor magnus
14. Pectineus
15. Adductor longus

0
0
298
0
0
0

0
316
132
0
88

0
140
202
0
0
202

140
368
114
263
149
158

0
105
88
0
175
0

79
105
79
0
0
70

0
246
70
0
96
0

149
0
377
0
0
140

16. Gracilis
17. Adductor brevis
18. Obturator externus
19. Quadratus femoris
20. Piriformis
21. Semimembranosus

0
0
0
61
202
579

88
0
123
88
0
421

0
114
0
96
275
368

158
202
167
184
0
298

0
0
0
0
0
333

70
0
132
0
123
61

0
0
0
0
0
368

140
114
123
0
228
421

22. Gemellus superior

140

0

88

0

123

159

79

202

5.2.4.3 Hip Movement Input
The hips move in combination of three motions: obliquity, horizontal rotation, and pelvic
tilt (Hayot et al., 2013). Obliquity is the only motion that has an effect on the pelvic stresses,
and is considered in this study (Kaufman and Sutherland, 2006; Needham et al., 2014). This
affects Model 2 and is shown in Figure 5.6. Four degrees of obliquity were applied to the model
by rotating the hips about a central point between the centers of the two femoral head spheres.
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The leg rods were adjusted to keep the center point equidistant between the knees as shown in
Figure 5.7. (Hayot et al., 2013). The leg muscle force directions were adjusted for this change.

Figure 5.6 A plot of the hip obliquity motion and the gait phases by model number. Model 2
shows obliquity to 4 degrees. (Modified from Kaufman and Sutherland, 2006)

Figure 5.7 For hip obliquity in Model 2, the pelvis was rotated clockwise about a mid-sagittal
point, the hips and legs rotated about the center point drawn between the centers of the spheres
of the femoral head making sure that the lowest point on the leg rods (knees) are equidistant
from the center line.
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5.2.4.4 Trunk Muscle Addition
There are 5 trunk muscles that attach to the pelvic innominate bone in a way that affects
the internal stresses (Anderson and Pandy, 2001b; Arjmand et al., 2009). Within the erector
spinae complex are the iliocostalis lumborum and thoracis. The abdominals include the interior
and exterior obliques and the rectus abdominus.
The erector spinae fires maximally in the extension position, due to heel lift. The force is
estimated to be 57.5 N, the iliocostalis muscles using 20% for the thoracis and 33% for the
lumborum (Cromwell et al., 1989; DeRidder et al., 2013). This applies to Models 1 and 4. The
minimum value of 22 N was applied to the other phases of the gait at the same percentage
distributions.
The abdominal muscles are minimally recruited except for the swing phase of gait of
Model 3. The equation for calculating these muscle forces was reported in Chapter 3, and is
based on the Cholewicki method (Cholewicki et al., 1995; Alkner et al., 2000). The numerical
values for ai, σmax and Pi are from the Cholewicki study, the EMG values at specific speeds (in
terms of kilometers per hour) are taken from Anders, while the walking speed is assumed to be
6.4 km/h (4 mph) from Bergmann (Anders et al., 2007; Bergmann et al., 2001). This study used
6 km/h (3.7 mph) to align with the Anders data; the results are listed in Table 5.5.

Table 5.5 EMG conversions to force values for rectus abdominus (RA), internal oblique (IO),
and external oblique (EO), for application to Model 3. The 6 km/h walking speed was used in
this study since the leg flexion/extension of the Bergmann data are represented at this speed.
Model 3 - Single Leg

km/h

mph

RA
EMG
(mV)

RA
(N)

IO
EMG
(mV)

IO
(N)

EO
EMG
(mV)

EO
(N)

Left Leg

6

3.7

14

34

100

26.3

32

37.8

Right Leg

6

3.7

12

30.3

70

20

20

29
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The lumborum and thoracis iliocostalis muscles have the same attachments along the
posterior iliac crest (Macintosh and Bogduk, 1991). The iliocostalis-thoracis force direction is
vertical. The iliocostalis- lumborum force is aligned to be 30 degrees forward from vertical, and
7.5 degrees toward the center (Macintosh and Bogduk, 1991; Stokes and Gardner-Morse,
1999; Arjman et al., 2009; Anders et al., 2007). Attachments of all trunk muscles are shown in
Figure 5.8. (Arjman et al., 2013; Anders et al., 2007).

Figure 5.8 Trunk muscle attachments: Iliocostalis-lumborum (ILL) on the left, Rectus Abdominus
(RA) in the center, External and Internal obliques (EO, IO) on the right. The lumborum and
thoracis iliocostalis muscles have the same attachment points along the posterior iliac crest,
with the iliocostalis-thoracis force direction being vertical. The IO zero datum point is the
superior node of the three IO nodes. The EO zero datum point is the middle EO node. (The Y
coordinate axis has the zero datum point central to the pelvis, moving positively to the left side
of the pelvis.)
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The oblique muscles are made up of six units each (Stokes and Gardner-Morse, 1999).
All six of the internal oblique units and only two of the external oblique muscles attach to the
iliac crest. The directions of force are consistent with available abdominal muscle research
(Gatton et al., 2001; Stokes and Gardner-Morse, 1999; El Quaaid et al., 2011).

To create the

force direction for the oblique muscles and have each muscle unit per side in a single load
collector, a point was chosen that would allow for an average direction considering each unit of
muscle, at a distance to provide parallelism to the units relative to each other. For the right
internal oblique, a point (375, -25, 125 mm) from the point of origin of the posterior node of the
force application was used. (The coordinate directions are shown above the oblique illustration
in Figure 5.8) For the external oblique a point (-25, 100, 37 mm), with the origin at the second
from the posterior node of the force application of that muscle was chosen. This is mirrored for
the left. The rectus abdominus muscles were applied as one force vector bilaterally at 10
degrees forward of vertical.
5.2.4.5 Pubic Symphysis Displacement Validation
The full models were validated to existing data on PS displacement for pelvic fixation
methods. The PS displacement has been used as a unit of measure for proving the efficacy of
fixation methods, both experimentally using cadaveric specimens, and through the use of finite
element modeling, and is available in the literature (Bodzay et al., 2011; Garcia et al., 2000).
The baseline of the healthy PS displacement for comparison has resulted in available published
data of this metric.

This data, obtained from healthy cadaveric subjects, can be used as

surrogate experimental data for comparison to the PS displacement of the current models,
including all of the muscle and force loads. Healthy PS maximum displacement ranged from
0.02 mm to 2.6 mm (Pool-Goudzwaard et al., 2012; Agarwal et al., 2014;, Garras et al., 2008;
Meissner et al., 1996; Walheim and Selvik, 1984).

The testing methods used cadaveric

specimens in biomechanical set-ups with forces applied in various ways, which included femur
motion relative to the pelvis side to side, alternating left and right forces along the femur
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longitudinal axis for different positions, rotations of the femur in the acetabulum and single leg
stance positions. In measuring this value of the current study, the displacement was measured
as the distance between the left and right medial nodes of the posterior anterior pubic tubercles.
(Figure 5.9)

Figure 5.9 Measurement at the pubic symphysis.
5.2.4.6 Free Body Diagram
It is helpful to understand the interaction of the forces on the pelvis. A free body diagram
provides a theoretical illustration of these interactions. The free body diagram for the pelvis for
Model 3, the single leg stance, is shown in Figure 5.10. Although there are 22 leg muscles
applied to the models, for some motions some of the muscles are not activated. This is
demonstrated more fully in Model 3 since there are fewer leg muscles in this position. The left
supporting leg is in the most vertical position and the right leg is between extension and flexion.
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Figure 5.10 Free body diagram of the pelvis for Model 3, the single leg stance. The dotted lines
are indicating vectors that are initiated and/or directed in the posterior of the pelvis and therefore
not visible from this anterior view.

5.3
5.3.1

RESULTS
Validation of the Pelvic Ring
The pelvic ring testing compared favorably to the published experimental crash data and

that of the in-vivo and cadaveric PS displacement. The dynamic results fall within the corridors
of the original experimental study. Since this response is dependent on the material properties,
cortical thickness and geometry of the pelvis, it has been shown that the finite element pelvis of
the current study has been validated to the experimental data. The dynamic result plot is shown
in Figure 5.11 A. It has been reported that pubic rami is a frequent injured region in automotive
side impact. In this dynamic validation, increased stresses were observed at the pubic rami
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prior to other areas upon impact (Figure 5.11 B). Such results also indirectly corroborated with
field injury data.

Figure 5.11 A. Simulation force time histories are within the corridors of the experimental
results. B. High stress contours were observed at the pubic rami region due to the lateral impact
forces.
5.3.2

Correlation to Dalstra and Phillips
The eight unilateral innominate bone models, with applied leg muscle forces and hip joint

inputs, correlated successfully to the unilateral eight phases of the Dalstra work. The von
Misses stresses on the cortical surface of the left pelvic innominate bone are shown for Dalstra
and the single-leg stance in Figure 5.12 A. The Phillips single-leg stance model in Figure 5.12
B shows the reduction of stress at the SI region when moving the boundary condition off the
innominate bone. The current study, Figure 5.12 C, shows a correlation with the Dalstra stress
levels above the acetabulum but with the stress lower at the SI region of the innominate bone as
expected when moving the boundary conditions to the sacral area, as with the Phillips work.
This follows for the outer and inner (medial) views of the innominate bones. In general, for the
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bilateral model, the sacrum does not show a maximum stress at the location where the fixed
boundary was applied. (Figure 5.12 D.)

Figure 5.12 Single leg stance results. A. SI fixed boundary condition model (Phillips recreation
of Dalstra results). B. Boundary conditions removed from innominate bone, the Phillips results.
C. Current study result, with low stress values at the sacral boundary conditions, D. (Reprinted
from Phillips et al., 2006, with permission from Elsevier).

5.3.3

Bilateral Models
The bilateral stresses for all four models, with the hip obliquity motion and trunk muscles

added, are shown in Figure 5.13. The results indicate that the position in the gait cycle impacts
the stress pattern. When the leg is flexed forward the greatest, the force direction dictates
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stresses toward the posterior of the pelvic bone. As the leg moves more directly below the hip,
the forces show predominantly above the acetabulum.
The von Mises stress contours for all four models, including obliquity and trunk muscles,
are shown in Figure 5.13, with the corresponding gait cycle indicated at the top right of each
figure. The upper versions of all four models are of the same scale for comparison purpose.
The lower Models 1 and 2 have the scale adjusted for better clarification of peak stresses.
Model 1 shows a peak stress magnitude of approximately 25MPa on the exterior side of the
right innominate bone and a secondary peak stress of 20 MPa is shown on the interior surface
of the left innominate bone. This double-support weight shift position represents the shared, but
unequal, weight between the legs. There are higher stresses on the right pelvis because the
right leg is supporting more weight since the weight shift to the left had not completed.
Compared to Model 1, Model 2 shows the reduction of high stress regions on the right pelvis (as
the weight transfer has completed). On the other hand, the regions with high stress on the left
pelvis increased. The posterior of the superior pubic rami is the location where the peak stress
reached a value of 35 MPa due to the hip obliquity motion. Model 3 is close to the single leg
stance with the weight on the left. The right pelvis shows the maximum stress of 21 MPa just
above the acetabulum of the left leg with a secondary peak on the inside location of the left ilium
wing.

The high-stress regions are concentrated along the superior direction from the

acetabulum. The post-swing phase of the right leg is shown in Model 4 where the right forces
are greatest at the posterior of the right pelvic bone at the SI interface with a peak of 23 MPa,
and the stresses on the left pelvis begins to reduce as the center of gravity shifted away from
the left leg. These values are indicated in the figures.
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Figure 5.13 The four gait-phase models. The top versions are scaled the same for comparison.
The lower versions of Model 1 and 2 are scaled for better visibility of the peak stresses.
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5.3.4

Hip Obliquity
The hip obliquity affects Model 2 since the obliquity angle plot (Figure 5.6) shows near-

zero values for the other models. There are differences due to the shift of the center of gravity
and consequent angles of the femurs. The right leg is lifted to begin the swing phase; the left is
taking on the support function but still in a flexed position. A comparison of Model 2 with and
without the obliquity is shown in Figure 5.14 - top views. With obliquity, the left innominate bone
shows a slight shift in stress to the rear on the outside of the innominate bone, and a slight
increase in stress at the superior pubic rami and anterior iliac spine. The right side shows
reduced stress on the inside surface in the center of the ilium wing and at the posterior iliac
spine, and on the outside surface shows a shift forward over the acetabulum. The posterior iliac
crest shows slight increases. The maximum amount of change in stress is approximately 2.0
MPa, which is roughly a 21% increase.
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Figure 5.14 Top: Results of adding hip obliquity (Model 2). The right innominate bone is shown
on the left of the figure, shows increases and a shift of stress on the outside of the innominate
bone, and slight reductions at the posterior and anterior wing areas. The left innominate bone
shows increases at the outside of the wing, the anterior spine and the pubic rami, with some
decrease above the acetabulum. Bottom: Results of adding trunk muscles (Model 2). The
differences are insignificant.
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5.3.5

Addition of Trunk Muscles
The trunk muscles activate in the gait phases of three of the models. The erector spinae

(iliocostalis-lumborum and iliocostalis-thoracis) recruit when a leg is in extension. This happens
with the right leg in Model 1 and the left leg in Model 4. The applied forces made no difference
in the results of von Mises predicted by the models.
The rectus abdominus, the internal and external obliques are applied throughout the
walking process. However, the force values are low and do not increase until the swing phase,
which is Model 3. The forces were applied for a 6 km/h walking speed. The results show
reduced stresses along the iliac crest and in the region just below, bilaterally, in Figure 5.14 –
bottom views. There is some reduction at the posterior iliac spine on the right innominate bone.
The maximum reduction is 3.16 MPa. This is a decrease 5%.
5.3.6

Validation of Pubic Symphysis Displacement
In measuring the displacements of the models, the maximum displacement was 0.127

for Model 1 during weight shift. The hip obliquity model measured a similar value at 0.111 mm
in displacement.

This is within the range of published data, and shows that the force

applications into the pelvic ring are resulting in realistic pelvic movements for PS displacement.
5.4

CHAPTER DISCUSSION
This study shows that the von Mises stress patterns for the entire pelvis can be

calculated for any specific gait phases of walking, considering the load inputs of muscles and
hip joint forces. This method can be used for any gait position by choosing a percent of gait for
study, calculating the Bergmann hip force vectors from the pubic data for that position, and
determining the angle of the femur for that gait cycle (Bergmann et al., 2001; Newman, 2002).
The leg muscle forces can be simulated using force vectors from the femur to the attachment
points on the innominate bones, and the quantity of force at each gait position taken from the
charts in the available literature.
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The calculated stresses from the bilateral gait-phase models show that when viewing
from one model to the next, the stresses follow the change of weight bearing from one foot to
the other. The stresses also follow the force direction due to the angle of the legs. In all cases,
the inclusion of the sacrum shows the weight bearing on the sacrum-pelvis interface to the
lumbar spine, and how this weight contributes to the stress contours of the pelvic ring for the
various positions of the legs in walking. The full pelvic ring and anchor at the lower part of the
sacrum allow the torsional responses to be produced, and the inequivalent vectors from the left
and right to interact. This shows that this boundary condition allows the pelvic ring to move
naturally due to bilateral forces.

Thus, these observations would not be available if the

innominate bones were studied with a unilateral model with appropriate boundary conditions. A
unilateral model assumes that both the right and left sides have the same responses. Because
walking is not a symmetric event, using a bilateral model is more appropriate to study stress
responses during gait.
The Philips model shows the effects from moving the boundary conditions off the
innominate bones and joining the innominate bones through rods modeled as spring elements,
in the single-leg stance (Phillips et al., 2007). These components produced point sources for
the springs and rods to the boundary condition.

It did not include the SI cartilage, which

distributes the loads into and out of the sacrum. The Phillips work relates to Model 3 of this
study. The left innominate bone compares favorably, with the stress concentrations in the same
general areas. However, the stress concentrations are higher at the SI region for Phillips,
suggesting that the SI cartilage may disperse some of the stress to the sacrum and the sacrum
may allow for migration of stresses throughout the sacrum rather than concentrating at the SI
region. The Phillips work did not report the results of the right innominate bone.
The use of the boundary conditions at the sacrum show high boundary stresses for
Models 1 and 2, localized at the boundary nodes, but are not the peak stresses for the models.
Model 1 shows higher stresses through the sacrum than the other models due to the weight
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shift from one leg to the other.

Model 2 has less stress reaction through the sacrum but

increased stress throughout the pubic rami, with the peak model stress being on the left side.
The left is the load bearing side, however, the muscle forces needed to raise the right hip for the
swing phase contribute to the torsional reaction that affects the pubic rami. Model 3 has much
lower stress on the non-support side of the model. In this position the hips are level, there is
little extension or flexion of the swing leg and all of the weight is on the support leg. Model 4
shows a ring of stress posteriorly around the sacral area, with peak model-predicted stresses on
the right, due to the greatest flexion angle of the right leg, resulting in the force direction being
the most posterior. Although this condition has no ground reaction force into the right leg, there
are still forces on the hip bone due to the muscle action.
In all models, one of the regions with the greatest stress was located at the superior
face of the S1 vertebra, due to the body weight. All models had a peak stress of roughly 20-25
MPa, located just above the acetabulum on the proximal side of the supporting leg; for Models 1
and 3 this region was also the region with the peak stress. Model 2 showed the peak stress of
35 MPa at the upper pubic rami of the side that is lower due to the obliquity motion, which is
also the side of the supporting leg. The peak stress of 23 MPa for Model 4 is at the SI interface
of the leg in flexion for the heel strike. The peak stresses occurring just above the acetabulum
are demonstrated in the literature for walking (Goel et al., 1978; Hu et al., 2017). The upper
pubic rami stress concentration due to the hip motion has not been demonstrated in the
literature. The concentration of stress at the SI joint for Model 4 is substantiated by a finite
element study that modeled flexion and extension, with flexion resulting in the highest
compressive stresses in the study (Eichenseer et al., 2011). The peak stress found in the study
was approximately half of that calculated in this study, but their study did not include hip force
inputs.
The effect of the trunk muscles on the pelvic bone resulted in a 5% decrease in stresses.
The muscles attached to the iliac crest tend to relieve the stresses near their attachment points.
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A 5% reduction is minor and could be considered negligible in this study. However, when
applying a fixation device to the pelvic bone, especially near the iliac crest, these forces could
make a difference and need to be included. This study was not intended to evaluate the effect
of each muscle or muscle group on the outcome. As there are more muscles than available
equations, finding muscle forces during different phases of gait cycles requires solving statically
indeterminate problems and needs optimization or other methods to achieve the goal.
Additionally, contributions of each individual muscle or muscle group on stresses would require
a very large number of computer simulations, such as the design of computer experiments
(DOCEs) or Monte Carlo methods. This kind of study is beyond the scope of the current study,
but would be a potential future step in this study.
Through the use of the bilateral model, the hip obliquity, and the directional changes in
trunk muscles, new insights were added that were not previously depicted based on the
foundation laid by the Dalstra team and the unilateral models. The bilateral model incorporates
the non-symmetric nature from left to right of walking, which results in torsional effects on the
full pelvic ring. This is especially noticeable in the cases where the legs are in the greatest
opposing positions of flexion and extension. With the mid-sagittal motions constrained, as in
those unilateral models reported in literature, the stress response in the area around the sacrum
would be obscured.

Additionally, the 3D bilateral model affords the hip adductors, hip

abductors, and quadratus lumborum to act in the different directions needed to accommodate
the hip obliquity during level walking. Except for the rectus abdominus, the trunk muscles are
attached near the SI interface. As such, using unilateral models with SI boundary conditions
would produce false results. The bilateral model allows for any reaction to be demonstrated
through the pelvic ring. All of these incorporations are necessary to provide a comprehensive
analysis of the pelvic stresses during gait.
There are a number of limitations to this work. Although the mesh density used in the
Global Human Body Model Consortium model is considered sufficient, a convergence study
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was not conducted using the loading conditions selected in the current study. This consideration
is justifiable because the GHBMC model was designed for impact loading, which is much more
severe than the loading conditions applied in the current study, and hence the mesh
convergence requirement would be higher than that needed in the current study.
The soft tissues were explicitly modeled in the current study.

The ligaments were

modeled as linear springs as in the previous studies to draw correlations. The thin nature of the
PS cartilage prohibits the use of more than two layers of solid elements between the
neighboring bony tissues. It is believed that using two layers will not affect the intent of the
current study, partly because computationally efficient high-quality hexahedral elements were
used. Additionally, the cartilage transfers the loads but is not the region of interest. Studies
requiring non-linear properties of the cartilage at the SI and PS are generally used in crash
dynamic studies.

For a static model loaded as in the current study, the choice of linear

materials is common and a low strain proves that it is acceptable (Oonishi et al., 1983, and
Zheng et al., 2014).
5.5

CHAPTER CONCLUSION
It can be concluded that when using a bilateral, full pelvic ring model that considers all of

the muscles that attach to the pelvic innominate bones and adding the relevant hip motion as
done in this method, pertinent stress information can be provided. The pelvic stresses change
significantly throughout the gait phases and are especially affected by the hip obliquity and full
extension and flexion of the legs.
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NUMERICAL SIMULATION ANALYSIS OF THE
ANTERIOR PERCUTANEOUS INTERNAL PELVIC FIXATION DEVICE
USING STATIC WALKING MODELS
6.1

INTRODUCTION
The INFIX method developed by the Vaidya team has been shown clinically to be 100%

effective for fixation (Vaidya et al., 2012b). It overcomes the drawbacks of external anterior
pelvic fixation and has the advantages of rapid reduction, no pin site infection and comfort for
the patient. However, the INFIX does not stabilize the pelvic ring to the extent that the patient
can ambulate during recovery. Although sitting is allowed immediately after surgery, the patient
needs to have no weight bearing on the leg that coincides with the pelvic fracture for a minimum
of eight weeks, and sometimes up to the time of removal at three months.

It would be

advantageous if the patient were able to walk during this entire recovery time for convenience
and to facilitate self-care. However, the clinical success has not given indication of how the
fixation device would affect the biomechanics in vivo, or would respond to the forces of early
mobility, such as daily walking. An understanding of how the biomechanics of walking affects
the internal stresses of the pelvic bones and the pelvic joints is needed. Additionally, it is
important to know the effects of walking on the internal hardware and the opposing forces from
hardware reactions on the pelvic structure to determine if adverse conditions are created by
ambulation. As early ambulation may present an increased risk to the patient, this type of data
should be evaluated in a nonclinical setting until it is ready for clinical testing.
The models developed in Chapter 5 provided a baseline of comparison for the internal
stress contours. The goal of this study is to provide:
•
•
•

The effect of the INFIX method on internal stresses on a fractured pelvic
bone
Pubic symphysis (PS) displacement during eight gait phases when INFIX
is incorporated
Deformation of fixation hardware
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•

An analysis of this data to explain the biomechanical effects and reactions
to the INFIX hardware
• Recommendations for improving the INFIX method, based on this
analysis.
Upon completion of the study, the INFIX percutaneous hardware and methodology can be
better utilized for improved patient results and comfort.
6.2

METHODOLOGY
This study applied the INFIX method to the finite element (FE) bilateral static models of

the four different walking phases discussed in Chapter 5. The induced fracture was added and
applied independently to the right and left sides. The INFIX hardware was applied according to
the surgical protocol (Vaidya et al., 2012a). The results were considered for additional testing to
determine whether improvements could be recommended.
A simulated anterior posterior compression (APC) Type III unilateral vertical shear
fracture was created on the models, to be consistent with the biomechanical testing on the
fixation device (Vigdorchik et al., 2012). The sacroiliac (SI) joint was separated at the cartilage
and innominate bone interface and the PS joint was separated, also at the cartilage and bone
interface. This was done by removing the equivalence of the elements at these locations. The
appropriate ligament spring forces were set to zero. Loading the unstable and unfixed pelvis in
the model demonstrated the expected instability. The fracture was applied at the left SI and PS
for each model and separately for the right SI and PS for each model, resulting in eight models.
Fracturing the left for Model 1 provides the fracture when the leg on the same side is in flexion
as in the first half of the gait cycle. By creating the APC III fracture on the right side for Model 1
the condition is created where the left fracture occurs for the opposite side leg in flexion, as in
the second half of the gait cycle. Chapter 5 shows the gait phases related to the four static
bilateral models and illustrates that the second half of the gait is the reverse leg of the first half.
Figure 6.1 shows the fractures at the SI and PS.
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Figure 6.1 The illustration shows arrows at the fractures indicated by the dark lines at left SI and
PS cartilage-to-bone interface. The INFIX method has been applied. The screws are angled to
follow the thickest part of the innominate bone toward the sacrum. The insert shows the neck of
the screw.

The fracture was then repaired using the INFIX anterior percutaneous method. The SI
joint was closed using one titanium 7.0 mm diameter SI screw applied from the exterior of the
innominate bone into the most robust part of the sacrum as shown in the literature (Moed et al.,
2003; Routt et al 1995; Schweitzer et al, 2008; Vaidya et al., 2013). The PS was not joined with
hardware.
The rod and screws were applied, again following the protocol. Screw placement was
according to the fixation instructions as discussed in the publications of the methodology
(Vaidya et al., 2012a; Vaidya et al., 2013). The screws were 7.0 mm in diameter by 7.5 mm
long and angled so that the screw remained in good bone purchase. The rod was 6.0 mm in
diameter and shaped to follow the contour of the lower abdomen at the bikini line (Figure 9.3).
The material of the screws and rod was titanium. They were joined using titanium elements.
This hardware was applied to all eight of the bilateral static models. The model modifications
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were created on Hypermesh version 13.0 (Altair, Troy, MI) and was run using Abaqus version
6.14-1 (Dassault Systèmes, Waltham, MA) as in the bilateral modeling method (Chapter 5).
The resulting patterns of stress were compared to the models with no fracture, using
local stress values at particular elements, to determine the effect of this fixation method on the
internal bony structure. The PS gap was measured as is the practice for fixation research, at
the anterior superior node of the PS bone to cartilage interface of the fractured side, for the x, y,
and z directions, and the magnitude as shown in Figure 6.2 (Yao et al., 2015; Yu et al., 2015;
Bodzay et al., 2011).

Figure 6.2 Pubic Symphysis (PS) displacement measurement location. Local coordinate
system shown for clarity.

The rod deformation was measured from the tip of the screw embedded in the pelvic
bone to a node of significant deformation on the rod. The screw deformation was measured
from the same embedded screw node to a node close to the screw-to-rod attachment point as
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seen in Figure 6.3. These measurements were bilateral. A visual inspection of the deformation
was also recorded and is shown in the results.

Figure 6.3 Rod deformation measurement locations are shown on the left. The screw
deformation measurement locations are on the right.

6.2.1

Pelvic Ring Deformation
The pelvic ring deformation was visually evaluated compared to the intact pelvic rings of

Chapter 5. This was to determine the stability of the ring with the fracture and INFIX hardware
in place. The pelvic ring stability is especially important for considering ambulation. The entire
pelvis needs to work as a biomechanical unit throughout the cycling of the walking process.
Since the PS displacement is a component of the deformation, this metric is considered with the
visual deformation analysis.
6.3

RESULTS
The results of the INFIX analysis study were recorded in four metrics: stress contours

and peak stresses, hardware deformation, PS displacement, and pelvic ring deformation due to
the PS displacement. These results will provide a better knowledge of the response of the
pelvic ring to the fracture and INFIX application and give indications of weaknesses and
strengths of the method.
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6.3.1

Internal Stresses
The von Mises stresses were compared to those of the non-fractured pelvic ring as

described in Chapter 5. In general, the pubic rami on one side of the fracture increased in
stress and the opposite side decreased. The side of increase was determined by the applied
forces due to walking and not due to the side of the fracture. The innominate bone stresses had
increases in various locations that were also due to the applied forces and the release of the PS
due to the fracture. Five locations had the most concentrations of changes: the area adjacent to
the PS where a reduction in stress occurs, the interior superior pubic rami as it approached the
acetabulum, the posterior pubic rami, the inner iliac wing near the SI joint, and the outer
innominate bone over the acetabulum. Figure 6.4 demonstrates these locations on all models
and fracture sides, as compared to the normal pelvic ring.
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Figure 6.4 The stress contours for all four models with the INFIX in place. Models 1 and 2 have
a different scale than Models 3 and 4, for the sake of clarity.

The stress results for Model 1, where the weight was shifting from the right to the left
and the legs were in equal amounts of extension and flexion, showed very minor changes to the
internal stresses with the left fracture, where the same leg was in flexion. For the right fracture,
with the opposite leg in flexion, the pubic symphysis stress was significantly reduced at the left
side by 14.7 MPa (88%). For the right innominate bone the stresses over the acetabulum
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increased on the outside by 7.16 MPa (49.8%), and for the left innominate bone on the inside
surface of the bone the increase was 9.91 MPa (53.6%).
Model 2, which starts the swing phase and includes the effects of hip obliquity, showed a
significant amount of change in the innominate bones and pubic rami. The left and the right
fracture changes were approximately the same. The stress increased throughout the right iliac
wing above the acetabulum on the inside by 10 MPa (195.5%) and the outside by 12.1 MPa
(131.1%). The left innominate bone increased on the inside throughout the structure by 9.59
MPa (53.4%). The right pubic rami increased in stress throughout; the left decreased along the
superior pubic rami crest by 8.68 MPa (80%).

The inner right pubic rami leading to the

acetabular cup has the most significant change of all the models. The change was 24 MPa
resulting in a 1270.4% increase.
Model 3, which represents a single leg standing position, showed insignificant change.
Model 4, right heel strike, showed minimal change for the left fracture.

The right fracture

increased the stresses at the outside of the right iliac wing, forward and slightly above the
acetabulum by 0.776 MPa (138%). The area of the entire right pubic rami showed significant
increases in stress with the maximum change being 9.6 MPa (426%). This model also showed
increased stress changes at the screw locations, both at the insertion and at the location of the
screw tip embedded in the innominate bone. None of the other models showed this behavior.
6.3.2

Pubic Symphysis Displacement
The relative displacement of the PS cartilage to the pubic rami bone was measured for

each case. The axis labels are shown in Figure 6.2 with the PS measuring method. In the
second chart (B) of Table 6.1 the magnitude and coordinate values for right and left fractures of
all models are provided. The Model 2 fractures and INFIX have the greatest amount of PS
displacement with the left fracture being the highest value. These are 1.8533 mm and 1.6017
mm.
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Table 6.1 (A): Rod and screw displacements (Figure 6.3) and (B): pubic symphysis
displacement (Figure 6.2). Model 2 shows the worst case for both pieces of hardware, and the
PS gap confirms this result.
A: Rod and Screw Deformation
Model
Number

Fracture
Side
Left

Model 1
Right

Left
Model 2
Right

Left
Model 3
Right
Left
Model 4
Right

Body
Side

Rod Displacement (mm)
X

Y

Z

Screw Displacement (mm)

Magnitude

X

Y

Z

0.1300

0.5120

-0.2780

0.0113

R

0.0680

0.5480

-0.2730

0.2948

L

0.3880

0.5340

-0.6440

0.3832

-0.129

0.248

-0.225

0.0107

R

0.0020

0.4700

-0.2000

0.1919

0.1010

0.4150

-0.2400

0.0080

L

0.2690

0.4510

-0.5480

0.2701

-0.1490

0.3370

-0.1840

0.0135

R

0.2310

0.4190

-0.5650

0.4872

0.1280

0.5040

-0.3770

0.0177

L

0.6330

0.4880

-0.6220

0.5952

-0.0750

0.1650

-0.1480

0.0173

R

0.2360

0.4250

-0.5870

0.4997

0.1300

0.5150

-0.3880

0.0180

L

0.6510

0.4990

-0.6390

0.6129

-0.0780

0.1680

-0.1550

0.0180

R

0.1340

0.0290

-0.0830

0.1535

-0.0140

0.0300

-0.1080

0.0006

L

0.0600

-0.0050

-0.0490

0.0697

0.0150

-0.0290

0.0130

0.0015

R

0.0020

0.4700

-0.2000

0.1919

-0.0120

0.0330

-0.1080

0.0014

L

0.6500

-0.0020

-0.0480

0.0733

0.0150

-0.0270

0.0150

0.0018

R

0.0830

0.1550

-0.0510

0.1349

0.0010

0.0140

-0.0300

0.0027

L

0.0940

0.0040

-0.0510

0.0992

0.0170

-0.0360

0.0060

0.0025

R

0.0790

0.0250

-0.0880

0.1031

0.0110

0.0570

-0.0530

0.0026

L

0.0990

0.0690

-0.0620

0.0886

0.0010

0.0160

0.0140

0.0033

B: Pubic Symphysis Displacement
Model
Number

Model 1

Model 2

Model 3

Model 4

Magnitude

Fracture
Side

Displacement (mm)
X

Y

Z

Magnitude

Left

-0.0580

-0.1010

0.2500

0.2758

Right

0.1540

-0.2190

1.3900

1.4155

Left

0.4630

0.2200

1.7810

1.8533

Right

-0.3300

-0.1960

-1.5550

1.6017

Left

-0.0010

0.0000

0.0030

0.0032

Right

0.0000

0.0000

-0.0020

0.0020

Left

0.0000

0.0000

-0.0030

0.0030

Right

-0.0270

-0.2250

0.5550

0.5995
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6.3.3

Deformation of the Hardware
The motion of walking deforms the fixation hardware. The rod compresses and bows in

the x direction, away from the pelvis in the center. This puts an opposite reaction on the necks
of the screws and flexes them toward the outside of the body in the y direction. This is not
uniform but is dependent on the applied forces and resulting torsions of each gait phase, and
their relation to the fracture side. The values of rod and screw deflection are shown in Table 6.1
(A). A visual record of the deformation is shown in Figure 6.5 at a 20 x magnification for clarity.
The screw deformation is evident in the pictures using the template of the baseline (with no
forces added). Model 2 again shows the most deflection of the rod and screws. For completion
the rod flexion of all of the models is shown in Figure 6.6.

Figure 6.5 Deformation of the INFIX rod and screws. Figure shows worst case, Model 2 Left
Fracture, at 20 times magnification, when the swing phase begins and hip obliquity is at the
maximum. The thin solid line traces the baseline and is shown overlaid on the Model 2 results
to demonstrate the difference. See the table for numerical displacement values. A close-up of
the screw deformation is shown to the right.
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Figure 6.6 Rod deformation for all models, left and right fractures. A 20x magnification is
shown for clarity.

6.3.4

Deformation of the Pelvic Ring
The pelvic ring deforms while walking. The deformation occurs at the SI joints and the

pubic rami. Although this data was not measured on each of the pelvic models, the worst case
condition of Model 2 with the left fracture illustrates this change. Figure 6.7 is a coronal view of
the healthy versus the INFIX pelvis. The healthy pelvis maintains its ring shape, with minimal
deformation at the SI and pubic rami for the gait phases, and the stress increases at the pubic
rami bones and adjacent to the SI on the left side for the conditions of Model 2.

When
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implementing the INFIX to a fractured pelvis, the pelvic ring is broken at the PS and the stresses
on the pubic rami are relieved, especially on the left side. The stress at the left SI increases
where the flexing occurs to compensate for the forward and downward motion of the right side
of the PS, resulting in the measured PS displacement. The increased stress is also shown on
the right side from the SI area leading to the pubic rami and shows that although the upper
portion of the pelvic ring is maintained via the INFIX hardware the lower region has been
compromised.

Figure 6.7 The left is the normal pelvis in the Model 2 position. The right snows the affect effect
of the INFIX hardware on a fractured pelvis at this gait position. The white ring is for easier
comparison of the pelvic ring shapes for the two conditions. (5 x magnification)

6.4

CHAPTER DISCUSSION
The goal of this study was to evaluate the function of this percutaneous internal fixation

method with respect to internal stresses of the pelvic structure, the displacement of the PS, and
the deformation of the hardware. The evaluation was for an APC Type III fracture and the
evaluation is at four bilateral walking phases, to determine the effects of walking on this fixation
method.
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6.4.1

Internal Stresses
The stress results show that Model 2, with hip obliquity, and Model 4, at right heel strike,

cause the greatest changes internally to the pelvic structure.

In both phases, the most

significant increase was at the interior of the superior pubic rami of the left side, showing a
1270% increase in Model 2 and a 2059% increase in Model 4.

In both cases, the right

innominate bone had increased stress over the acetabulum. These stresses are due to different
motions, however, since the hip obliquity contributes to the torsion in the pelvic structure for
Model 2 and the maximum flexion for heel strike increases the torsional input in Model 4.
6.4.2

Pubic Symphysis Displacement
For fixation of a fractured PS the displacement should be minimized. Studies have used

the relative displacement at the PS as an indicator of fixation success (Grimshaw et al., 2012;
Agarwal et al., 2014). The commonly used dual–plate method for PS open book fixation using
an FE model results in 0.946 mm of relative motion at the PS for the single-leg stance (Yao et
al., 2015).

In vivo results for the single PS plate and single-leg stance, measured from

radiographs, demonstrated a normal value was 0.5 mm in men and 1.5 mm in women (Stover et
al., 2017).
The current study shows the maximum displacement in Model 2 to be 1.853 mm with the
left fracture and 1.602 mm for the right fracture. The hip obliquity is a factor in both cases.
Model 1 shows the next greatest amount of 1.416 mm for the right fracture, when the weight is
shifting to the left leg.

The ranges of the post-healing results of testing, radiographic

measurements and modeling in the literature are not consistent enough to provide a good
metric for comparison. However, since the majority of the literature provides values below those
of the current study, walking with this fixation is considered risky to the healing process. The
displacement at the PS shows a misalignment of the two sides due to the torsional action of the
pelvis. The INFIX method is not able to controlling the torsion.
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The movement of the PS is mostly in the Z direction, with one side moving down relative
to the other. However, the anterior movement is also important for pelvic ring stability. The
downward moving side is of the leg in the swing position and the raised side during hip obliquity.
With this displacement it is clear that although the INFIX completes the load path in the upper
portion of the pelvic ring and stabilizes that portion, the lower part of the pelvic ring has not been
stabilized. The downward motion includes the entire innominate bone and with the PS not
being closed allows more torsion to the system than in the healthy state, which then allows for
more movement of the SI joint and could result in screw loosening of the SI pin fixation.
6.4.3

Rod and Screw Deformation
The fixation hardware is deforming insignificantly for Model 3, which represents the

single leg stance. This result has been confirmed by clinical results which allow for transfers
during recovery (Viadya et al., 2012b).

Model 2, again, shows the greatest amount of

deformation in both the screws and the rod, with Model 1 results approaching those values of
Model 2. This flexion could lead to hardware failure or screw loosening. Clinical results of
ninety-one patients show only one instance of the screw to rod interface becoming loose
(Vaidya et al, 2012a). This could have been due to more mobility than was directed in the
follow-up treatment instructions.
The rod and screw deformation follows a pattern. The rod compresses, due to the
compression motion of the pelvis during walking, flexes forward and away from the pelvis
slightly in the center, and the screw necks deform outward to the sides. During walking cycles
this screw deformation could result in loosening of the screws in the bone. It could also result in
a failure of the attachment between the rod and screw. However, the more the rod is able to
flex the less force remains to deform the screws. Since the rod is curved when applied, the
flexing motion increases the curve and this acts like a spring, which helps to decompress the
pelvis when the gait progresses to the opposite leg. This spring action may be contributing to
the function of stabilizing the pelvis and would have to be investigated further. This deformation
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is not necessarily a negative function. The hardware may need to be flexible, and if the screws
do the flexing that could lead to screw loosening issues over time. The duration of healing,
three months, may not be enough to loosen the screws but that would depend on the amount of
movement the patient requires. It would be better to allow the rod to flex and provide the spring
action that would have otherwise been absorbed by the cartilage. However, the greater the
compression of the pelvis, the less the PS joint is held in place. The optimum condition would
be to restrain the PS movement and allow the rod to flex.
6.4.4

Pelvic Ring Deformation
The pelvic ring has been shown to deform while walking, from the normal pelvis this

deformation is minimal. When the fracture is fixated with INFIX, the deformation is a concern
because it compromises the stability of the pelvic ring. The PS displaces, one side to the other,
which adds stress to the load path on the load bearing side and added stress adjacent to the SI
joint of the swinging leg of Model 2. The left, the support side, is also the side that drops due to
obliquity. The increased stress at the SI could result in a failed SI screw fixation with the cycling
of walking.
By closing the PS the stability could be restored. However, a plate fixation at the PS
does not reduce the PS displacement enough, as was learned by a trial of a PS plate in the
Model 2 condition. Additionally, as the right side drops, there are forces that pull the PS away
from the plate on that side, increasing the force that the screw needs to overcome to hold the
plate in place. As the gait continues, the opposite side pulls away from the plate. With the
cycling the plate fixation can loosen. By applying a plate the displacement reduced to 1.0 mm,
which is the high end of the healthy range.
6.5

CHAPTER CONCLUSION
This study shows significant insight into the effect of the INFIX anterior percutaneous

internal fixation method on the pelvis from the inputs of walking. For the single-leg stance,
Model 3, the measured values are quite close to the normal, non-fractured state with this
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hardware in place. For the other gait phases, the stress contours indicate increases in stress
relative to the healthy pelvis due to the fracture and fixation method, showing that the fixation
method does not provide a return to the healthy state. However, the fixation method does
sufficiently hold the pelvic ring together and recreate pelvic stability when mobility is restricted.
In the walking conditions, other than the single-leg stance, the PS displacement is more than
that for a healthy pelvis.
The rod and screw arrangement allow for flexing of the pelvis during walking which
would otherwise be managed by the joints or bone with negative effects. Because the rod is in
compression for the gait movement, it becomes a spring that returns the pelvis to a more normal
state in the mid-gait range representing the single leg stance.
This fixation method is successful for quick reduction and a method that holds the pelvic
ring together without the loads of walking. It shows promise for allowing limited walking but
needs improvement to counteract the torsional and compressive forces for the robustness
required to allow ambulation.
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DEVELOPMENTAL PROCESS TOWARDS AN
IMPROVEMENT METHOD
The INFIX method of the anterior percutaneous fixation has been well designed as
evidenced by clinical results where no loss of fixation was observed during healing (Vaidya et
al., 2012a).

Additionally, biomechanical analyses discussed in Chapter 6 showed that all

stresses are within the elastic limit during the eight gait phases. The choice of the rod diameter,
the location and geometry of the screws and the placement of the curved rod all provide a good
system for quick reduction and pelvic stabilization, as analyzed at the single leg stance of Model
3. The method allows for flexing of the rod when progressing through the eight gait phases,
which acts like a spring to allow for normal compression and release of a healthy pelvis during
walking. It allows for the movement of sitting and transfers to other positions, yet continues to
hold the reduction.
As shown in Chapter 6, however, when applying the loads for each of the eight gait
phases there are three conditions that are not satisfactory: the stresses increase throughout the
pelvic bones with the INFIX in place and especially in the pubic rami area and near the fractured
sacroiliac (SI) joint, the pubic symphysis (PS) displaces to an amount greater than is desired,
and the pelvic ring stability is not reestablished, as can be seen by the pelvic ring deformation.
An improvement to this method would address all of these conditions during gait phases while
maintaining the features of the ease of achieving reduction, the ease of application, and good
clinical results.
A solution to manage these conditions needed to be found. This was done through a
process of elimination of various modifications.

Through these modifications a better

understanding of the physics of the pelvis and INFIX as a system was gained, leading to a
practical method for stabilizing the pelvic structure. These modification trials are explained in
this chapter along with the results and insights gained.
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7.1

METHODOLOGY FOR TESTING
The relative motion at the PS is a result of one innominate bone moving relative to the

other. The motion of one innominate bone is mostly in the downward direction, and partially in
the forward direction, relative to the other that has little movement due to being the supporting
leg. This creates the torsional effect on the pelvic ring that contributes to the instability. The
INFIX system did not sufficiently tie the innominate bones together to prevent this motion.
Initially, a number of solutions were tried for strengthening the INFIX hardware to reduce or
prevent the relative motion and resulting PS displacement. From these trials a more thorough
understanding of the biomechanics of the entire system was gained. Then a solution was tried
that modified the method indirectly, at the PS. For the first trial of screw and rod diameter
optimization, all of the models were included to be sure that there wasn’t interaction due to the
gait phase inputs. The rod and screw deformations and PS displacement were measured.
Each additional trial applied the hardware only to Model 2 with the left fracture since this is the
worst case condition as shown in Chapter 6. The PS displacement is the critical measurement
because it indicates how stable the pelvic ring has become. This measurement was taken for
each of the remaining trials.

The PS displacement needs to be less than 1.0 mm to be

successful, however since 1.0 mm is the maximum value of displacement in the healthy pelvis
in the literature, a truly successful method would be a significantly smaller value. If the PS value
met this requirement, the effect of the change on the system was evaluated to assure that no
contributing negative effects were incurred.
7.2

SCREW AND ROD DIAMETER OPTIMIZATION
The first investigation was to determine if increasing the size of the rod and screws

would provide the needed strength. A full factorial parametric analysis with two screw and two
rod diameters was developed. These four conditions were applied to each of the fracture sides
of all four models resulting in a total of 32 simulations. The screw choices were limited due the
thickness of bone for the largest diameter, and the strength needed for the smallest diameter.
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The screw diameter sizes tested were 7 mm, which is the original INFIX diameter used
throughout this study, and 8 mm. The rod diameter sizes were 6 mm (original) and 7 mm. The
full factorial simulation matrix and results are provided in the Table 7.1. It was determined that
increasing the rod diameter would result in greater screw deflection, increasing the screw
diameter would result in greater rod deflection, and increase both had mixed results on the
screw and rod deformation, depending on the force directions due to the leg positions. The PS
displacement results also provided mixed results.

No change throughout the experiment

improved the PS value by more than a few percent. The worst case condition (Model 2 left
fracture) reduced by only 0.01 mm for the larger screw and original rod size, and didn’t change
for the other three conditions. Interaction calculations were not performed for this reason. This
parametric study showed that the screw and rod diameters were having little effect on the pelvic
ring stability.
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Table 7.1 Full factorial matrix and results

Rod
Deformation
Model

Fracture
Side

Screw
Dia. mm

Rod Dia.
mm

1

L

7.0
7.0

6.0
7.0

0.2760 0.3832 0.2948 0.0107 0.0113
0.2730 0.3303 0.2305 0.0116 0.0123

8.0
8.0
7.0
7.0

6.0
7.0
6.0
7.0

0.2670
0.2640
1.4160
1.4010

0.3869
0.3127
0.2701
0.3925

0.2935
0.2146
0.1919
0.5854

0.0075
0.0090
0.0135
0.0135

0.0087
0.0097
0.0080
0.0148

8.0
8.0
7.0
7.0
8.0
8.0
7.0
7.0
8.0
8.0
7.0
7.0
8.0
8.0
7.0
7.0
8.0
8.0
7.0
7.0
8.0
8.0
7.0
7.0
8.0
8.0

6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0
6.0
7.0

1.3980
1.3770
1.8340
1.8340
1.8240
1.8340
1.6010
1.5860
1.5820
1.5590
0.0000
0.0000
0.0000
0.0030
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.5990
0.5590
0.6010
0.6010

0.4592
0.3738
0.5952
0.5015
0.5925
0.5015
0.6129
0.5162
0.6090
0.0472
0.0697
0.0647
0.0717
0.0639
0.0733
0.0670
0.0737
0.0650
0.0992
0.0852
0.1022
0.0840
0.0886
0.0724
0.0923
0.0709

0.3534
0.2586
0.4872
0.3797
0.4757
0.3797
0.4997
0.3891
0.4878
0.3552
0.1535
0.0162
0.0253
0.0162
0.1580
0.0194
0.0300
0.0194
0.1349
0.0661
0.0803
0.0644
0.1031
0.0826
0.1034
0.0784

0.0101
0.0105
0.0173
0.0180
0.0118
0.0180
0.0171
0.0142
0.0078
0.0141
0.0015
0.0019
0.0018
0.0015
0.0018
0.0023
0.0015
0.0011
0.0025
0.0034
0.0025
0.0026
0.0033
0.0029
0.0022
0.0022

0.0120
0.0122
0.0177
0.0179
0.0138
0.0180
0.0180
0.0184
0.0142
0.0153
0.0006
0.0009
0.0008
0.0009
0.0014
0.0015
0.0011
0.0008
0.0027
0.0023
0.0015
0.0020
0.0026
0.0025
0.0027
0.0024

R

2

L

R

3

L

R

4

L

R

PS
Displacement Left

Screw
Deformation

Right

Left

Right
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7.3

INFIX ROD STIFFENING
The second approach was to stiffen the INFIX rod. Two modifications were applied

separately to the INFIX rod. The first added an additional rod parallel to the original rod to add
stiffness and therefore more stability to the pelvis. It was attached to each end of the rod
between the bend and the screw attachment. This configuration is shown in Figure 7.1. The
bend is the area where the rod deformation initiates.

This change resulted in the PS

displacement to be 1.712 mm, which made little difference compared to 1.853 mm seen in
Model 2, and had little effect on the flexing of the rod.

Figure 7.1 Parallel stabilizing rod to original INFIX rod.

The second of the rod modifications was to add triangulation to the rod on each end from
the bend of the bar to the distal end outside of the screw attachment. Triangulation is created
by adding a strut that forms a triangle with the main beam and is a strong form of support. To
determine if triangulation would help, the theory needed to be tested. A triangle that is much
larger than practical was added to see if the most robust triangulation would have an effect on
the pelvic system. It was applied anteriorly to directly counteract the direction of the rod flexing.
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The modification is shown in Figure 7.2. The PS displacement was 1.738 mm and this change
was insignificant, and it did not prevent the rod from flexing.

Figure 7.2 Triangulation added to the INFIX rod as applied to the pelvis, and shown from the
coronal view.

7.4

INFIX ROD BENDING REDUCTION
The next trial considered reducing the bending response of the rod.

The INFIX is

supported by a single support at each end, resulting in a three-point bending condition (Figure
7.3A). For the best stability of a rod or beam, engineering physics dictate two supports at each
end (Figure 7.3B). The additional support constrains the bending and distributes the load more
evenly across the beam. In order to achieve this feature on the INFIX hardware, a screw was
added to the side of the innominate bone then a rod was attached from that screw to the distal
end of INFIX rod on the same side.

Figure 7.4 shows the feature.

This made a minor

difference, from 1.853 mm to 1.685 mm, to the PS displacement, and to the hardware hardware
deformation, but did not approach the goal of having the values approach that of an intact
pelvis.
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Figure 7.3 A shows the type of bending that occurs when supporting a beam by one bracket at
each end. B shows the effect of supporting with two brackets at each end.

Figure 7.4 The INFIX with the side support stabilizing feature formed by an added screw and a
side rod.

From these trials of changing the INFIX hardware, it was determined that simple
modifications would not provide enough additional stability to prevent the PS displacement. The
INFIX was not integrating the lower portion of the pelvis into the pelvic ring as would be needed
to restore the pelvic ring stability. Changing the INFIX hardware did not sufficiently change this
outcome. Although the modifications were continuing to holding the two halves together in the
upper region, they were having minimal effect on holding the lower areas of the innominate
bones together at the PS.
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7.5

PUBIC SYMPHYSIS PLATE FIXATION
In order to integrate the lower portion of the pelvis into the ring, the PS needed to be

held together mechanically so the innominate bones would move with each other at the PS
interface. The most direct method to try was the internal pubic symphysis plate. This was
applied to the superior surface of the pubic tubercles, straddling the cartilage, using two screws
on each side as shown in Figure 7.5. The innominate bone relative motion was restricted more
than with any of the previous trials and this method showed improvement that met the average
value of PS displacement for the healthy pelvis with a value of 0.951 mm, but ideally a value
significantly smaller than 1 mm would be best when considering a safety factor. Additionally,
the forces pulling one innominate bone in the downward direction still allowed some pelvic
displacement, resulting in pulling the bone contrary to the plate on that side, allowing a gap to
form at the cartilage. With the second half of the gait cycle the forces would pull the other side
down contrary to the plate. This cycling would lead to loosening of the plate fixation. An
additional drawback is that the surgical procedure of cleaning the tissue from the plating area
would be very time consuming.

This method did not provide enough improvement and

presented additional drawbacks.

The results of this and the other modification trials are

collectively provided in Table 7.2.
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Figure 7.5 The pubic symphysis reaction to the right leg in extension is evident on the right side
of the PS cartilage where a downward shift can be seen.

Table 7.2 Results of All Modification Trials

Modification

7.6

PS Displacement
mm

Rod Parallel to Original INFIX Rod

1.712

Triangulation to INFIX Rod

1.738

Bending Reduction Modification

1.685

PS Plate Fixation

0.952

CHAPTER CONCLUSION
Due to the torsional effects of walking on the fractured pelvic structure the innominate

bones move contrary to each other at the anterior section of the structure. The hip obliquity of
Model 2 increases the torsional effect. The INFIX method only addresses the movement of the
upper portion of the pelvis.

By excluding these lower areas, the torsional inputs cause a

shearing motion at the PS interface.
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The various design considerations and results of this chapter indicate that in order for
the pelvic ring stability to be reestablished the full length of the innominate bones need to be
integrated, including the pubic rami, into a single structure that moves as a unit. Joining the PS
right and left tubercles was not enough to overcome the torsional inputs. The only way to
integrate these bones and reestablish the stability of the pelvic ring is to restrict the relative
motion of the innominate bones and shear forces at the PS. A successful fixation method that
would allow for ambulation needs to meet these criteria.
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BRIDGE-X INFIX IMPROVEMENT
The previous chapter showed that adding strength to the INFIX hardware did not
significantly improve the pelvic structure stability. Adding a fixation plate at the pubic symphysis
(PS) improved the stability but not enough to reach the median healthy displacement value, and
it introduced a potential for the plate fixation to fail. It was determined that to create the needed
stability for walking, the innominate bones need to be securely joined so they move together as
a unit.
To reiterate from Chapter 6, when applying the loads for each of the eight gait phases
there are three conditions that need to be met: the stresses need to be reduced throughout the
pelvic bones with the INFIX improvement in place, and especially in the pubic rami area and
near the fractured SI joint; the PS displacement needs to be reduced to a value significantly
below the maximum healthy displacement value; and the pelvic ring stability needs to be
reestablished as demonstrated by the reduction of the pelvic ring deformation. An improvement
to this method would address all of these conditions during gait phases while maintaining the
features of the ease of achieving reduction, the ease of installation, and good clinical results.
Additionally, reducing screw deformation should be considered to help prevent loosening due to
ambulation cycles.
This chapter describes a successful solution to manage these conditions that ties the left
and right innominate bones together in a way that causes the pubic rami area of the left
innominate bone to move with the upper area of the right innominate bone, and the right pubic
rami area to move with the upper right innominate bone. The details of the design method and
test results are explained in detail.
8.1

METHODOLOGY
An improvement to the INFIX method was developed. This improvement is called the

Bridge-X method due to the design and function of the method. The efficacy of this design was
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simulated in Model 2 with the ACP III left fracture since this configuration was the worst case for
stress and PS displacement when non-fractured and when using the INFIX system. It had the
loading of the beginning of the swing phase of the gait cycle and also incorporates the hip
obliquity. It was tested by running the model and evaluating the stresses, the PS displacement
and the pelvic ring distortion. The measurements of the of the rod and screw deformation were
also recorded.
The issue of the deformation of the screw was also addressed since it could lead to a
loosening of the screw in the bone or the screw-to-rod interface. The shoulder screw style of
fastener was implemented after the Bridge-X was tested to determine the amount of deflection it
would counteract. The PS displacement, and screw and rod deflection measurements were
recorded.
8.1.1

Bridge-X Method
To reduce the opposing forces that create the shearing motion at the PS, forces needed

to be added as a counteraction. Ideally the counter forces would be equal and opposite, which
would be a vertical direction. A vertical connection would require attaching to the INFIX rod.
This is not a good option because the INFIX rod flexes anteriorly and back again throughout the
motion of walking and could affect the PS joint. Also, the innominate bone downward motion
could overcome the strength of the INFIX rod with negative consequences. Attaching from the
pubic tubercle to the opposite innominate bone in the region of the INFIX attachment provides a
vector that has a vertical force component. It also has a horizontal component that would bridge
the PS joint together when applied to both sides of the pelvis by crossing the forces at the
center (Figure 8.1).
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Figure 8.1 The force directions needed to counteract the relative motion of the innominate
bones and the shear forces at the PS.

A system of two rods crossing at the midline of the pelvic ring was constructed. Each
rod connects at one of the INFIX rod and screw interfaces, then crosses the midline of the pelvis
and is anchored to the opposite side pubic tubercle. This provides the opposing forces to the
shear while connecting the lower part of the innominate bone to the higher region of the
opposite side of the pelvic ring. This made an improvement to the stability but still allowed for
relative motion between the two innominate bones indicating that this arrangement alone would
not prevent the displacement at the PS and the torsional forces in the system would not
completely be controlled. For these reasons, the rods were clamped where they crossed to
further stabilize the system.
The Bridge-X hardware was incorporated into the Model 2 walking model with the INFIX
hardware. The rods used were of the same diameter and material properties (titanium) as the
INFIX rod. The diameter of the tubercle screws were chosen to be 6.5 mm. This diameter has
been used in PS fixation cadaveric testing successfully, and in simulation studies of PS fixation
comparisons (Simonian et al.,1996; Varga et al.,1995; Yao et al., 2015). Although this is larger
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than the 4.5 mm diameter most commonly used for the PS plate fixation, the larger diameter
was chosen due to the input forces from adding the rods and tying into the INFIX hardware
(Moed et al., 2003); Quan et al., 2016). They were created as the same properties as the INFIX
components.

The rods followed a straight line from the INFIX attachments to the pubic

tubercles to provide better triangulation (Figure 7.2). They were bent anteriorly to follow the
curve of the pelvis, and to allow one rod to cross over the other. The attachment at the INFIX
end was done by creating titanium elements that joined the crossing bar to the INFIX rod and
screw interface, simulating a fastening joint. At the pubic tubercle a screw was modeled as part
of a fastening joint and placed to have purchase through most of the thickness of the tubercle,
but not breaking through the inside of the bone to the soft tissues. The rod was attached using
titanium elements as a fastening joint. In practice these fastening joints would be of the same
technique as the fasteners of the INFIX method. The rods were joined together at the crossing
location by adding titanium elements to the rods and filling the space between them. Figure 8.2
shows the crossed rods added to the model.

Figure 8.2 Bridge-X method of attaching crossed rods to the INFIX hardware and pubic
tubercles.
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8.1.2

Shoulder Screw
The deflection of the screw at the neck is problematic because with the cyclic motions

due to walking the screw could loosen. The Bridge-X method minimally improves this on the left
side and has little effect on the right side. A simple solution was to apply a shoulder screw style
of fastener in the INFIX at the anterior inferior spine. This was tested in Model 2 after the
Bridge-X method was analyzed. From the practical perspective, a shoulder could be designed
into the existing screw, is easily accessible, cost effective, and would increase the safety factor.
A sketch of a shoulder screw is shown in Figure 8.3, along with the modeled shoulder added to
the original INFIX hardware.

Figure 8.3 Left: Shoulder screw. Right: comparison of modeled INFIX without (top) and with the
shoulder.

8.2

RESULTS
The Bridge-X configuration showed significant improvement of PS displacement and

internal stress in the innominate bones. The PS displacement was measured from the modeling
results as that described in Chapter 6, and the stress values were compared to the nonfractured pelvic bones provided in Chapter 5 as well as the INFIX stress values. The results are
a decrease of PS displacement by 74%, reduction of stress in the desirable areas of up to 48%,
and reduction of stress generally throughout the innominate bone of the non-fractured side. The
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pelvic ring deformation was eliminated and the stability of the pelvic ring was strengthened. The
change did not prevent the INFIX rod from flexing during ambulation. The stability was created
by triangulating with the INFIX rod, thus acting as an additional strut to the system. It is a
minimally invasive procedure that can be applied after the reduction has been completed. It
also provides an anterior gap to the superior pubic rami to avoid the neurovascular tissues in
that region.
8.2.1

Bridge-X Results
The PS displacement with the design improvement was 0.49 mm as compared to the

1.86 mm of the INFIX only, thus achieving a 74% reduction. The healthy pelvis has a maximum
value of 1.0 mm displacement for a young adult (Walheim and Selvik, 1984). This improvement
in the design of pelvic fixation device is well below the maximum healthy value showing that the
change provides sufficient stability at the PS comparable to a healthy pelvis.
The improvement in the pelvic ring deformation and the stress values over the INFIX and
the intact model are shown in Figures 8.4 and 8.5. In Figure 8.4 the view is coronal, which best
demonstrates the associated stress values and pelvic ring deformation. Illustration A is the nonfractured Model 2 with a left fracture. The INFIX hardware is shown in illustration B. The
fracture in the PS released the stresses at the pubic rami, as expected, but increased the stress
toward the non-fractured innominate bone.

Applying the Bridge-X hardware, illustration C,

closed the PS, realigned the pelvic ring, and significantly reduced the stress values.
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Figure 8.4 Coronal view into the pelvic ring showing stress and pelvic ring deformation for A:
normal pelvis, B. INFIX applied to left fracture, and C INFIX plus the Bridge-X improvement.

In the INFIX illustrations, an increase in stress was shown throughout the path of the
pelvic ring and on the left side due to the forward movement of the right innominate bone.
Figure 8.5 provides the view of all sides of the pelvis for a comparison of the INFIX and BridgeX results. For the Bridge-X, the stresses at the right pubic rami are reduced by 45 - 48%
compared to the INFIX: the superior region reduces from 29 MPa to 15 MPa, the interior
posterior region reduces from 22 MPa to 12 MPa. The stresses adjacent to the left SI joint were
reduced by 26%, from 31 MPa to 23 MPa. The stress increased at the left superior pubic rami,
which is expected because the fracture relieved the stress on that portion of the bone because it
was free from the opposite side. Joining the pelvic ring with the Bridge-X restored the stresses
to a more natural value. The area above the right acetabulum decreased by 17% and the inside
of that area reduced from 14 MPa to 9 MPa (36%).
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Figure 8.5 The left figure shows the stress contour results of the INFIX method. The right figure
shows the crossed rods with the clamp applied. Both are using the Model 2 with the fracture on
the left, which is the most aggressive model for walking.

A list of the significant areas of analysis is shown in Table 8.1. This compared the intact
pelvic, the fracture and INFIX repair and the Bridge-X. The stress values discussed above were
reported, along with displacements and hardware deformation values. The screw deformation
had little change due to the Bridge-X and the rod values were similar with a slight increase in
deflection on the fractured side.
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Table 8.1 Results of mode-predicted deformations and stresses compared to the original INFIX.
The percentage difference was calculated from the difference between the original and Bridge-X
INFIX system.

Bridge-X Improvement Results

Intact
Pelvis

APC III Fracture
and INFIX

Bridge-X
Addition to
INFIX

Decrease

PS Displacement - Model 2 (mm)

0.127

1.86

0.49

74%

Pelvic Ring Deformation - Model 2

None

Shift at PS, Pubic
Rami skewed

None

NA

Superior Pubic Rami - Left

29

17

26

-53%

Superior Pubic Rami - Right

11

29

15

48%

Left Adjacent to SI Joint - Interior

17

31

23

26%

Right Interior Acetabular Surface

5

14

9

36%

Above Right Acetabulum

20

24

20

17%

Right Interior Central Iliac Wing

1.2

1.2

1.1

8%

Right Inferior Posterior Pubic Ramus

3.2

22

12

45%

Screw Deformation - Right (mm)

N/A

0.017

0.013

Screw Deformation - Left (mm)

N/A

0.018

0.018

Rod Deformation - Right (mm)

N/A

0.595

0.449

Rod Deformation - Left (mm)

N/A

0.487

0.506

Stress Values (MPa)

Hardware Deformation

8.2.2

Shoulder Screw Results
The shoulder screw provided reduced screw deformation for both sides. When the

shoulder screw was implemented the left side value was 0.007 mm, resulting in a decrease of
deflection of 15%, and the right was 0.011 mm, resulting in a decrease of 39% of deflection.
This created no degradation in the other results of stress, PS displacement and pelvic ring
degradation.
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8.3

CHAPTER DISCUSSION
The INFIX method functions well for quick reduction and improved patient comfort over

the external methods. It was designed to maintain stability for sitting and standing on the nonfractured leg. However, in order to increase mobility for the patient, walking pelvic loads were
considered. With these inputs the INFIX alone does not maintain the pelvic ring shape and
stability nor does it return the PS displacement to a normal value.

The stability was

reestablished by adding the crossed rods and clamp to the INFIX system of hardware and this
new system is named Bridge-X.
The added hardware provides strength by preventing the relative motion of the left and
right sides of the pelvis. This is done by providing opposing forces that counteracting the force
of the downward moving innominate bone. The clamp creates triangulation struts with the
INFIX bar.
In the practical application, the attachment at the pubic tubercle can be the same
method as for the INFIX rod: using screw that has a mechanism in the head that receives the
bar, provides articulation for optimum placement of the bar and screw, then secures the rod
tightly to the screw. The screw can be placed at the optimum angle for the best bone purchase,
and to prevent the screw from breaking through into the pelvic cavity. The attachment at the
INFIX rod and screw can be established by modifying the current hardware to accept the
additional rod. A clamp for the crossed rods can be designed with grooves for the rods, as a
non-rotation feature, incorporating front and back pieces that can be mated and screwed
together with one screw from the front. This new hardware can be placed in position after the
reduction has been established with the INFIX method, and after all of the soft tissue concerns
have been addressed. Due to mounting the rods to the screw heads, which create a space
between the rod and bone, clearance is provided at the superior and anterior pubic rami for
protection of the inguinal ligament and neurovascular tissues such as the external iliac artery
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and vein. Through personal communication with Dr. Vaidya, this method shows promise of
being feasible.
This new method resolves the issues from using the INFIX alone when considering
ambulation. Although it is best that the system be validated to empirical walking data, this is not
possible for a post-fracture and fixation in vivo study. Nevertheless, biomechanical testing on
saw bone or cadaveric specimens should be done to better validate the computational model
before recommending ambulation with this hardware.
This analysis considered Model 2 with the left fracture because the intact pelvic study
and the INFIX analysis both indicated that this is the worst case for torsional loading and
opposing forces during the gait cycle. However, the Bridge-X should be evaluated with each of
the other models and fracture sides to assure that no unexpected effects have been induced
due to the Bridge-X method.
8.4

CHAPTER CONCLUSION
By adding the Bridge-X hardware, as shown in this chapter, the INFIX method has a

good potential for allowing the early ambulation needed for earlier bone healing, self-care and
convenience while the patient is recovering. It stabilizes the entire pelvic ring, reduces the
stress at the SI joint as well as throughout the innominate bones, and maintains a healthy
displacement at the PS.
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DISCUSSION
Unstable pelvic fractures are most often treated with anterior external fixation. This
method has several drawbacks (see Chapter 1) that a percutaneous method, such as the INFIX,
can remedy. The INFIX method has been shown clinically to resolve the drawbacks. Despite
that, the INFIX method does not provide for mobility of the patient during the healing process.
This dissertation was designed to address this issue by addressing the three challenges
outlined as the specific aims of the study. They are:
•

To understand how the healthy pelvis respond to walking inputs, using
static models

•

To analyze the INFIX fixation method to determine changes in that
response, and changes to the INFIX hardware due to walking inputs

•

To provide a design based on the INFIX that would to be more stable and
contribute toward a solution of ambulation.

This study was successful in meeting each of these aims. Static walking finite element
models were developed for eight phases of the gait cycle and include inputs of the hip forces,
the muscle forces of the legs and trunks, and hip motion (Chapter 5). The APC III fracture was
created and the INFIX hardware applied. This was analyzed for all eight gait phases (Chapter
6). An improvement, the Bridge-X method, was developed and tested using the finite element
models with good success (Chapter 8).
9.1

REVIEW OF THE OUTCOME
The chapters of this dissertation describe the process required to reach this

improvement. Through the development of the gait phase models, this dissertation has shown
that the von Mises stress patterns for the entire pelvis can be calculated for any specific gait
phases of walking, considering the load inputs of muscles, hip joint forces and hip movement.
The bilateral models show relevance to the function of the pelvis during walking. The stresses
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follow predicted outcomes from the change of weight on the legs, the angle of the legs, and the
weight bearing on the sacrum. The full pelvic ring and anchor at the lower part of the sacrum
allow the torsional responses to be produced, and the inequivalent vectors from the left and
right to interact. Model 2 is significant because it shows the highest stress at the pubic rami,
and the most pubic symphysis (PS) displacement. The muscle forces needed in order to raise
the right hip for the swing phase, producing the obliquity in Model 2, contribute to the torsional
reaction that affects the pubic rami and pubic symphysis. The upper pubic rami stress
concentration due to the hip motion has not been demonstrated previously in the literature. In
all models, one of the regions with the greatest stress was located at the superior face of the S1
vertebra, due to the body weight. All models had a peak stress of roughly 20-25 MPa, located
just above the acetabulum on the proximal side of the supporting leg.
The effect of the trunk muscles on the pelvic bone resulted in a 5 % decrease in
stresses. The muscles attached to the iliac crest tend to relieve the stresses near their
attachment points. A 5% reduction is minor and could be considered negligible in this study.
However, when applying a fixation device to the pelvic bone, especially near the iliac crest,
these forces could make a difference and need to be included.
The stress results when the fracture and INFIX were applied showed that Model 2, with
hip obliquity, and Model 4, at right heel strike, cause the greatest changes internally to the pelvic
structure. In both phases, the most significant increase was at the interior of the superior pubic
rami of the left side, showing an increase of 24 MPa in Model 2 and 9.6 MPa in Model 4. In
both cases, the right innominate bone had increased stress over the acetabulum.

These

stresses are due to different motions, however, since the hip obliquity contributes to the torsion
in the pelvic structure for Model 2 and the maximum flexion for heel strike increases the
torsional input in Model 4.
The current study shows the maximum PS displacement of all models to be 1.853 mm in
Model 2 with the left fracture fixated by the original INFIX device. Since the majority of the
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literature provides values below those of the current study, walking with this fixation is
considered risky to the healing process. The displacement at the PS shows a misalignment of
the two sides due to the torsional action of the pelvis.

The INFIX method is not able to

controlling the torsion.
With this large displacement it is clear that although the INFIX completes the load path
in the upper portion of the pelvic ring and stabilizes that portion, the lower part of the pelvic ring
has not been stabilized and allows more motion due to torsion within the system than in the
healthy state. This then allows for more movement of the SI joint and could result in screw
loosening of the SI pin fixation.
The INFIX hardware is deforming under the conditions of Models 1, 2 and 4, with Model
2 again showing the greatest change. The deformation follows a pattern. The rod compresses
due to walking, flexing anteriorly, and the screw necks deform outward to the sides.

This

hardware deformation could lead to screw loosening in the bone, and loosening of the screw to
rod interface. However, the more the rod is able to flex the less the screw flexes. Additionally,
since the rod is curved when applied it functions as a spring to assist in returning the pelvis to
the decompressed state.
The INFIX method only addresses the movement of the upper portion of the pelvis
during the torsional effects of walking. By excluding these lower areas, the torsional inputs
cause a shearing motion at the PS interface. The various design considerations and results of
Chapter 7, the method development chapter, indicate that in order for the pelvic ring stability to
be reestablished the full length of the innominate bones need to be integrated, including the
pubic rami, into a single structure that moves as a unit. The stability was reestablished by
adding the crossed rods and clamp, the Bridge-X, to the INFIX system of hardware. This
method lowered the PS displacement to 0.49 mm, about half of the average value for a healthy
pelvis, and reduced the stresses significantly throughout most of the non-fractured side
innominate bone. The right pubic rami stresses were reduced by 48% and the area adjacent to
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the fractured SI joint reduced by 26%. This method realigned and coupled the PS to create a
stabile pelvic ring structure. Adding a shoulder screw design to the existing INFIX screws
minimizes the flexing of the screw neck at that location.
9.2

STUDY LIMITATIONS
There were a number of limitations to this study. These have to do with the model

creation involving mesh design, material properties, force inputs and validation. Discussions of
these limitations are provided in in the following sections.
9.2.1

Mesh Density
In the earliest stages of the work the mesh density was chosen. The decision was made

to provide correlation to the Dalstra model as a method of verifying that the model was
functioning as expected (Dalstra and Huiskes, 1995). The GHBMC mesh that was used had a
similar mesh density as the Dalstra and was designed for impact loading, which is more severe
than the loading of this study. Ultimately, a finer mesh, should have been tried to determine if
the mesh had been converged.

Ideally, these eight gait phase models can be used for other

fixation methods. Some methods require adjacent screws and insertion angles that would be
difficult to model with large elements. Complex fractures could require very specific propagation
paths that would also need smaller elements. The best mesh density would be one that
considers the modeling of these more intricate conditions, meets the conversion criteria, while
continuing to correlate to the Dalstra data.
9.2.2

Validation
The validation of the model has shortcomings. It is not possible to validate this type of

model to in vivo subjects. Yet, validation of a model to representative experimental data is key
to gaining confidence in the output of the model. In an attempt to show the efficacy of this work,
several steps were taken. Initially, this study was conscientious in supporting every decision
with multiple sources in the literature, preferably sources with experimental data. Then the two
previous methods (Dalstra and Phillips) of applying leg muscles to the pelvic bone to determine
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biomechanical effects were used as a correlation method. A dynamic validation of the pelvic
reaction to a side impact force against experimental data reported by Guillemot et al. (1998)
was conducted to show that the tolerance level of the pelvic ring components were consistent
with published experimental data by evaluating the force-time response curve from the impact.
The PS displacement was compared to a number of studies of cadaveric, post-fixation and
healthy in vivo specimens.

Finally, as the results were indicating behaviors of the pelvic

structure, these behaviors were being supported by the literature.

As an example, the

compression of the pelvis was apparent by the flexing of the INFIX hardware. Hip arthroscopy
research shows that this compression is a normal function of the pelvic system (Bergmann et
al., 2001).
9.2.3

Model Stiffness
The stiffness of the model is higher than expected. This is probably due to soft tissues.

For the initial walking models, although the PS displacement value was within the normal
(cadaveric) range, it was on the low end of that range. The impact test also showed stiffness in
the system that was higher than expected. The ligaments were modeled as linear springs. This
was in order to correlate to the Phillips study. The cartilage modeling properties were chosen to
be linear. For a static model loaded as in the current study, the choice of linear materials is
common and the resulting low strain proves that it is acceptable (Oonishi et al., 1983; Zheng et
al., 2014). Also, the linearity was chosen due to limitations of the software (the Abaqus interface
to Hypermesh did not provide the number of fields of definition as provided in the literature for a
specific set of non-linear cartilage property parameters.) The thin nature of the PS cartilage
prohibits the use of more than two layers of solid elements between the neighboring bony
tissues. It is believed that using two layers will not affect the intent of the current study, partly
because computationally efficient high-quality hexahedral elements were used. Additionally, the
cartilage transfers the loads but is not the region of interest.
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The Global Human Body Model sacrum geometry was not optimized for the innominate
bones. The space was insufficient for the cartilage placement. Widening the space improved
this. Additionally, the elements were misaligned between the sacrum and innominate bones.
This prevented the use of the more accurate hexahedral elements in this region, since the
space was confined and provided only enough space for a single element of that type. The
linear tetrahedron was used.
The APC III fracture application limited the effects of the cartilage stiffness since the
fracture disconnected the cartilage at one side of the PS and SI joint.

The cartilage was

continuing to acting as an absorber even though disconnected, but allowed some losses at the
fracture site. The SI screw was holding the SI joint together for the INFIX modeling.
9.2.4

Dynamic Modeling Considerations
A dynamic study was considered for this dissertation. Due to the dynamic nature of

walking this would have been a logical choice.

However, there are drawbacks to using a

dynamic model. The first consideration was the complexity. The intent was to provide a simple
and fast method that could analyze fixation applications for possible failure modes,

and

direction for improvements. A dynamic model uses more computational time to produce results,
which is expensive. As discussed, direct validation is not possible and direct conclusions about
the effect in the clinical setting are not possible. Using a dynamic model would not improve the
ability to validate the model because the experimental in vivo data is not available.

Although

the cartilage and ligament material properties would be improved, the muscle force inputs would
be difficult to model dynamically throughout their walking functions.
The study included eight gait phases, combined to four bilateral models. These are the
most critical when considering the extreme flexion and extension of the legs (Models 1 and 4),
the hip obliquity (Model 2), and the correlation data for the single-leg stance (Model 3). It would
be beneficial to study finer increments of the gait phases. This would provide the absolute worst
case for the desired measured parameters. This study provided the resources to do these finer
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increments. As the increments become finer, the results will approach that of a dynamic model.
Once the worst case scenarios are determined, only these need to be run for any fixation
method. This reduces the processing time, compared to a dynamic model.
9.2.5

Muscle Force Inputs
There is no way to measure muscle force directly.

The electromyography (EMG)

measurements available in the literature are indirect and need to be converted to force values.
The calculations provided in the literature provide similar results but are not the same. This is
not a simple calculation that can be applied to every muscle uniformly but needs to consider the
volume of the muscle and muscle force generated per unit of volume. The volume changes as
the muscle contracts and relaxes. For the ability to correlate to both the Dalstra and Phillips
works the Dalstra values of muscle force were used.
9.2.6

Application to Age and Gender-Dependent Studies
These bilateral models did not consider properties and geometries due to age. The

pediatric pelvis differs from the adult in size and the subchondral bone properties at the
acetabulum. The aging pelvis is affected by the femur angles and reduced bone density. The
male and female pelves are shaped differently, and the cartilage properties and joint geometry
of a female pre- and post-pregnancy vary. It is not known whether these factors would change
the outcome of this study. Although it is important to consider these factors, the time required
was outside of the scope of this study duration.
9.3

FURTHER STUDY
A great deal has been learned about the INFIX method, its effect on the pelvic structure

and how it can be improved. This work has presented opportunities for future work and for
refining the current methodology. The following discussion will describe these opportunities.
9.3.1

Mesh Density
Since the correlations, with the muscle additions, were made to the Dalstra and Phillips

works, a study could be conducted to assure the mesh density is at least fine enough to
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demonstrate convergence, and still correlate successfully. This can be done by dividing the
hexahedral elements in the whole pelvis as a unit, without disturbing the muscle attachment
nodes, contact pairs and hip angles. The refinement can then be checked by applying various
screw sizes, lengths and angles, as would be appropriate for an internal fixation, or pin fixation.
The study would consider the shapes of the resulting elements after insertion holes were made.
The option of modeling the geometry of screw threads for short-term durability studies should
also be considered when evaluating the final element size.
9.3.2

Validation
As discussed, an in vivo validation is not possible.

There are additional indirect

validations that can be considered. A method of evaluating stress using cadaveric specimens
with strain gages could be developed to further validate these models. The four gait positions
would be used for acquiring this experimental data, to validate the individual models. This would
be a difficult and time consuming method because a true validation would include all of the
muscle inputs. The experimental set-up would be quite extensive considering the application of
all of the inputs to the pelvis.
A PS displacement investigation, using linear potentiometer for in vitro study or
radiographic techniques with volunteers, could be conducted. Each of the four bilateral gait
phase positions would be needed, on a number of subjects. The in vivo study would require
subjects willing to have these images taken.
9.3.3

Model Stiffness
To provide the best stiffness of the model, the non-linear material properties could be

incorporated, and then the results of this change compared to those of the original models. The
current model properties may already be optimized for the purpose of this study, however, it
would be useful to prove these assumptions.

Where the Hypermesh software had the

limitations, with more investigation of the Abaqus software, it may be determined that these
properties could be defined in the solving file set-up.

128
The geometry of the SI joint could be modified to overcome the issues of the original
models. The cartilage gap could be trialed for various amounts of distance between the
innominate bones and the sacrum, to be able to apply the best element type and property for
the desired stiffness. This SI study would also consider the non-elastic material properties.
9.3.4

Dynamic Modeling
Dynamic studies are time consuming to build and timely to solve. Although these are

common for automotive crash studies, they typically model the human with no muscle action.
Still, this would be a basis for creating a dynamic walking model. These studies require nonlinear properties of the cartilage at the SI and PS.

The difficulty would be in calculating and

applying the muscle forces for all of the gait position changes.
9.3.5

Additional Gait Phases
As discussed above, producing finer increments of the gait cycles would be beneficial to

provide the absolute worst case.

This would be less time consuming than developing a

dynamic model. Since the worst case is Model 2 in the current study, these increments would
primarily be around the Model 2 input parameters. The secondary phase of interest would be
leading up to and departing from the heel strike, considering the maximum extension and flexion
of the legs. This is also the part of the gait where the weight shifts from one leg to the other.
9.3.6

Muscle Force Inputs
An in-depth study could be conducted on muscle force values for each muscle and gait

phase. There are available models that are complex and require lengthy solving times, but may
provide a new methodology for determining the muscle forces. A comparison to the original
model values could be made to show accuracy of muscle for choice.
Once an understanding of these values throughout the movement is found, the models
can be run to determine which of these muscles are actually affecting the internal stresses and
compression of the pelvic ring, and if any could be eliminated. This would be an extensive test
due to the many different muscle interactions.
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9.3.7

Application to Age and Gender-Dependent Studies
Age and gender differences could be analyzed for walking conditions and for fixation

methods. Applying age differences to the model would be two-fold. For earlier ages, the
pediatric years, the size of the computer model would need to be altered. As growth occurs the
pelvis increases approximately linearly in size over time until the age of roughly 20 years. The
muscle lengths are also continuously changing.
For adult differences, the aging process of the bone would need to be considered. The
density of the bone decreases in humans at the onset of middle age. It has been shown that an
increase of bone porosity leads to a reduction in mechanical properties (McCalden et al., 1993).
A change in bone stresses during walking due to these mechanical property changes would be
likely. This would be a useful study toward understanding fracture fixations for elderly patients.
Gender differences occur in the shape of the pelvis. Aside from differences in material
properties, the female and male pelves have a number of differences in geometry.

For

example, the general structure of the male pelvis is thicker than the female. The pelvic ring
opening is larger in the female. The obturator foramen in the pubic rami structure is of a
different shape (round for the male and oval for the female).

Due to these inconsistent

geometrical differences it would be hard to predict the internal stresses of one from the result of
the other. The average length of the femur is shorter in the female. This would result in slightly
different force directions into the innominate bones and could also have an effect on the stress
contours.
9.3.8

Biomechanical Testing of the Bridge-X
A biomechanical test of the original INFIX method should be duplicated using the Bridge-

X method. This would provide a comparison of the amount of force to fracture and PS
displacement during the testing force application between the two methods. It would provide a
source of confidence in the method for clinical application.
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9.3.9

Posterior Improvement to the INFIX Method
The APC III fracture results in disruption of the posterior ligaments of the pelvis. An

investigation could be made of fixation methods to recreate the function of the posterior
ligament system mechanically, while continuing to apply the SI screw used with the INFIX. If
this could be done successfully, a pubic symphysis plate may prove to be adequate for
reestablishing the pelvic ring anteriorly, and together with the posterior improvement provide the
needed pelvic ring stability.
9.3.10 Investigation of Different APC Fractures and Effects
This study evaluated the fixation of the APC III fracture using the INFIX method of
fixation.

The models can also be used to evaluate other fracture types.

As explained in

Chapter 4, the pelvis can fracture in many ways. These models would be useful for evaluating
any of the partially unstable fractures and to draw comparisons of the stress effects on the
pelvic bones. They could also be used to make these same types of comparisons on fully
unstable fractures using other fixation methods, such as internal and external, anterior and
posterior fixations.

When considering the benefits of being ambulatory during healing the

various fixation methods could be evaluated for indications of ways to improve the fixators to
allow for better mobility.
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CONCLUSION
The goal of this study was to analyze and INFIX anterior percutaneous pelvic fixation
method and then design an improvement that would lead toward ambulation with the INFIX
hardware in place. The aims were to:
•

Create the static walking models and determine the baseline pelvic behavior

•

Create the APC III fracture to the pelvic and apply the INFIX hardware and
analyze the effect

•

Improve the INFIX system toward the ability of the patient to ambulate during
healing

These aims were successfully accomplished and new insights have been provided for the
analysis of pelvic fixation methods, especially for the APC III fracture.
The results of the development and simulation of the four walking static FE models lead
to the following conclusions:
1. The walking models mimic the pelvic function as validated by measurements and
correlation to the literature, and to the validation studies.
2. The ground reaction force inputs through the legs when in flexion and extension, plus
the hip obliquity is reflected in the model as a torsional response in the pelvic structure.
3. The hip obliquity is a significant input when modeling the walking function.
4. The peak stress values were found in Model 2 at the inner innominate bone surface
behind the acetabulum, with a value of 35 MPa.
5. The external area over the acetabulum of the leg in flexion shows high stress values, in
general.
6. Using three boundary conditions at the lowest elements of the sacrum allowed the pelvic
structure to flex naturally with the torsional forces due to walking.
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7. This method has been developed and can easily be modified for more increments of the
other gait cycles.
The INFIX analysis, when applying the hardware to the four models with an APC III
fracture induces provided the following conclusions:
1. The flexing of the rod mimics the natural function of the pelvis and acts as a spring to
relieve the compressive forces through the single-leg stance phase.
2. The INFIX is effective mechanically for non-ambulatory conditions because it provides
the upper pelvic area stability, however, it does not provide stability for the lower portion
of the pelvis at the pubic rami and does not create overall pelvic ring stability.
3. Instability is indicated by a pubic symphysis displacement of 1.8 mm which is
significantly greater than that of a healthy subject. The intact model value was 0.127
mm.
4. The worst case stress location, Model 2 inside the acetabulum, increased in stress by
195.5 %.
5. The pubic rami stress was reduced due to the fracture of the pubic symphysis which
caused a release of stress at the joint.
6. Since the INFIX method does not include the pubic rami in the stabilization, changes to
the INFIX hardware will not improve the pelvic ring stability.
7. In order to return fractured and repaired pelvis to the intact condition, the lower section
of the left innominate bone needs to move with the upper right innominate bone to
provide pelvic ring stability and reduce the stresses throughout the pelvis due to the
fracture and fixation. And the lower section of the right innominate bone needs to move
with the upper left innominate bone.
8. Allowing the screws to flex could lead to loosening under the cyclical conditions of
walking and this flexing should be minimized.
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The knowledge gained from the first two aims lead to the design of an improvement to
the INFIX hardware, called the Bridge-X. This improvement was analyzed and the following
conclusions were drawn:
1. When bridging the lower pubic rami area to the opposite upper area of the innominate
bone, on both sides simultaneously, the shear forces at the pubic symphysis are greatly
reduced.
2. The crossed bars need to be clamped at the crossed section for results approaching the
intact pelvis.
3. The Bridge-X decreases the pubic symphysis displacement by 74%, and to a value of
0.49 mm, which is in the lower range of the healthy pubic symphysis displacement.
4. With the Bridge-X hardware applied, the stresses throughout the pelvic structure are
reduced, with the greatest decrease of 48 % adjacent to the sacroiliac joint.
5. The deformation of the pelvic ring was eliminated.
The method and results of this study have shown that finite element analysis of static
walking positions can be used to evaluate fixation methods. It has also shown that there is
potential for ambulation with anterior percutaneous fixation method such as the INFIX when
using the Bridge-X improvement method. Several limitations outlined in Chapter 9 should be
considered in the future for further advancements of the knowledge gained in this dissertation.
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Trauma to the pelvis is debilitating and often needs fixation intervention. In 58% of
patients with this trauma, the injuries can lead to permanent disability, preventing the return to
jobs.

Of all unsuccessful fixation procedures, 42% are caused by failures of the method,

sometimes due to mobilization during healing.

The unstable anteroposterior compression

fracture is of particular concern due to the blood loss into the increased pelvic volume with the
pelvic ring fracture. External fixation was introduced for an expedient solution. This fixation has
drawbacks such as few positions for the patient during healing and an increased chance of
screw site infection.

A method was developed, called INFIX, and is applied percutaneously to

provide the same benefits as the external fixation method but eliminates the drawbacks.
Patients would benefit by having fixation hardware in place that enables ambulation.
This would allow increased comfort and self-care. During walking, the ground reaction forces
through the legs and into the pelvis can induce torsion into the pelvic ring and across the joint
cartilages. An understanding of how the INFIX responds to these walking forces is needed. It is
also necessary to determine the effect of the INFIX on the stability of the pelvic ring. From this,
modifications can be developed that allow for ambulation. The aims of this study were to
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provide a method, using finite element (FE) analysis, for evaluating the intact pelvic responses
under the walking conditions, to use the FE model to analyze the INFIX method during walking
conditions, and to develop an improved method that would potentially allow for ambulation.
A method was developed that incorporated all of the necessary ambulation factors in
four bilateral, static, FE models representing eight gait phases. For this study, an understanding
of the associated anatomy was necessary. Additionally, the biomechanics of the pelvis, the
fracture classifications and the related fixation methods needed to be researched. The FE
models were built as static bilateral pelvic structures, including the ligaments, hip inputs, leg and
trunk muscles, and hip motions. Then the anteroposterior compression fracture and INFIX
hardware were applied to the gait-phase models and analyzed.

Finally, an improvement

method was developed and analyzed.
The resulting stress contours of the full pelvic ring, the pelvic ring and hardware
deformation, and the pubic symphysis displacement were evaluated and reported under the
baseline, original hardware, and improved hardware conditions.
Due to this study, the stress response of the pelvis due to walking phases is provided
and adds new knowledge to the field for applying pelvic fixation methods. The INFIX method is
better understood in terms of the deformation of the hardware while in place and the effect it is
having on the pelvic system.

Additionally, a new cross-rod configuration, the Bridge-X, was

designed through numerical simulations to allow early ambulation that is needed to promote
better healing. In subsequent work, additional phases of the gait can be modeled to ensure the
worst case scenarios are being considered. Biomechanical testing could be used to validate the
new improved method relative to the original method. This modeling method can be applied to
other types of fractures and new fixation methods as they are being developed.
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