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ABSTRACT 

Femoroacetabular impingement (FAI) is a hip condition which can limit hip motion 

and cause pain particularly in young and athletic patients. It is considered as a patho-

mechanical process leading to progressive and degenerative damage of the joint. 

Surgical treatment for femoroacetabular impingement focuses on improving the 

clearance for hip motion, reducing the femoral impact against the acetabular labrum. 

The procedure involves the surgical resection of the cause of impingement which 

consists of trimming the acetabular rim and/or the femoral head-neck offset.  

Currently, there are no comprehensive tools available for pre-operative planning of 

FAI surgery and so the area and depth of bone resection are identified based on the 

skill and experience of the surgeon. This means that it is difficult to predict the 

degree to which the procedure will be successful, in terms of reducing pain and 

increasing the range of motion (RoM) of the hip, prior to surgery. In addition, 

resection can lead to increased stress in the remaining bone which in some cases can 

result in post-operative femoral neck fracture, a recognized risk of FAI surgery 

which is increased if the bone is osteoporotic. 

This thesis describes the development of a framework that will enable a tool to be 

created that can be used for the diagnosis, preoperative planning and selection of 

treatment for patients with cam-type FAI. The framework consists of a number of 

complementary 3-dimensional finite element (FE) models. The models are created 

from computer tomography (CT) data from actual patients with cam-type FAI. The 

first FE model was developed in order to predict the stress distribution in the head-

neck region of the femur following resection surgery for FAI enabling the effect of 

resection depth to be investigated under loading conditions corresponding to typical 

daily activities. The model demonstrates that resection depth should be kept to less 

than one third of the diameter of the neck in order to ensure structural integrity. The 

second finite element model developed utilises a quasi-brittle damage plasticity 

material formulation to investigate the mechanism and risk of femoral neck fracture 

following femoral osteochondroplasty in osteoporotic and non osteoporotic hips. 

Predictions indicate that fracture can occur in osteoporotic hips during typical daily 

activities. Also, the likelihood of fracture increases when patients are subjected to 

high load conditions and activities, even in non-osteoporotic patients. The third FE 

model was developed to assess the reduction in the internal rotation movement in 

hips with cam-type FAI and identify and examine the areas where impingement 

occurs. The model shows that FAI can result in a significant reduction in hip motion 

and that impingement area and RoM are patient dependant. All three FE models were 

validated with results from experimental studies. 

The three models combined provide the framework for a virtual osteochondroplasty 

tool. The procedure for using the tool involves undertaking a virtual resection of a 

FAI hip based on the areas of impingement identified by the RoM analysis provided 

by the third FE model.  Finite element models one and two are employed to ensure 

that the virtual resection remains within safe limits and stress does not elevate in the 

remaining bone to levels that would significantly increase the risk of femoral neck 

fracture.  The framework was validated by comparing the RoM predicted following a 

virtual osteochondroplasty undertaken on a model of a hip from an actual patient 

with FAI with the results from a model of the same hip created from CT scan data 

taken after an actual osteochondroplasty had been performed on the patient using a 

resection area and depth identified in the conventional way by a surgeon.   
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1. CHAPTER I: INTRODUCTION 

1.1 Overview 

The joints are the means of union between two or more bones of the skeleton, taking 

charge of movement with the collaboration of muscles and ligaments. They can be 

classified according to their structure: synovial joints which allow a wide range of 

movements and the fibrous and cartilaginous joints which have a much smaller range 

of motion (RoM). They can also be classified according to the function performed: 

diarthrosis, amphiarthrosis and synarthrosis, which are freely mobile, semi-mobile 

and immobile, respectively. In the human body most joints are synovial, 

characterized by their large of range movement and the synovial sides of the joint [1-

6]. 

There are several factors that can lead to restricted or abnormal function of the joints. 

These factors include congenital abnormalities, abnormalities acquired by growth or 

extreme physical activity and diseases such as osteoporosis and osteopenia, which 

affect the bone mineral density. A particular case of bony abnormalities occurs in the 

hip joint and is known as femoroacetabular impingement (FAI). Femoroacetabular 

impingement occurs due to irregular morphology of the proximal femur and/or 

acetabulum causing repetitive damage to the chondrolabral junction and subsequent 

permanent degenerative changes as a result of the constant impact between the parts 

of the joint. FAI is thought to be responsible for the development of osteoarthritis in 

many young patients that was previously described as idiopathic. 

The aetiology of the most common abnormalities resulting in femoroacetabular 

impingement has not yet been identified. Excessive stress concentration produced by 

playing sports and physical activity, trauma during growth and genetics represent the 

main reasons for the abnormalities. In addition, there are some post-traumatic 

surgical procedures and iatrogenic deformities, which also lead to impingement. 

However, as the aetiology is not yet fully understood, preventive measures are not 

available at present. The risk of an incorrect diagnosis or the use of inappropriate 

procedures arrives from the equivocal presentation of the FAI. To prevent 
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complications like osteoarthritis and to avoid more radical procedures such as 

arthroplasty, early diagnosis and appropriate treatment of FAI are essential [3, 7-27]. 

1.2 Research Background 

Femoroacetabular impingement is still a little-known cause of hip pain and its 

diagnosis is often not very accurate. Jäger et al.[28] mention an average delay of 5.4 

years from the onset of symptoms to diagnosis, while Burnett et al.[29] found a 21 

month delay in diagnosis with an average of 3.3 visits to different medical 

specialties. 

In the last decade, interest in FAI as well as the number of published scientific 

publications about it has increased; some of the research has been focused on 

defining the aetiology, clinical and radiographic assessment and treatment or 

reshaping surgeries. However, there are no mechanistic studies to provide 

information of this pathology, its treatment and possible prevention [7-11, 13-15, 17, 

18, 21, 23, 24, 28, 29]. 

In regard to surgical treatment, one experimental study has focused on the depth of 

resection and its impact on the mechanical performance of the bone. This 

investigation was based on performing compressive tests on several cadaveric femurs 

after resection to several different depths [3]. Another study focused on the effect of 

the accuracy of resection on the femoral head-neck area by performing a computer-

assisted osteochondroplasty on resin models and cadaveric femurs [30]. The impact 

of bone quality on the outcomes of femoral osteochondroplasty has not been 

investigated; indicating that, more research is required to validate the mechanics, 

improve diagnosis and treatment of FAI.  

1.3 Objectives and Methodology of the Research 

The aim of the research described in this thesis was to develop a 

framework/methodology that would provide the foundation for the creation of a tool 

that can be used for the diagnosis, preoperative planning and selection of treatment 

for patients with cam-type FAI. This involved investigating the mechanical 

behaviour of the hip during cam-type FAI and developing a methodology to predict 
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the impingement areas to be able to recommend a more accurate surgical procedure 

based on the conditions of each individual patient. The research project was 

undertaken in collaboration with Wrightington Hospital, UK. All patient information 

was provided by the hospital as well as medical advice in terms of anatomy, 

physiology and development of the virtual medical procedures. Although the 

framework developed in this thesis was applied to cam-type FAI only, the 

methodology is general and can be applied for other types of impingement.  

To accomplish the aim of the research, it was first necessary to perform a stress 

analysis in order to determine the safe resection limits for performing an 

osteochondroplasty for cam-type impingement and to find the impact of femoral 

osteochondroplasty on the mechanical behaviour of the bone. Once the stress 

analysis was undertaken, a failure analysis was performed for critical loading 

conditions in models of healthy and osteoporotic bones after femoral 

osteochondroplasty to confirm the safe resection depth limits and the impact of the 

resection if the bones exhibit osteoporosis.  

Finally, having determined the resection depth limits it was possible to then perform 

a virtual osteochondroplasty with the minimal invasive procedure to alleviate the 

impingement after having determined the bone volume to be removed by first 

identifying the impingement areas during an internal rotation movement analysis 

performed on a hip model for each patient. The results of this study will enable 

surgeons to optimize treatment by identifying the location of the FAI and improving 

the surgical procedure for each individual case.  

A novel set of models of different hip joints with impingement and healthy 

conditions were developed in order to simulate the behaviour of the joint with 

anatomic irregularities and to simulate joint function following surgical resection by 

virtual osteochondroplasty. The three-dimensional (3D) geometries of the bones 

were constructed in Scan IP® commercial software by using DICOM files (Digital 

Imaging and Communications in Medicine) from CT (Computed Tomography) scans 

obtained from patients exhibiting cam-type impingement. Once the geometries were 

completed, PowerSHAPE Pro® software was used to convert them to solid 

importable parts and to construct the tools needed to perform the virtual resections. 
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The final solid geometries were imported into Abaqus CAE® Finite Element 

Analysis software to perform all the necessary corresponding analyses for the current 

study [31-33]. 

The remaining chapters in this thesis are presented as follows: Chapter II a literature 

review of FAI as a medical concern; dealing with the pathology, diagnosis and 

treatment. In addition, a review of the relevant research work that helps to address 

the objectives is presented. 

Chapter III describes the structure and function of the hip joint with the purpose of 

understanding and becoming familiar with the medical terminology, anatomy, and 

biomechanics of the hip; this chapter also provides descriptions of bone and 

cartilage, their mechanical behaviour and material characteristics.  

Chapter IV provides details of the development of the numerical models, in 

particular the general process used to create the geometries from CT scans using 

ScanIP®, production of the solid geometries and performance of the virtual resection 

using PowerSHAPE Pro®, and, lastly, creation of the final assembly in Abaqus 

CAE® to perform the Finite Element Analysis. In addition, this chapter presents a 

stress analysis of the femoral epiphysis after osteochondroplasty for different 

resection depths during various daily activities. 

Chapter V describes a failure analysis of the femoral epiphysis for healthy and 

osteoporotic bone after femoral osteochondroplasty at different resections depths 

during critical loading activities. 

Chapter VI presents an analysis of the flexion-internal rotation movement of 

abnormal hips, including calculation of the range of motion (RoM) and identification 

of the impingement areas on the femoral epiphysis during FAI. The overall 

framework/methodology developed to address the reduction of range of motion and 

osteochondral injuries resulting from FAI by performing a virtual osteochondroplasty 

is then described. 

Finally, conclusions of the research are presented in Chapter VII.  



PhD Thesis                                                                                                                                                 Chapter II 

 

22 

 

2. CHAPTER II: FEMOROACETABULAR 

IMPINGEMENT (FAI) 

2.1 Introduction  

The hip joint has a wide range of motion, supports a substantial proportion of body 

weight during walking and is fundamental to the movement of the body. The hip 

joint is frequently subjected to injuries and wear, and so hip pain is a common cause 

for medical complaint and is present in different diseases and in patients of all ages 

[1, 2, 4-6, 23, 34].  

2.2 Femoroacetabular Impingement 

FAI, often referred as hip impingement, is not considered a disease but a 

pathomechanical process resulting from abnormal morphology of the proximal femur 

and acetabulum. This results in abnormal contact between the parts of the joint that 

leads to progressive degenerative damage, mainly in soft tissue, which is critical for 

the development of osteoarthritis (OA) in younger patients. Frequently, FAI has a 

confused presentation that hinders correct diagnosis; this constitutes a risk for 

inappropriate treatment and even surgical procedures. Proper diagnosis of FAI and 

future treatment are very important in preventing complications such as osteoarthritis 

and avoiding more radical procedures such as arthroplasty [3, 8, 9, 11-16, 18-27, 35-

37]. 

2.2.1 Pathology  

FAI has been reported for over a century and has been identified as a sequel of some 

childhood diseases such as slipped capital femoral epiphysis or hip dysplasia in 

childhood. However, FAI was not considered as a mechanical cause of osteoarthritis 

until the development of open dislocation surgery of the hip, as this procedure allows 

observation of all the faces of the joint. 

In Switzerland, in the early 90’s the roots of the current concept of FAI appeared as a 

result of irregular bone healing on a femoral neck fracture. However, the aetiology of 

many of the abnormalities that can cause FAI have not been well defined. Physical 

stresses produced by sports or trauma during development and genetic factors 
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represent the main reasons for abnormalities in the femoral epiphysis, while there is 

an important number of  post-traumatic and iatrogenic deformities, such as dysplasia, 

femoral retrotorsion, and femoral varus osteotomy or retroversion after pelvic 

osteotomy that may lead to FAI. However, because there is no clear aetiology, 

preventive measures are generally not effective [3, 8, 9, 11-16, 18-27]. 

The current concept of FAI was postulated by Ganz et al. [18], as a pathological 

process that causes mechanical impingement when an abnormality exists in the shape 

of one or both bones of the hip. These anatomic abnormalities reduce clearance in the 

hip and with it the range of motion, resulting in acetabular cartilage and labrum 

injuries, hip pain and eventually arthrosis [9]. Alternatively, FAI can occur in a 

normal shaped hip, as a consequence of an extreme rate of motion [8].  

The antero-superior area of the femoral head-neck junction and the acetabular rim 

are the regions where abnormal contact occurs more frequently. Consequently, 

damage occurs in the supra-lateral area of the joint, sustained during flexion and 

internal rotation of the hip. Figure 2.1 shows the areas of bone excess which are the 

cause of FAI [9, 11, 16, 23, 25]. 

  
a b 

Figure 2.1  Excess of bone causing FAI. (a) Femoral head-neck; 

(b)Acetabulum (modif.) [38]. 

2.3 Types of Femoroacetabular Impingement 

In FAI, the femoral head remains well-centred, but freedom of movement is limited 

either by abnormality of the acetabulum, the proximal femoral epiphysis or a 

combination of both. 
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Two types of mechanisms of FAI have been described, based mainly on 

intraoperative observations of the injuries. When the clearance of motion is limited 

by the acetabulum, this condition is known as “Pincer Impingement” whereas if 

movement is limited by some malformation in the femoral epiphysis, it is known as 

“Cam Impingement”. Some 86% of patients present both abnormalities at the same 

time, which is known as “Mixed Impingement”. Figure 2.2 shows the normal shape 

of the hip joint and the three different femoroacetabular impingement types [3, 9, 11, 

14-16, 18-20, 23, 27, 39-42]. 

  
a b 

  
c d 

Figure 2.2  Types of femoroacetabular impingement. (a) Normal; (b) Cam; (c) 

Pincer; (d) Mixer. 

2.3.1 Cam-type Impingement 

Through the years, this bone deformity has been known as "pistol grip" or "postslip" 

morphology and is more common in young athletic men around 30 years old. The 

characteristics of cam-type impingement include a synovial herniation pit, a 

dysplastic “lump” and a “pistol grip” deformity, which are typically located on the 

anterior-superior and lateral region of the femoral head, where the femoral head and 

the neck meet. 
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The cam mechanism occurs when a nonspherical femoral head or an insufficient 

concavity between the neck and head of the femur, enters into a morphologically 

regular acetabulum. Normally, this area of the proximal femur has a concave 

configuration but in this type of impingement, it is flattened or convex. 

This pathomechanical process is more frequent in young athletic males and occurs 

mainly during flexion of the hip. As the hip is flexed, there is a shear stress in the 

superior-anterior acetabular cartilage at the labral cartilage junction. As a 

consequence of the shear forces, an outside-in abrasion occurs on the acetabular 

cartilage and/or on the labrum and bone in the region, leading to a detachment of the 

labrum. Osteophyte formation can occur after repetitive impingement between bones 

which can lead to further more serious problems. 

It has been suggested that FAI may be a consequence of an asymptomatic slipped 

capital femoral epiphysis. Other evidence suggests the development of these 

abnormalities may be a result of defective elongation of the femoral common physis 

between greater trochanter and femoral head that may lead to a reduction in the 

concavity of the femoral head-neck junction. There is also evidence that the cam 

impingement may occur as a result of femoral retrotorsion or any abnormal increase 

in the neck-shaft angle, resulting in the condition known as coxa valga. Figure 2.3 

illustrates the reduction in the range of movement caused by the dysplastic neck/ 

head lump in cam-type impingement which increases the risk of a subtle joint 

subluxation [3, 9, 11, 13-16, 18-20, 23, 25, 27, 28, 39-43].  

 

Figure 2.3  Cam-type femoroacetabular impingement. 
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2.3.2 Pincer-type Impingement 

Women around 40 years old are the most common patients to have pincer type 

impingement. As in the cam-type impingement there is not a well-defined aetiology, 

although it is associated with some disorders such as slipped capital femoral 

epiphysis, acetabular retroversion, coxa profunda or post-traumatic dysplasia which 

leads to acetabular over-coverage. In this type of impingement, contact between 

bones occurs on the antero-superior region of the femoral epiphysis as in cam-type 

impingement, but in this case it is a consequence of the abnormal acetabular shape.  

Unlike cam-type impingement, pincer impingement produces damage in a very 

restricted area of the hip; just a thin line near the acetabular rim leading to limited 

and small chondral lesions, however, the repetitive impact on the labrum produces 

abrasion and ossification in the soft tissue resulting in a progressive increase of the 

over-coverage of the femoral head. As in cam-type impingement, failure to diagnose 

the pathology may lead to osteoarthritis of the hip. Figure 2.4 shows the excessive 

acetabular coverage which reduces the range of movement. Table 2.1 compares the 

main characteristics of the two types of FAI [3, 9, 11, 13-16, 18-20, 23, 25, 27, 39-

42]. 

 
Figure 2.4  Pincer-type femoroacetabular impingement. 
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Table 2.1 Characteristics of femoroacetabular impingement [25]. 

CRITERIA CAM-TYPE PINCER- TYPE 

Cause 
- Nonspherical head 
- Neck/head “lump” 

-Focal or general over-
coverage 

Mechanism 
Jamming of abnormal 
portion into acetabulum 

Linear contact between 
overcovering rim and 
head/neck junction 

Sex distribution (M:F) 14:1 1:3 
Average age (range) 32 (21-51) 40 (40-57) 
Typical location of 
cartilage damage 

-Antero-superior 
-Lateral 

-Circumferential with 
contrecoup 

Average depth of 
cartilage damage  

11 mm 4 mm 

M:F → Male:Female 

2.4 Symptoms and Diagnosis 

Primary presentation of FAI starts with the slow onset of groin pain, typically after a 

minor impact. Pain is intermittent in the initial phases of the disease, but increases 

according to the demands required of the joint such as athletic activities, 

immobilization for long periods, and even during long walks.  

The initial symptoms are stiffness in the groin region or in the anterior side of the 

thigh, as well as inability to flex the hip further than 90 degrees. 

During the second phase of symptoms, some movements become uncomfortable for 

the patients such as tying shoelaces or flexing the hip towards the trunk, with the rate 

of internal rotation motion reduced and occasionally the joint locks and gives way 

[11, 19, 22, 25]. 

2.5 Physical Evaluation 

All patients are subjected to systematic physical examination, including a range-of-

motion in flexion, extension, abduction, adduction, and external and internal 

rotations. The two principal tests to diagnose FAI, are the Anterior Impingement Test 

and the Flexion Abduction External Rotation Test (FABER) [11, 19, 22, 25].  
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2.5.1 Anterior Impingement Test 

The Anterior Impingement Test (AIT) requires the examiner to flex the hip to 90º 

gently, followed by a forced adduction and internal rotation, as is shown in Figure 

2.5. The final position brings the femoral neck-head junction close to the antero-

inferior region of the acetabulum, and recreates the position that can lead to 

impingement. Outcomes from the AIT can be positive or negative based on the pain 

signals from the patient. A positive result is considered when pain is experienced 

during the test due to contact of the injured areas. Absence of pain is considered as a 

negative test outcome [19, 23, 25].  

 
Figure 2.5  Anterior impingement test. (modif.) [23]. 

2.5.2 FABER Test 

Initially, the FABER test was performed on golfers with pathologies of the hip and 

spine. The test starts with the patient in the supine position with the leg in a figure-

four position following the movement sequence of flexion/abduction/external 

rotation. Secondly, a downward force is applied perpendicularly to the leg and the 

body is stabilized by applying a force to the contra-lateral hip as is shown in Figure 

2.6. The test is positive for impingement when the vertical measurement taken from 

the lateral side of the knee to the diagnostic table is less when compared with a hip 

free of pathology. When this occurs it is due to the abnormal shape of the hip which 

restricts the femur in achieving the target position causing pain by the contact of the 

injured areas [22].  
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Figure 2.6  FABER test. (modif.) [22]. 

2.5.3 Imaging Assessment 

Plane X-rays are the primary procedure to diagnose any abnormality of the bones. 

However, for the assessment of the abnormalities that cause impingement, 2D 

radiographs are sometimes not adequate, because the abnormalities are not clearly 

shown.  

A very complex radiograph set is needed for the assessment of the FAI. For 

acetabular retroversion, an antero-posterior (AP) pelvic radiograph is needed because 

a radiograph of a hip alone does not permit the viewing of bony abnormalities. For 

cam-type impingement the common bump deformity is frequently seen in an AP 

pelvis view, because most of the non-spherical extensions of the femoral head are in 

the anterior region. Finally, rim ossification and retroversion of the acetabulum may 

also be seen in the marks on the anterior edge of the acetabulum [10, 14, 18, 22].  

However, plane radiographs are not able to localize abnormalities on the femoral 

borderline or antero-superior abnormalities. To get a better view of the intra-articular 

alterations that are not easily detectable with common X-ray it is necessary to use 

another imaging method such as magnetic resonance imaging (MRI) or magnetic 

resonance arthrography (MRA). 

Currently, MRA is the most helpful method in diagnosing labral pathologies. MRA 

has the capability to define abnormalities properly, principally in patients who 

present hip dysplasia and impingement and so resulting in better treatment. Figure 

2.7 shows the two types of FAI in plane radiographs [10, 14, 18, 22, 44, 45].  
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a b 

Figure 2.7  Radiographic assessment of FAI. (a) Cam-type; (b) Pincer-

type. (modif.) [18, 25]. 

2.6 Treatment of Femoroacetabular Impingement 

The first phase of treatment is a conservative plan, which includes modification of all 

activities that may have an impact on impingement, for example sports, and also 

reduction of excessive motion and loading on the hip. Early treatment includes the 

administration of anti-inflammatory medications to reduce the pain. However, 

extended pain treatment may hide the symptoms of worsening pathology. 

Physiotherapy focused to improving the range of movement is used; however, it 

could result in an iatrogenic injury. 

Despite the attempts of conservative treatment on high activity patients, surgical 

procedure is often the only way to effectively treat this pathology. The surgical 

procedure is commonly known as osteochondroplasty for hip impingement; which is 

a procedure to repair or modify both bony and cartilaginous structures [3, 8, 10, 11, 

14, 18, 19, 21, 25, 39, 46-48]. 

Osteochondroplasty focuses on improving the space for the movement of the hip and 

reducing impact of the femur against the acetabular edge. The type of treatment 

modality performed is determined primarily by the morphological abnormality that 

gives rise to the FAI. 

In pincer-type impingement, over coverage of the acetabulum is modified. Figure 

2.8a shows an example of a resection of the acetabular rim. In cam-type 

impingement, the RoM of the femoral head-neck is optimized by increasing the 

sphericity of the head as is shown in Figure 2.8b. Osteochondroplasty for hip 



PhD Thesis                                                                                                                                                 Chapter II 

 

31 

 

impingement is carried out by open surgical or arthroscopic procedures [3, 11, 14, 

18, 19, 25, 46, 47, 49, 50].  

  
Before resection After resection 

a 

  
Before resection After resection 

b 
Figure 2.8  Osteochondroplasty for FAI. (a) Acetabular 

resection; (b) Femoral head resection. (modif.) [19]. 

2.6.1 Open Surgical Treatment 

The main objectives of surgical treatment for FAI are basically, to improve hip 

motion and reduce the impact between the femoral head-neck junction and the 

acetabulum. This procedure consists of a surgical resection or reshaping of the 

abnormal morphologies in the bones. One of the surgical procedures involves hip 

dislocation to allow a 360° view of the hip. This treatment usually has successfully 

mid-term results [18]. 

Open surgical techniques are usually more precise in dealing with impingement 

abnormalities; also these techniques allow resections of the head/neck, the base of 

the femoral neck and in the intertrochanteric region. Figure 2.9 shows how the 

dislocation surgery is performed. The open technique has become the main surgical 

treatment for FAI with more than 70% of procedures showing excellent results [3, 8, 

11, 18, 19, 21, 25, 39]. 
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Figure 2.9  Surgical dislocation of the hip as treatment for FAI. (modif.) [19]. 

2.6.2 Arthroscopic Treatment 

Arthroscopy is a minimally invasive procedure performed by the introduction of a 

visualization/illumination device called an arthroscope through a small incision, and 

one or two extra small incisions to introduce the irrigating and trimming instruments 

to perform the procedure. Minimal damage in healthy tissues during arthroscopy, and 

consequently, faster healing are the main advantage over the open technique as 

shown in Figure 2.10. However, the limited space available in this technique is a 

disadvantage in obtaining a proper view of the tissues involved during the surgery [3, 

11, 14, 18, 19, 25, 46, 47, 49, 50]. 

  
a b 

Figure 2.10  Hip arthroscopy. (a) Instrumentation; (b) Surgeon view. (modif.) [51]. 
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2.7 Research Approaches to Address FAI Issues 

Although a number of research findings have been documented regarding FAI, many 

of them are focus on issues such as aetiology, diagnosis, and surgical procedures 

from the medical point of view. However, from the mechanical point of view, there 

is still a lack of information about the mechanical behaviour of FAI, the mechanical 

impact of the surgical procedures and its consequent risk of fracture. Currently, 

multidisciplinary research techniques which combine imaging methods, virtual 

modelling and analyses in cadaveric and composite bones are employed by 

researchers in an attempt to answer the unsolved concerns about FAI.  

Imaging methods have been used to study the effect of geometric variables on the 

FAI mechanism. Wyss et al.[37] analyzed the effectiveness of the use of MRI to 

prognosticate clinical symptoms. This study compares the physical examinations and 

the analysis of the MRI performed on subjects diagnosed with FAI and a control 

group of asymptomatic patients.  A positive correlation (0.97) was found between the 

internal rotation RoM at 90º of flexion and the beta angle measured in the MRI. Two 

imaginary lines running through the centre of the femoral head define the beta angle, 

the first line going to the lateral limit of the acetabulum and the second going to the 

point where the cortical cortex exceeds the radius of the femoral head, as is 

illustrated in Figure 2.11a. 

Moreover, Beaule et al.[52] demonstrated the usefulness of 3D CT scans as a 

noninvasive method to study FAI by comparing the measurements of the alpha angle 

on symptomatic patients and a control group. The alpha angle is defined by a line 

extended from the axis of the femoral neck (through the centre of the femoral head) 

and a line from the centre to the femoral head to the point where the cortical cortex 

exceeds the radius of the femoral head, as shown in Figure 2.11b. 
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a b 

Figure 2.11 Imaging methods approach to FAI concerns. (a) Measurements in MRI; (b) 

Measurements in CT scan. (modif.) [37, 52].  

With regards to mechanical studies about surgical treatment for FAI, the only study 

to date to address the issue of femoral osteochondroplasty was undertaken by 

Mardones et al.[3]. It was a cadaveric study to evaluate the safety of the surgical 

techniques by testing 15 pairs of femurs in compression. One of the femurs was 

included in a control no-resection group and the corresponding femur of the pair was 

subjected to the resection, which was varied in depth from 10% to 50% of the 

diameter of the femoral neck. In this study, all femurs were tested until fracture.  

The results indicated that the 10% resection depth group did not show any significant 

difference in the values of peak loads and energy to fracture compared with the 

corresponding control group. The results for the 30% resection depth group showed a 

reduction of around 15% in the values of peak loads and energy to fracture between 

the resection specimens and their corresponding non-resection control pair.  

Finally, the results of the 50% resection depth group indicated a significant reduction 

in the peak loads needed to fracture compared with the corresponding, non-resection 

control pair, reaching approximately 1200N before fracture. In this group, all the 

fractures in the resected femurs occurred in the resection areas as a consequence of 

structural weakening caused by the removal of material in that region; whereas in 

their control pairs, fractures occurred away from the femoral head-neck shaft [3]. 

Regarding the use of three-dimensional (3D) models to investigate the range of 

motion (RoM) in patients with FAI, Tannast et al.[53] demonstrated a reduction in 

RoM using software based on a CT scan, which was validated with cadaveric and 

resin hips. Tannast et al.[53] analysed the reduction in RoM during internal rotation 
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movement at 90º of flexion. However, the study had substantial limitations such as 

the absence of cartilage and material properties in the models, and the model could 

not be applied in hips presenting a large dysplasia and advanced osteoarthritis.  

Chegini et al.[54] analysed the stress distribution in the hip as a result of FAI; in this 

study they demonstrated the relation between irregular geometry and activities with 

stress concentration. However, the major limitation of this study was the use of 

CAD-created geometries, which are highly different to the geometries obtained from 

CT scans.     

Lopes et al.[55] developed a subject–specific 3D model from magnetic resonance 

arthography (MRA) to evaluate contact pressures in the femoral and acetabular 

cartilages as a consequence of FAI. This study compares the contact pressure at four 

predefined nodes in the expected impingement areas and the angular displacements 

in the model with those obtained in the clinical analysis of the patient before surgery. 

Although this appears to be the only study in the literature which includes actual FAI 

abnormal geometries, it still has limitations such as the absence of bone material 

properties, exclusion of ligaments and the lack of more patient models to compare 

the results.  

Furthermore, Clinical Graphics© has recently developed a 3D motion simulator to 

help surgeons to localize affected areas and RoM of impinged hips. By using CT-

scan based 3D models, Clinical Graphics'© software simulates the RoM from 

geometric anatomic parameters of the bones such as femoral alpha angle, femoral 

head coverage and acetabular orientation. This software has recently emerged as a 

useful visualization tool, providing insight into the functioning of the hip; however, it 

is still not considered as a replacement for the diagnosis methods but rather as a tool 

to help define the surgical procedures to be performed in a hip already diagnosed. 

Clinical Graphics’© models only provide geometric visualization of the bones and 

do not include cartilaginous geometries, ligaments or material properties [56]. 
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3. CHAPTER III: ANATOMY AND BIOMECHANICS 

OF THE HIP 

3.1 Introduction 

The adult human skeleton has 206 bones which represent approximately 12 to 15% 

of the total body weight. It is a mobile framework of bones connected at several 

joints, which provides support and protection for the softer tissues and the internal 

organs [57-63].  

Commonly known as the hip, the coxo-femoral joint is formed by the connection 

between the innominate to the proximal femur. The hip is basically the joint between 

the trunk and the lower limbs and therefore is essential for weight transmission 

during human motion. 

The hip is able to support all the body weight on one leg and maintain a stable weight 

transfer particularly in the movement of the trunk on the femur as occurs during 

walking or running. Alterations in the form of the femur and pelvic bone, and 

alignment of the hip can change the distribution of stress, leading to bone and 

cartilage damage and arthritis [1, 2, 5, 6, 64-68].  

3.2 Hip Anatomy 

The hip is the most proximal synovial joint in the lower limb and is composed of the 

femoral head and the acetabulum, as illustrated in Figure 3.1. As in all synovial 

joints, the hip has a capsule surrounding the articulating surfaces, which contains 

lubricating synovial fluid within that capsule. 

The hip articulation has a loose capsule and it is surrounded by long muscles. A 

strong layer of hyaline cartilage covers both contact surfaces of the joint which are 

the femoral head and the lunate surface of the acetabulum.  

The hip is the largest and most stable joint in the body; this stability is provided by 

the rigid ball and socket configuration with the round femoral head articulating 

within the round acetabular socket; the main functions are locomotion and support. 

When the human body is standing erect, the acetabulum does not completely cover 
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the femoral head, leaving the antero-superior area of the femoral head exposed. This 

is the main sign of the erect posture and bipedalism, because the femoral head and 

acetabulum coincide only when the thigh is in a quadrupedal position [1, 2, 5, 6, 64-

68].  

 
Figure 3.1  Hip joint. (modif.) [1]. 

3.2.1 Acetabulum 

The acetabulum is a quasi-hemispherical concavity on the outer surface of the pelvis 

formed by the union of three components: ilium, ischium and pubis. Figure 3.2 

shows that the acetabulum is divided into five parts; the pubis forms the anterior one-

fifth, the ischium forms the inferior-posterior two-fifths and the superior-posterior 

two-fifths are formed by the by the ilium, which covers more than 50% of the 

femoral head [1, 2, 5, 6, 64-68].  

The acetabular cavity is covered by a smooth crescent-shaped articular surface (the 

lunate surface) which lines the sides of the socket and is interrupted inferiorly by the 

deep acetabular notch. Also, Figure 3.2 shows that the acetabulum is surrounded by a 

fibrocartilaginous rim known as the acetabular labrum. 

In the anatomical position, the acetabulum is located on the lateral surface of the 

pelvis; it is directed obliquely forward, outward and downward. A plane through the 
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labrum would intersect a sagittal plane at a posterior angle of 40º opening posteriorly 

and with a transverse plane at a lateral angle of 60º. 

 
Figure 3.2  Hip joint bones. (modif.) [1]. 

3.2.2 Proximal Femur 

The femur is the proximal segment of the lower limb. It is the longest, strongest and 

most voluminous bone of the body. When the body is in the upright position, the 

femur is directed obliquely downward and inward, so that the femurs are separated at 

the proximal end by the pelvis and are much closer together at the distal end. The 

obliquity is more pronounced in women than in men, depending on the conformation 

of the pelvis. 

The posterior surface of the femur forms a concave arc and the femur has a slight 

twist in the vertical axis, which makes the transverse plane of its upper end not 

completely parallel to the transverse plane of the lower end. The proximal femur is 

the part of the femur, which articulates with the pelvis. It is formed by the femoral 

head, which allows the mobilization of bone, the greater and lesser trochanters, 

where the muscles and ligaments are inserted and the femoral neck which serves as a 

bridge between the trochanters and the femoral head as Figure 3.3 illustrates [1, 2, 5, 

6, 64-66, 68].  
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Figure 3.3  Proximal femur anatomy. (modif.) [1]. 

Femoral Head 

The head of the femur has the approximate shape of two-thirds of a sphere and is the 

convex component of the ball-socket configuration of the hip. The surface is covered 

by hyaline cartilage, except for a small supra-lateral area next to the neck and the 

fovea, which is located below and behind the centre of the femoral head and provides 

the insertion point for the ligamentum teres. In a normal hip, the centre of the 

femoral head coincides with the centre of the acetabulum. The femoral head has an 

average diameter of 45.0 mm for females and 52.0 mm for males [1, 2, 5, 6, 64-68]. 

Femoral Neck 

The neck of the femur is a cylindrical column of bone that connects the shaft with the 

head and is wider laterally than medially. The posterior surface is wide, concave and 

smooth while the anterior surface is tight and convex. The superior edge runs 

laterally from the femoral head to the greater trochanter. The axis of the neck is 

directed obliquely superiorly and antero-medially. The orientation of the neck 

relative to the shaft defines the range of movement of the hip joint [1, 2, 5, 6, 64-66, 

68].  

Greater and Lesser Trochanters 

The trochanters provide attachment points for the muscles crossing the hip joint.  The 

greater trochanter is a cuboid bone structure located laterally and below the femoral 

head. The lesser trochanter which is smaller than the greater trochanter, is located in 

the back and lower neck and has a conical shape, as Figures 3.3 and 3.4 show [1, 2, 

5, 6, 64-66, 68]. 
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Figure 3.4  Femoral trochanters. (modif.) [1]. 

3.2.3 Cartilaginous Tissue 

The articular cartilage allows the bones movement against each other without 

damage and pain as long as it remains slippery due to the fluid within the synovial 

membrane. Unlike bone, cartilage has a poor potential for healing, in the case of 

joints, any damage can lead to osteoarthritis. 

Figure 3.5 illustrates that while the femoral head is totally covered by cartilage, the 

acetabular cartilage is a crescent-shaped tissue with a central depression named fossa 

that provides the insertion area for the teres ligament to connect both bones of the 

hip.  The acetabulum is also surrounded by a rim of fibrocartilage known as labrum 

which avoids the loss of intracapsular fluid and it also provides greater depth to the 

acetabulum which hinders the potential slip of the femoral head out of place [1, 2, 5, 

6, 68] . 

 
Figure 3.5  Soft tissue of the hip. (modif.) [1].  
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3.2.4 Ligaments of the Hip 

The hip joint is fairly stable and has a wide range of motion as a result of the ball and 

socket configuration and the support provided by the ligaments. These ligaments are 

the iliofemoral, pubofemoral and ischiofemoral ligaments and are known as capsular 

ligaments since they are part of the joint capsule that surrounds synovial joints, as is 

shown in Figures 3.6a and 3.6b.  In addition to capsular ligaments, there is the 

ligament teres which is located inside of the joint and connects the fovea in the 

femoral head with the acetabular notch.   

  
a  b  

Figure 3.6  Ligaments of the hip. (a) Iliofemoral and pubofemoral ligaments 

(Anterior view); (b) Ischiofemoral ligament (Posterior view). (modif.) [1]. 

3.3 Bone Tissue 

The osseous tissue is a dynamic-connective supporting tissue characterized by its 

complex structure and its capability to modify its structure and shape according to its 

location and the load demand within the skeleton. It has a large capacity for energy 

storage due to the porous structure of the trabecular bone.  

At a first glance, the structure and composition of bone seems to be the same in all 

bones. However, on deeper examination, bone turns out to be a heterogeneous tissue, 

with composition and structure varying according to the body site, function, age and 

sex of the subject. Despite this heterogeneity, the components are the same in all 

bones. 

In addition to the normal function of protection, support and locomotion, bones are 

the storehouse for minerals and bone matrix proteins. Bone tissue is continuously 
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remodelled and is considered a dynamic tissue that has excellent ability to repair 

itself and can alter its properties and configurations in response to mechanical 

demand [57-61]. 

Bone tissue can be considered a two-phase material. It is made up of an inorganic 

phase formed by mineral components, which represents 75% of the bone mass and 

an organic matrix, in which the collagen cells are dispersed, that constitutes the other 

25% of the total bone mass. 

As a consequence of the mixture of its component parts, bone has elastic properties. 

The inorganic component is mainly calcium phosphate crystals (hydroxyapatite), 

citrate ions and bicarbonate ions which contribute to the hardness and rigidity of the 

bone.  

The organic matrix mainly consists of type-1 collagen fibres which account for over 

90% of the whole organic substance and provide tensile strength to the bone. The 

remaining 10% corresponds to nanocollagenous components such as proteins, 

proteoglycans, phospholipids, glycoproteins and phosphoproteins [57-59, 61]. 

Collagen fibres are the structures that resist tensile forces in bone. They are formed 

by molecules made up of three polypeptide chains arranged in a helical 

configuration.  

There are four cells involved during the development of bone tissue: osteoprogenitor 

cells, osteoblast, osteocytes and osteoclasts. Figure 3.7 shows the main micro 

structures that make up bone tissue as well as their spatial arrangement [57, 59, 61, 

69]. 
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Figure 3.7  Bone cells. (modif.) [58]. 

3.3.1 Types of Bone Tissue 

Bone, as a tissue, consists of two histological types: non-lamellar and lamellar. Non-

lamellar bone also known as “coarse fibred”, “woven” or “immature bone” is 

characterized by the presence of collagen fibres in a quasi-random orientation. This 

tissue can be found in the bones of foetuses and young children and also at the 

beginning of the fracture healing process. The other type of bone tissue is known as 

lamellar or mature bone, in which the collagen fibres are organized in parallel layers 

or sheets (lamella). 

Bones are not completely solid, having small gaps in their structure, forming small 

channels where the blood vessels run and fulfill their function of nutrient exchange. 

Macroscopically, bone tissue is classified into cortical (or compact) bone and 

trabecular (cancellous or spongy) bone. The basic structures of cortical and 

trabecular bones are osteons and trabecuale respectively, as illustrated in Figure 3.8. 

Both types of tissue are found in most bones.  
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Figure 3.8  Longitudinal section of a human bone showing the two types of bone 

tissue. (modif.) [58]. 

3.3.2 Cortical or Compact Bone 

Cortical bone makes up 80% of the skeleton and has few spaces between its hard 

components. It forms the outer layer of all bones and the majority of long bone 

shafts. Cortical bone withstands the stresses produced by the upright posture and 

movement in general [70].  

In the first level of the hierarchical structure there are two different material 

distributions. The first is woven bone which is less organized bone tissue; it forms 

around a framework of collagen fibres and is eventually replaced by mature bone. 

The second is the osteonal cortical bone tissue, which includes central blood vessels, 

known as Haversian canal, and osteons, which are bone tubes surrounding the canal. 

The primary osteons are formed by the mineralization of cartilage while the 

secondary osteons are formed by replacement of existing bone as a result of 

remodelling [69, 71, 72]. 

In the second level structure of cortical bone it is the lamellae which make up the 

osteons. These entities are layers of bone, surrounding the Haversian canal. The 

lacunae (the ellipsoidal holes within the bone matrix), which contain the canaliculae 

and osteocytes are also found in the osteons. Caniculae appear during bone 

remodelling and are the tunnels that connect the lacunae and the cement lines. The 
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hierarchical structures of lamellar and osteonal bones are illustrated in Figure 3.9 

[69, 71, 72]. 

 
Figure 3.9  Typical cortical bone structures (lamellar and osteonal 

bone). (modif.) [4]. 

3.3.3 Trabecular or Cancellous Bone  

Trabecular bone represents 20% of the mass of the skeleton but occupies a larger 

volume than cortical bone. This type of tissue is found primarily at the ends of long 

bones as well as in the vertebrae. However, all bones contain some proportion of this 

tissue. Trabecular bone helps in the dissipation and distribution of energy from the 

loads on the joints during daily activities.   

The main difference between cortical and trabecular bone appears at the first 

structural level trabecular bone is much more porous than cortical bone, as is 

illustrated in Figure 3.10. At this level, the basic structural entity is the trabecula, 

which is a rod-like element that contains collagen fibres arranged in parallel 

lamellae. Trabeculae are oriented precisely along load lines, a feature that allows 

them to resist and transfer loads without breaking. Blood vessels are not found in 

trabecuale. 

The second hierarchical structure of trabecular bone contains similar entities to 

cortical bone but with different size and arrangement as lamellae are not arranged 

concentrically [61, 69, 71, 72].  
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Figure 3.10  Typical trabecular bone structures. 

(modif.) [4]. 

Trabecular Systems 

Trabecular systems are the anatomical basis of trabecular bone; formed by the 

trabeculae where the loads are dissipated in order to distribute, absorb or transmit 

them. Trabecular systems of each bone generally continue their interaction with 

dissipating the loads through joints. 

Two trabecular systems are present in the hip joint, both having as their origin the 

pelvic bone and going through the acetabulum to continue in the femoral head and 

neck. The lateral system, also known as the tension system, begins on the upper part 

of the auricular surface of the pelvis, converges at the sciatic notch, changes direction 

and goes toward the acetabulum where the trabeculae becomes continuous with the 

trabeculae from the inferior cortical zone in the femoral head, and finally finishes on 

the lateral femoral diaphysis. The second system is the medial, also known as the 

compressive system; initiating on the lower auricular surface, the trabeculae go 

through the proximal part of the acetabulum to become continuous with the 

trabeculae in the superior zone of the femoral head and finish on the medial internal 

cortical surface of the diaphysis. Figure 3.11a shows the location of the trabecular 

systems in the hip joint. 
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The configuration of these systems is modified in response to compressive loads in 

the joint, so if the direction of stresses changes, systems are remodelled to align with 

the patterns of stress. Figure 3.11b shows the appearance of trabecular systems when 

there is a morphological abnormality in the femoral proximal epiphysis and 

consequently a different distribution of loads [5, 73]. 

 
a 

 
b 

Figure 3.11  Trabecular system of the hip. (a) Pelvic system 

continues with femoral system; (b) Trabecular systems for 

abnormal femoral epiphysis. (modif.) [5]. 

3.3.4 Mechanical Behaviour of Bone 

Bone, as a physical entity, is subject to the laws of physics and mechanics that enable 

an understanding of its behaviour under external loads. There are significant 

differences in the mechanical properties of the cortical and trabecular bone. Cortical 

bone is stiffer than trabecular bone, supporting higher stresses but exhibiting lower 

strain before failure [5, 57, 61, 66, 69, 74, 75]. 

The mechanical properties of bone depend on the type of load applied in relation to 

the orientation of the trabecular systems, whereas, the properties of trabecular bone 

are also determined by extra factors such as density, location and function. Unlike 
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inert materials, biological materials such as bone can alter their mechanical 

properties, shape, and size under appropriate stimuli. In a physiological environment, 

bone tissue is subjected to continuous loading, which is essential to maintain the 

equilibrium in the complex formation-resorption process [5, 57, 61, 66, 69, 74, 75]. 

Bone is an anisotropic material because it exhibits a different response according to 

the loading axes, so that, bone behaviour is different when it is loaded in the 

longitudinal direction or in the transversal direction. In addition, its mechanical 

behaviour also depends on geometry, loading rates, loading modes and frequency of 

loading [5, 57, 61, 66, 69, 74-82]. 

Loads in Bones  

In the vertebrates, bone is rarely loaded in a single mode during body motions. 

Loading of bone in vivo is complex for two principal reasons: bones are constantly 

subjected to multiple indeterminate loads, and their geometric structure is irregular. 

Forces and moments can be applied to a structure in various directions, producing 

tension, compression, bending, shear and torsion, as shown in Figure 3.12.  

Tension. In this mode of loading, forces of the same magnitude and opposite 

direction are applied outward from the surface of the structure. Tensile loading 

produces an elongation of the structure and the higher tensile stresses are located in a 

perpendicular plane to the loading application. In bones, tensile failures are a result 

of the detachment between the osteons and are usually seen in bones with a large 

proportion of trabecular bone. Pure tensile fractures are commonly found in the 

ligament insertion zones. 

Compression. During compressive loading, a pair of equal and opposite forces is 

applied toward the surface of the structure, leading to a shortening in the material. As 

in the tension mode, the highest stresses during compression are located on a plane 

perpendicular to the applied loads. In cortical bone, failure under this kind of loading 

is mainly through oblique cracking of osteons, whereas in the trabecular bone it is by 

the cracking of the trabecuale. Compression fractures are commonly found in the 

vertebrae, which are subjected to high compressive loads. 
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Shear. During this loading mode, anti-parallel loads are applied on the surface of the 

structure. Consequently, resultant shear stress and strain are located inside the 

structure. Whenever a structure is loaded under tension or compression, internal 

shear stresses are produced. 

Bending. During bending, bone is subjected to mixed tension/compression loading 

by applying three or four forces to produce two equal moments. Tensile stresses and 

strains occur on one side of the bending axis, while compressive stresses and strains 

occur on the opposite side.   

Torsion. This mode of loading is produced by applying a load in order to twist the 

bone about an axis, so that an inner moment is obtained. A bone loaded in torsion 

produces shear stresses distributed over its entire structure [5, 57, 66, 69, 74, 75, 83-

85].  

 
Figure 3.12  Types of loads. 

Rate of Loading and Geometry  

Bone biomechanical behaviour varies according to loading rate and geometry. If the 

bone is subjected to high rates of loading, it is stiffer when loads do not exceed the 

physiologic limits and is capable of storing more energy before fracture.  

During fracture, accumulated energy is dissipated; when loading rate is low, this 

energy can produce a single crack, then the bone and soft tissues remain relatively 

intact, and there is little or no displacement of the bone fragments. In contrast, when 

the bone is under a high loading rate, energy cannot dissipate quickly enough to 

produce a single crack, resulting in bone crushing and a large amount of soft tissue 
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damage. Consequently, fractures are classified in three categories: low, high and very 

high energy. 

Fractures in bone are a consequence of either a single load exceeding the ultimate 

strength of the bone or repetitive lower level loading known as fatigue fracture. The 

fatigue process depends on the load, the number of repetitions and the frequency of 

loading [5, 57, 61, 66, 69, 74-81, 84-86]. 

Vitro studies have shown that fracture in trabecular bone occurs when the strain 

exceeds 75%, but cortical bone fractures when the strain exceeds 2%. The porous 

structure of trabecular bone leads to a high capacity for energy storage [66].  

Geometry has a great impact on the mechanical behaviour of the bone. During tensile 

and compressive loading the cross-sectional area of the bone governs the behaviour, 

with the bone being stronger and stiffer with the larger area. In bending, the 

mechanical behaviour of the bone is influenced by the moment of inertia, which is 

the mathematical entity that takes into account the distribution of tissue around the 

neutral axis and the cross-sectional area. Bone is stronger and stiffer when it has a 

large moment of inertia [66, 84, 85, 87]. 

Because of their length and tubular structure, long bones such as the femur are 

subjected to high bending moments in all directions during daily activities and also 

have a large moment of inertia because a substantial amount of tissue is distributed 

away from the neutral axis [66, 84, 85, 87].  

3.3.5 Material Properties of Bone 

Bone tissue is a highly vascular tissue which has the ability to repair itself and 

modify its material properties according to mechanical demand. Bone tissue can be 

considered as a two-phase material, formed by a strong and brittle material and a 

softer and more flexible material. The most important material properties of bone are 

strength and stiffness, which are determined by the material parameters and the 

anatomical structure.  
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As material parameters, strength and stiffness of the bone, are determined by the 

material composition, bonding between components and microscopic arrangement, 

whereas as structural parameters, strength and stiffness depend on the bone geometry 

and anatomic location.  

Bone is an anisotropic material; therefore strength and stiffness vary depending on 

the orientation and the type of loading to which it is subjected to. Regarding the 

orientation, bone is stronger when the loading is applied longitudinally than 

transversally, whereas, in terms of the loading conditions, bone supports higher loads 

when it is subjected to compressive loading than in tensile conditions.  Additionally, 

bone presents a ductile-to-brittle transition depending on the strain rate as is 

illustrated in Figure 3.13 [5, 57, 61, 66, 69, 74-82, 88, 89].  

 
Figure 3.13  Ductile-to-brittle transition of bone at 

different loading rates. (modif.) [89] 

The strength of a quasi-brittle material is the ultimate stress that a material can 

support before it weakens or fails (σu). Stiffness represents how elastic a material is 

and can be measured by calculating the elastic modulus of the material, which is the 

slope of elastic region in the stress-strain curve of the material.   

The stress-strain curve shows the behaviour of a material when it is subjected to 

different loading conditions. Stresses (σ) are the internal forces resulting from the 
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application of load (F) acting to deform a structure on a determined cross-sectional 

area (A). 

 

  
(1) 

Strain (ε) is the deformation suffered by the material when stress is produced and is 

expressed as the change in the length (ΔL) per unit initial length (Li). 

 

 
(2) 

Figure 3.14 shows a characteristic stress-strain curve of bone. The initial segment of 

the curve (straight line) indicates the elastic region and depends on the stiffness of 

the bone. The slope of this portion of the curve is known as the elastic modulus of 

the material. At this stage, the deformation is temporary and is maintained only while 

the load is applied, after loading is removed, the material regains its original shape. 

The transition from the elastic to plastic behaviour is determined by the yield point 

and the value of the stress at this point is known as yield stress (σy). 

The second section (curved) shows the plastic region, where the material, although it 

recovers partially, is permanently deformed. This phase is known as the elastic-

continuum damage mechanism (CDM). In this section the material absorbs energy 

by developing micro fractures but remains an integrated structure. In the event of a 

further increment of the loading the material reaches the ultimate stress (σu). At this 

point the bone behaviour goes into the failure mechanism (FM) region, where the 

fracture of the material occurs. CDM and FM phases vary depending on the type of 

bone, either cortical or trabecular, capacity of energy absorption, strain rate, 

specimen geometry and type of loading [5, 57, 61, 66, 69, 74-82, 88, 89].
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CDM →Continuum Damage Mechanism. 

FM → Failure Mechanism      

Figure 3.14  Stress-strain curve of bone. (modif.)[88]. 

Whole bone is considered to be a quasi-brittle material; however each type of bone 

exhibits particular stress-strain behaviour. Figures 3.15 shows the stress-strain curves 

of cortical bone under tensile and compressive loading. It can be clearly appreciated 

that cortical bone supports much greater stresses under compression than in tension. 

The compression curve exhibits an elastic region from the origin to the yield point 

(A-BC). Due to its brittle condition, the CDM region in cortical bone practically does 

not exist (BC-CC), as the stresses supported after passing the yield stress and before 

failure are minimal. However, this ultimate compressive stress (CC) represents the 

start of FM in the structure before starting to show some resistance against the 

loading (DC). At this point, fracture propagation continues in the cortical bone before 

a complete fracture occurs (EC). The strain when FM starts under compression is 

known as the crushing strain.  Fractures in compression are commonly comminuted 

fractures which are those in which the bone is splintered or crushed [5, 57, 61, 66, 

69, 74-82, 85].    

The tensile curve presents an elastic behaviour rising to its yield point at about half 

of the value of that under compression (A-BT); however, the plastic region suggests a 

greater deformation before fracture (BT-CT). This plastic behaviour is a consequence 

of the organic components of the bone, which provide the bone with some ductility 

before complete failure. Unlike the compressive behaviour, when cortical bone 
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reaches its ultimate tensile strength (CT), the failure is instantaneous and the material 

is split into two or more sections  [5, 57, 61, 66, 69, 74-82, 85].    

 
Figure 3.15  Stress-strain curves of cortical bone. 

(modif.) [66, 82]. 

Figures 3.16 shows the stress-strain curves of the trabecular bone under tensile and 

compressive loading. It can be seen that as with the cortical, the trabecular bone 

supports greater stresses under compression (CC) than in tension (CT), however the 

values are much lower than the stresses supported by cortical bone. The compression 

curve exhibits an elastic region from the origin to the yield point (A-BC). Then, the 

CDM phase appears (BC-CC) and the FM starts once the trabecular bone reaches its 

ultimate compressive stress (BC), where micro fractures starts to occur; however, due 

to its highly porous structure, FM in trabecular bone exhibits a large crushing strain 

before complete fracture (CC-DC) [5, 57, 61, 66, 69, 74-82, 85].    

The tensile curve exhibits a similar behaviour to that in compressive, having an 

elastic region from the origin to the yield point (A-BT) following by a CDM region 

from the yield point to its ultimate tensile stress (BT-CT). However, after the ultimate 

strength point, the FM starts with micro fractures in the trabeculae where the bone 

exhibits a ductile but irregular behaviour due to the inconsistent cracking propagation 

in its porous structure (CT-DT). The strain under tension after ultimate stress is 

known as cracking strain. Final fracture in tension occurs at a lower magnitude of 

stress than under compression (ET) [5, 57, 61, 66, 69, 74-82, 85].    
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Figure 3.16  Stress-strain curves of trabecular 

bone. (modif.) [66, 82]. 

 

3.4 Cartilaginous Tissue 

Cartilage is a connective tissue with very well defined functions. It performs a 

significant role in human body development. In the human embryo, it forms a 

primitive skeleton. This specialized tissue is fibrous and dense, does not contain 

blood vessels and uses the extracellular matrix for nutrient transport. Cartilage is 

found throughout the body, principally in the joints and spine but also located in the 

ears, throat and nose. 

Cartilage has an inhomogeneous distribution of collagen fibrils and is divided into 

three zones, as shown in Figure 3.17. The superficial tangential zone contains layers 

of high density collagen fibres parallel to the articular surface; in the middle zone the 

fibres are widely spaced and finally, the deep zone contains larger collagen fibres 

radially oriented and mixed with the calcified cartilage. Depending on the type of 

cartilage, various amounts of collagen and elastin fibres are embedded in the matrix 

causing the cartilage to be either flexible or very strong and resistant [6, 69, 74, 75, 

90, 91]. 
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Figure 3.17  Zones of articular cartilage. (modif.) [75]. 

3.4.1 Types of Cartilaginous Tissue 

The three types of cartilage found in the body are: 

Hyaline cartilage. When the fetus is developing in the womb the entire skeletal 

system is made of hyaline cartilage and is visible after the first 3 months of 

pregnancy. Most of this hyaline cartilage is gradually replaced by bone over the next 

6 months by the ossification process. However, some of it remains as a covering on 

the surfaces of the bones at joints, where it is known as articular cartilage. In the 

human body, the costal cartilages that attach the anterior ends of the upper seven pair 

of ribs to the sternum are hyaline cartilage.   

Hyaline cartilage is a biphasic material; the fluid phase is a mixture of water and 

electrolytes while the solid phase is formed from chondrocytes and collagen. Water 

is the largest volume component within the structure of the cartilage. In normal 

cartilage 30% of all water resides within the intrafibrillar space of collagen, and, for 

normal tissue, this amount does not vary with age. This multiphasic system allows 

fluid flow and determines the cartilage compressive viscoelastic behaviour. The main 

functions of hyaline cartilage are to distribute joint loads over a large area and to 

allow relative movement of the joint surfaces with minimal friction and wear [4, 6, 

61, 69, 75, 90, 92].  

Fibrocartilage. This type of cartilage is dense and very resistant to stretching. The 

intervertebral disks that surround the spinal cord and act as shock absorbers between 



PhD Thesis                                                                                                                                                Chapter III 

 

57 

 

the vertebrae are made of this strong cartilage. It also connects the pelvic bones at the 

pubic symphysis.  

Elastic cartilage. This cartilage has a predominance of elastin fibres embedded in the 

matrix. These fibres make this type of cartilage stretchy and flexible while being 

capable of returning to its original shape. Elastic cartilage makes up the external ear 

or auricle and the ear canals [6, 61, 69, 75, 90-92].                                                                                                                               

3.4.2 Mechanical Behaviour of Articular Cartilage 

The mechanical behaviour of articular cartilage depends on the type of loading to 

which it is subjected. Under compressive loads, performance of the cartilage depends 

on the flow of interstitial fluid, whereas, the movement of the collagen fibres 

determines the shear behaviour. Under tension, articular cartilage presents 

anisotropic properties because the collagen fibres are stronger and stiffer in the 

superficial areas [6, 61, 69, 75, 90, 92, 93]. 

3.4.3 Material Properties of Articular Cartilage 

The main properties of articular cartilage are its ability to absorb and distribute the 

loads to which it is subjected during daily activities and its facilitation of smooth 

motion between articular surfaces by a very low coefficient of friction.  

Articular cartilage is considered a viscoleastic composite material made up of a solid 

organic matrix formed by cells and collagen fibres, which provide the strength and 

stiffness, and an inorganic fluid matrix (water with salts and proteins). The 

inhomogeneous distribution of the collagen fibres is the main factor producing 

anisotropy [6, 61, 69, 75, 90, 92, 93]. 

Figure 3.18 shows an articular cartilage stress-strain curve (under tension) and the 

corresponding collagen fibre configuration. The first upwardly concave portion of 

the curve, called the toe region, is where the initial increment of force produces an 

alignment of the collagen fibres in the direction of the loading. The second portion of 

the curve represents the linear behaviour, where the fibres continue stretching to the 

point of failure [66, 74, 75, 94]. 
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Figure 3.18  Articular cartilage stress-strain curve. (modif.) [66, 75]. 

3.5 Ligamentous Tissue 

A ligament is a fibrous connective tissue which links bone to bone across the joints. 

In addition to attaching bones, ligaments provide mechanical stability and guide 

movement in the joints, maintaining the congruency and preventing excessive 

displacement. Ligaments are bands of elastin and collagen fibres arranged in a 

parallel assembly; they are poorly vascularised.  

 

In synovial joints such as the hip, ligaments are known as capsular ligaments because 

they surround the articular capsule. The hip joint also includes an intra-capsular 

ligament which helps with the stability and allows a large range of motion [66, 75, 

95]. 

3.5.1 Mechanical Behaviour of Ligaments  

The structure of the ligaments varies between the insertion points and the mid-

substance. They are mechanically stiffer near to the bones, where they reduce the 

stress concentrations and decrease the risk of tearing of the tissue at the interface 

with the bone. Ligaments are viscoelastic structures, flexible enough to allow the 

motion of the bones through the joints but strong enough to provide resistance to 

external forces and unusual motions. Ligaments modify their behaviour in response 

to the mechanical demand, so that the tensile strength increases when they are 

subjected to physical activities whereas it is reduced during immobilization. 
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3.5.2 Material Properties of Ligaments 

Ligaments exhibit viscous and elastic behaviour when experiencing deformation. 

This viscoelastic nature leads to loading rate dependant behaviour. They contract 

under tensile loading and recover their original shape when tension is relieved, 

however they cannot preserve their original shape when the loading reaches the yield 

point or after long time deformations, for this reason, any joint dislocations have to 

be adjusted rapidly, otherwise ligaments will permanently elongated, predisposing 

the joint to future dislocations [66, 75, 95]. 

Figure 3.19 shows the typical stress-strain curve for ligaments. The initial toe region 

represents the alignment of the collagen and elastin fibres wherein large elongations 

occur with a small amount of loading. The second region represents the linear 

behaviour of the ligament where the fibres continue with their parallel orientation. 

The toe and linear regions fit within the physiologic loading. The third region starts 

when the loading exceeds the physiological loading, representing the beginning of 

microfailures (MF) of the ligament fibres which is indicated by the peaks and dips in 

the curve. Finally, the overloading and/or the range of motion out of the limits ends 

when complete failure occurs (CF) [75, 95].  

 
MF →Microfailure 

FM →Ccomplete Failure      

Figure 3.19  Ligament stress-strain curve. (modif.) [75, 95]. 
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3.6 Biomechanics of the Hip 

As well as being the largest joint in the human body, the hip has a wide range of 

motion and great stability due its socket-ball configuration. This structure is very 

important for the adequate performance of locomotion in vertebrates. Disorders or 

abnormalities of the hip could lead to a misallocation of stress in joint tissues and 

thus cause pathologies such as degenerative osteoarthritis. 

3.6.1 Angular Relationships 

There are two types of angular relationships; the first is related to the union between 

the acetabulum and femur. The second is related to the geometry of the femur itself. 

The acetabular axis is directed laterally with antero-inferior direction to articulate 

with the femoral head where the axis runs medially with antero-superior direction 

because of the anteversion angle of the femoral neck. Thus, there is an angle of 30º to 

40º between the axes of the femoral neck and acetabulum, as is illustrated in Figure 

3.20a. Also, the superior part of the acetabulum covers laterally the femoral head due 

to an angle of 30º to 40º formed between the horizontal and the lateral-inferior 

inclination of the acetabulum.  

Figure 3.20b shows the angle of Wiberg, which is about 30º and is formed by the 

intersection of a vertical imaginary line that runs through the centre of the femoral 

head and an oblique imaginary line formed by the centre of the femoral head to the 

bony margins of the acetabulum [2, 5, 62, 64, 66, 96]. 

 

 
a b 

Figure 3.20  Angular relations in the hip. (modif.) [5]. 
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The angle formed in the frontal plane between the femoral neck and the shaft of the 

femur is known as the neck-to-shaft angle. In newborns the neck-to-shaft angle is 

about 150º which decreases gradually with age until it reaches the adult value of 

135º. If the neck-to-shaft angle is less than 135º the condition is known as coxa vara 

and if it exceeds 135º it is known as coxa valga, as illustrated in Figure 3.21. Since 

the trabecular system of the hip is a resultant system from the union of the systems 

from the pelvic bone and the femoral head, any deviations of the femoral neck alters 

the stress distribution in the hip as a consequence of the abnormal arrangement of the 

trabecular systems [2, 5, 62, 64, 66, 96].  

 
Figure 3.21  Neck-to-shaft angle. 

The angle of anteversion is formed by the projection of the longitudinal axis of the 

femoral neck and the transverse axis of the femoral condyles. This angle is directed 

medially and anteriorly and averages about 7.5º in adults, as shown in Figure 3.22. 

If the angle of anteversion is larger than the average, a portion of the femoral head is 

uncovered which results in a tendency to internal rotation of the leg during gait in 

order to maintain the femoral head inside the acetabular cavity. If the anteversion 

angle is smaller, the hip joint has a propensity to rotate externally more easily than 

normal during the gait. This condition is known as retroverted hip [2, 5, 62, 64, 66, 

96]. 
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Figure 3.22  Anterversion angle of the femur. (modif.) 

[66]. 

3.6.2 Axes of Movement 

As mentioned above, the direction of the femoral neck to the horizontal plane and the 

frontal plane are very important for stability and movement of the hip. In addition to 

the angular relationships between the femoral head with the acetabulum and the 

femoral neck with the longitudinal axis, it is important to mention the axes of the 

femur about the vertical axis and the axes of rotation of the hip in which all 

movements are performed. 

Femoral Axes  

When the body is upright, there is a natural vertical axis from which the anatomical 

and mechanical axes of the femur may be located. The anatomical axis of the femur 

is the imaginary line that runs longitudinally from distal to proximal from the centre 

of the condyles and the greater trochanter, with an angle of approximately 6º from 

the vertical axis. The anatomical axis is also a reference to measure the inclination 

angle of the femoral neck. [2, 5, 62, 64, 66, 96] 

The mechanical axis has the same origin as the anatomical axis but runs to the 

geometric centre of rotation of the femoral head with an angle of approximately 3º 

from the vertical axis as is shown in Figure 3.23.  
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Figure 3.23  Vertical axis. (modif.) [5] . 

Rotation Axes  

The hip has three axes of rotation that intersect at the geometric centre of rotation of 

the femoral head, as shown in Figure 3.24. The three axes are related to different 

movements of the hip. The transverse axis is formed by a frontal plane and a 

horizontal plane and is the axis of flexion and extension; the sagittal axis is formed 

by a sagittal plane and a horizontal plane and is the axis for adduction and abduction 

movements; the vertical axis, which coincides with the longitudinal axis of the leg 

when the hip is in a neutral position, is formed by a sagittal plane and a frontal plane, 

and is the reference axis for internal and external rotation movements [2, 5, 62, 64, 

66, 96]. 
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Figure 3.24  Rotational axis. 

3.6.3 Centre of Rotation 

The human hip is usually considered as a ball and socket joint, with the centre of 

rotation defined as the centre of the hip joint. The location of the centre of rotation of 

the hip joint is essential in reconstructive surgeries in order to find the optimal lever 

arm for the gluteus medius muscle [97-99].  

Figure 3.25 shows the pelvic and femoral coordinate systems, and also the Joint 

Coordinate System (JCS) for the hip joint. In Table 3.1, a description of each of the 

points in the coordinate system is given. 

 
Figure 3.25 Hip Joint Coordinate System and centre 

of rotation. 
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Table 3.1  Joint Coordinate System. 

Pelvic coordinate 

system (XYZ) 

Femoral coordinate 

system (xyz) 

Hip joint coordinate system 

 (e1e2e3) 

O 

The origin 

coincident with 

the hip centre of 

rotation. 

o 

The origin 

coincident with the 

hip centre of rotation 

and coincident with 

the pelvic coordinate 

system (O) in the 

neutral 

configuration. 

 

 

Z 

The line parallel 

to a line 

connecting the 

right and left 

ASISs, and 

pointing to the 

right. 

z 

The line 

perpendicular to the 

y-axis, lying in the 

plane defined by the 

origin and the two 

FEPs, pointing to the 

right. 

 

e1 

The axis fixed to the pelvis 

and coincident with the Z-

axis of the pelvic coordinate 

system. 

Rotation: flexion/extension. 

Displacement: mediolateral 

translation. 

X 

The line parallel 

to a line lying in 

the plane defined 

by the two ASISs 

and the midpoint 

of the two PSISs, 

orthogonal to the 

Z-axis, and 

pointing 

anteriorly. 

y 

The line joining the 

midpoint between 

the medial and 

lateral FEPs and the 

origin, and pointing 

cranially. 

e2 

The floating axis, the 

common axis perpendicular 

to e1 and e3. 

Rotation: 

adduction/abduction. 

Displacement: antero-

posterior translation. 

Y 

The line 

perpendicular to 

both X and Z, 

pointing cranially. 

x 

The line 

perpendicular to 

both y- and z-axis, 

pointing anteriorly. 

e3 

The axis fixed to the femur 

and coincident with the y-

axis of the femur coordinate 

system. 

Rotation: internal/external 

rotation. 

Displacement: proximo-

distal translation. 

Anatomical Landmarks 

ASIS: anterior superior iliac spine 

PSIS: posterior superior iliac spine 

FEP: femoral epicondyle 

(Modif. from Wu, G., et al. 2002) [99]. 

3.6.4 Hip Movements  

Hip motion takes place in all the anatomical planes. The flexion-extension movement 

takes place in the sagittal plane; abduction-adduction takes place in the frontal plane, 

while internal-external rotation occurs in the transversal plane [2, 5, 62, 64, 66, 96]. 
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Flexion/extension 

Hip flexion is limited by the thigh contact with the abdominal wall, with a range of 

approximately 0º to 140º. In extension, the range of movement is much smaller, 

between 0º to 30º as is illustrated in Figure 3.26 [2, 5, 62, 64, 66, 96] 

 
Figure 3.26  Flexion/extension movement. (modif.) [62]. 

Adduction/Abduction 

The range of abduction is normally from 0º to 30º when the body is in a neutral 

position, but when the hip is partially flexed the hip can reach about 90º of 

abduction. Adduction has a range of 0º to 25º, which is limited by contact with the 

opposite limb, as is illustrated in Figure 3.27 [2, 5, 62, 64, 66, 96]. 

 
Figure 3.27  Adduction/Abduction movement. 

(modif.) [62]. 
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Rotation 

With the hip in a neutral position, internal and external rotation involves moving the 

entire lower extremity, including the foot through about 50º, as shown in Figure 3.28. 

If the hip is flexed, the RoM increases, reaching 90º (60º external rotation and 30º 

internal rotation) [2, 5, 62, 64, 66, 96]. 

 
Figure 3.28  Internal/external rotation movement. 

(modif.) [62]. 
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4. CHAPTER IV: STRESS ANALYSIS FOLLOWING  

OSTEOCHONDROPLASTY 

4.1 Introduction  

Osteochondroplasty is the surgical procedure to repair both bony and cartilaginous 

structures in the joints.  The surgical treatment of FAI often involves femoral 

osteochondroplasty. It focuses on improving the range of motion (RoM) of the hip by 

reducing the impact between the parts of the joint [3, 8, 10, 11, 14, 18, 19, 21, 25, 39, 

46-48].  

 

The removal of bone during osteochondroplasty increases the risk of fracture of the 

femoral neck after surgery because of the reduction of bone volume in an area of 

high importance for weight bearing in humans, and this risk increases further when 

the bone exhibits signs of osteoporosis [100-107].  

 

The procedure may be undertaken via surgical hip dislocation [48], allowing 360º 

visualization of the hip with promising mid-term results [3, 8, 11, 18, 19, 21, 25, 50] 

or arthroscopically. The main drawback with arthroscopy stems from the poor 

visualization of the femoral neck, leading to osteochondroplasty of reduced 

effectiveness [3, 10, 14, 18, 19, 25, 46, 47, 49, 50]. 

 

The present Chapter describes the first finite element analysis performed with 

regards to femoral osteochondroplasty in the present Thesis. This analysis consists of 

the investigation of the relationship between depth of resection and femoral neck 

stress. 

4.1.1 Finite Element Method (FEM) 

The Finite Element Method (FEM) is a numerical procedure used to describe and 

obtain approximate solutions to complex engineering systems. This method has been 

widely employed in the stress analysis of solids and structures. However, FEM is 

useful in many other fields of engineering analysis such as heat transfer, 

electromagnetism and fluid flow.  
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FEM is employed for solving partial differential equations and its application results 

in a set of simultaneous equations that describe the structure and properties of a 

physical system. In this method, the geometry of the object or system to be analyzed 

is divided into a finite number of pieces known as elements that are connected by 

nodes.  The morphological arrangement of elements and nodes defines the geometry 

using a grid known as the mesh, where the material and structural properties are 

defined. Consequently, many simultaneous equations result from this process and the 

use of computer systems to perform the analysis is essential [108-111]. 

The practical application of FEM is known as Finite Element Analysis (FEA). It was 

developed by the aircraft industry in the mid-1950s to perform airframe and 

structural analysis. During the next two decades, the development of computer 

systems continued with improvements in calculation time and the construction of 

more complex geometries and the analysis was extended to non-structural fields such 

as fluid mechanics and heat conduction. In 1972, as a result of concern about load-

bearing in bones and the relationship with bone architecture, Brekelmans et al., 

introduced the application of FEA to biomechanics by analyzing the mechanical 

behaviour of bone under loading conditions [108-117].  

FEA has continued to improve and applications have been expanded to include other 

areas of science. FEA development in the area of bioengineering has increased 

because of the improvement in obtaining complex geometries from living tissues via 

the development of specialized software to import data from image systems such as 

plane X-rays, computed tomography scans (CT scans), and magnetic resonance 

imaging (MRI). 

The analysis in the present research has been undertaken using Abaqus/Standard for 

static stress analysis. The characteristics of this analysis are the following: 

 It is used for three dimensional modelling. 

 It can solve linear and non-linear problems. 

o Nonlinearities occurring from material non-linear behaviour, large-

displacements, and boundary nonlinearities such as contacts and 

friction between surfaces can be handled. 
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 Material behaviour can be defined as linear or non-linear. 

 It ignores time-dependent material behaviour. 

 It considers the rate-dependent plasticity of the material. 

 Inertia effects can be ignored. 

For static stress analysis, the Abaqus/Standard finite element software package 

determines approximate solutions to the equilibrium equations taking into account 

the relevant constitutive and geometric relationships 

 

The basis to solve a finite element analysis is set down by the Hooke’s Law: 

F = kx (3) 

Where F is the force, k is a proportional constant and x is the displacement. 

 

Since each element has several nodes and each node has an associate displacement, 

the same number of equations as nodes in the model has to be created. The resultant 

simultaneous equations are expressed as:   

{F} = [K] {u} (4) 

Where [F] is the force matrix, {K} is the stiffness matrix and {u} is the displacement 

matrix.    

                     

Hooke’s Law can relate the stress and strain parameters on an analysis as: 

σ = Eε (5) 

Where σ is the stress, E is the Young’s modulus and ε is the strain. 

 

Newton’s method is used by Abaqus/Standard to solve the resulting nonlinear 

equilibrium equations, with the solution being obtained using a series of increments 

with iterations to obtain equilibrium within each increment. The size of the increment 

affects the computational performance because when the increments are too large, 

more iterations are required to solve the analysis [111, 118]. 

4.1.2 Imaging Methods 

There are systems that create images of the structures and activities inside entities of 

living tissue by the use of electromagnetic radiation or sound waves. These imaging 
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methods include the commonly used plane X-Ray to more complex techniques such 

as CT scans, MRI, nuclear medicine scans and ultrasound [8, 9, 11, 14, 16, 18, 44, 

45]. 

Figure 4.1a shows a plane X-Ray image used to show abnormalities in bones by 

applying electromagnetic radiation. Figure 4.1b shows a Magnetic Resonance Image 

(MRI), which uses a strong magnetic field to produce detailed soft tissue images. 

Figure 4.1c shows a single slice from a set of CT scans. A CT scan is a cross-section 

image showing more detail than a typical X-Ray. In addition to showing soft tissue 

structures, a 3D image can be created from CT scan data by joining several slices.  

   
A b c 

Figure 4.1  Types of imaging diagnosis methods. (a) Plane X-Ray; (b) MRI; (c) CT scan. 

CT scans are commonly requested during the diagnosis stage of FAI and were 

employed in the present research to obtain the bone geometries. Unlike MRI, CT 

scanning produces much more transversal images, which leads to more accurate 3D 

geometries.  Construction of the geometries is described in the following section. 

4.2 Stress Analysis Following Osteochondroplasty   

In cam-type FAI, abnormal contact occurs between the anterosuperior femoral head–

neck junction and the acetabular cartilage [9, 11, 16, 23, 25] during flexion and 

internal rotation of the hip. Normally, this area of the femur has a concave 

configuration but in cam impingement it is flattened or convex [3, 9-11, 13-16, 18-

20, 23, 25, 27, 28, 46, 47, 49], as illustrated in Figure 4.2b. Osteochondroplasty for 

FAI aims to alleviate abnormal contact to allow normal motion.  
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a b 

Figure 4.2  Cam-type FAI deformity. 

 

Logically, the greater the amount of bone removed, the greater the clearance for the 

safe range of hip movement without impingement. However, as resection depth 

increases, so would the likely stress in the remaining bone in the neck, increasing the 

risk of post-operative fracture. Neck fracture is recognized as a serious complication 

of hip arthroscopy [103, 104, 106, 107, 119] with incidence rates in the range of 0.8–

1% [103, 106, 107]. 

 

To date, the only study known to address the issue of resection depth was presented 

by Mardones et al.[3]. They tested 15 cadaveric specimens from elderly patients 

divided into three groups (10%, 30% or 50%) based on the quantity of bone removed 

in the femoral neck. Bones were subjected to compressive loading to calculate their 

peak load, stiffness and energy to fracture.  

 

The conclusion from the study was that the peak loads only increase significantly 

once 50% of the neck is removed. Although this study provides some guidance for 

establishing the safe resection depth limit in a femoral osteochondroplasty for FAI, 

the location of the resection area was fixed in the antero-lateral quadrant whereas in 

practice it is known that impingement area varies for each patient. In addition, this 

study has the disadvantage of having being performed on cadaveric specimens from 

elderly subjects (average age79 years), whose bones would have reduced in their 

strength due to the mineral decrement in people of that age. 
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A finite element (FE) model was developed to investigate the stress distribution in 

the femoral head–neck after resection. Five depths of resection in a cam-type 

impingement were considered in conjunction with five activities: standing on one leg 

(static), two-to-one-to-two leg standing, normal walking, walking down stairs, and a 

knee bend. The aim of this analysis was to understand the relationship between 

resection depth and the stress distribution in the head and neck. 

4.3 Methods 

To investigate the stress distribution in the femoral head-neck junction after 

osteochondroplasty, six 3D finite elements models were created from CT scan data 

of a patient exhibiting cam-type impingement (P-I). The first five models were 

subjected to virtual ostechondroplasties to obtain five different resection depths. The 

sixth model was left intact as a pre osteochondroplasty model. Each model was run 

under loading conditions corresponding to five daily activities: standing on one leg 

(static), two-to-one-to-two leg standing, normal walking, walking down stairs, and a 

knee bend. Figure 4.3a shows the CT scans of the abnormal morphology femur used 

for the models, whereas Figure 4.3b shows the contralateral hip which exhibits 

normal morphology.  

 

  
a b 

Figure 4.3  CT scan diagnosis showing FAI. (a) Cam-type impingement hip; (b) Normal 

morphology hip. 

 

The development of the finite element models involved six main steps. First, the 

intact bone geometries were created from the CT scans. Secondly, the assembly of 
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the parts of the joint and any morphologic modifications needed were performed in 

Computer-aided design (CAD) software. In the third step, the necessary material 

properties for each tissue involved were defined according to the analysis to be 

performed. The fourth step was conversion of the solid geometries into a 

morphological arrangement of elements and nodes (mesh). In the fifth step the 

constraints and interactions between the geometries involved were defined, and, 

finally, the loading and boundary conditions needed to perform the finite element 

analysis were set up. 

4.4 Geometry 

The process of obtaining the geometry of each hip bone was performed by using Scan 

IP® to obtain the 3D surfaces of the bones. PowerSHAPE Pro® was used to create the 

solid volumes of the bones, preliminary cartilages and resection tools, and Abaqus 

CAE® to finalize the cartilages and to fix any conditions in the geometry that could lead 

to errors during the FEA. 

4.4.1 Bones  

The bone geometries for the finite element model were constructed using a 

commercial software package, ScanIP®, using DICOM data obtained from CT 

scanning. Each set of CT scans provides a variable number of images depending on 

factors such as the scanned body part, space between slices or size of the patient. 

Therefore, more cross sections mean less space between them and thus, less missing 

tissue, which results in more accurate geometry. The models constructed for this 

work required an average of 200 slices to accurately define the bone geometries of 

the hip. 

CT scan greyscale images show all the tissues inside the body according to the 

density of the material. Bone is clearly defined but not cartilages, and so, cartilage 

geometry cannot be reproduced from CT scans. Software performance depends on 

the resolution of the images, so high resolution reduces working-time to define the 

geometry and software tools provide better results. Figure 4.4a shows a high 

resolution CT scan which is more useful for reproducing the geometries, whereas 
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Figure 4.4b shows a poor resolution CT scan which complicates the construction 

process. 

  
a b 

Figure 4.4  CT scans. (a) High resolution; (b) Low resolution. 

Since every set of CT scans was different, the resolution, size, and position of the 

slices varied for each patient, and so it was important to have good knowledge of the 

anatomy involved to correctly interpret the images. However, it is even more 

important to be able to detect the bone abnormalities which are the focus of the 

present research in order to reproduce the geometries of the abnormal bones as 

accurate as possible. Scan IP® reads the DICOM images and displays each of them 

in different views as Figure 4.5 shows. 

 
Figure 4.5  ScanIP® views. 
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By applying segmentation tools and morphological filters in Scan IP® colour masks 

were created to define the geometries. The segmentation process was performed by 

using “Threshold” and “Paint” tools to define the areas of interest by taking the 

information from the image data in order to create colour masks which delineate the 

tissues required. The threshold tool creates a mask based on greyscale values, so that 

the mask is made by the pixels included in the greyscale range defined. The paint 

tool allows the merging and splitting of the segments in a mask, by selecting of just 

an individual pixel, which is very useful for complex geometries [120].  

Morphological filters are applied in the colour masks to improve the surfaces of the 

geometries obtained after segmentation. First, a “Binarisation” filter is applied to 

assign one value of the greyscale range to the complete mask to eliminate the 

connection between the mask and the background, and to homogenize the mask 

itself. Once the masks were more homogeneous, a “Smoothing” filter is applied to 

refine the contours of the surfaces [120]. 

 Figures 4.6a and 4.6b show transversal and frontal views of one slice of the femoral 

epiphysis mask obtained in Scan IP® before and after applying the morphological 

filters.  

  
Transversal plane Frontal plane 

a 

  
Transversal plane Frontal plane 

b 

Figure 4.6 Mask of the femoral epiphysis in Scan IP®. (a) Before filters; (b) After filters. 
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Scan IP® created a 3D surface from the final mask obtained after applying the filters, 

which was saved and exported as an IGES (Initial Graphics Exchange Specification) 

file. To describe the surface to be exported, Scan IP® uses triangular geometric 

entities to adjust as close as possible to the shape obtained from the CT scans.  

Triangles are the geometric entities used to describe, in a finite number of regular 

surfaces, the outer area of an irregular 3D geometry such as bone. Scan IP® needs to 

describe the bone geometries in triangles in order to be able to import them into the 

software. So it can de deduced that, the more triangles that are used to describe the 

surface, the more accurate the final geometry will be. A maximum of 5000 triangles 

per part was used to export each 3D surface as this was the maximum number of 

triangles permissible on the computer system. Figure 4.7 shows the 3D view of the 

femur surface ready to be exported from ScanIP® . 

  
Figure 4.7 3D surface of final geometry in Scan IP®. 

4.4.2 Cartilages  

The geometries from ScanIP® were imported to PowerSHAPE Pro® as solid 

volumes in case they needed modification and mainly to help in the creation of the 

preliminary cartilage missing geometry. 

PowerSHAPE Pro® is a Computer-aided design (CAD) system capable of designing 

and modifying imported 3D parts. Preliminary femoral cartilage was created from an 

expanded mask of the femur to cover the actual location of the cartilage, which was 

unclear in the DICOM images. For the creation of the preliminary acetabular 

cartilage an expanded mask of the pelvic bone was used, but since it was very 

difficult to create such complex shapes, extra regular geometries were used to 
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finalize the geometries in Abaqus CAE®. Figures 4.8a and 4.8b show the process of 

creating the preliminary cartilages in PowerSHAPE Pro®. 

   

Femur (normal geometry) 
Femur (normal + expanded 

geometries) 

Femoral (preliminary 

cartilage) 

a 

   

Pelvis (normal geometry) 
Plevis (normal + expanded 

geometries) 

Acetabular (preliminary 

cartilage) 

b 

Figure 4.8  Development of preliminary cartilages in PowerSHAPE Pro®. (a) Femoral cartilage; 

(b) Acetabular cartilage. 

4.4.3 Resection tool 

Resection tools were used to perform the extraction of volume of the femur in the 

models in order to simulate the osteochondroplasty surgery. They were specially 

created according to the requirements of each model because the location and area to 

be resected varied for each patient. The resection area should not stray above the 

equator of the femoral head which is defined as perpendicular to the femoral neck 

axis. The extent of the resection infero-lateral to the equator depends on the exact 

position of the cam deformity. Commonly this is anterior, supero-anterior or antero-

medial.  

During the development of the present research, the process of creating the resection 

tools was improved, so that, in the first analysis, the initial resection tool was a solid 

volume based on the triangular surfaces selected on the model by the surgeon as the 

area to be resected, as described in Table 4.1. The surgeon selected the triangular 

surfaces directly in the geometry of the cortical bone in Abaqus CAE® to form the 

resection area (Step 2-3). The resection area was extruded in PowerSHAPE Pro® to 
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create the initial resection tool, "Initial RT" (Step 5). The use of the “Initial RT” led 

to irregular resections as a result of the small edges and changes of direction on the 

perimeter of the resection area formed by the addition of the small triangular 

surfaces. Before starting the construction of any of the resection tools, it was 

essential to finish and assemble all geometries involved in the non-resection model in 

Abaqus CAE®.  

Table 4.1  Process to create the RT. 

 

Step  Initial  RT 

1. Import geometry from 

ScanIP®.  

*Abaqus CAE® 
 

2. Simulate the virtual 

osteochondroplasty 

(triangular surfaces selected 

by the surgeon).  

3. Eliminate outer resection 

area surfaces. Export. 

*Abaqus CAE® 

 

4. Import the resection area 

 *PowerSHAPE Pro® 
 

5. Extrude the surface, 

convert it to a solid part and 

export as IGES file (RT).  

*PowerSHAPE Pro®  
*Software used during the step. 

4.4.4 Geometry Repair 

Because the bones were irregular, geometric inaccuracies were common in the 

imported parts. In this case, the geometry was considered invalid and its use during 

modelling lead to errors. Abaqus CAE® was able to manually repair and improve 

any inaccuracy in the geometry to avoid errors in the FEA, by replacing or removing 
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faces, merging small edges, or stitching small gaps. Figure 4.9 shows a section of an 

inaccurate geometry before and after repairs. 

   
Imprecise geometry Imprecise faces Repaired faces 

Figure 4.9  Imprecise section repaired in Abaqus CAE®. 

4.4.5 Virtual Resections 

As described in Section 4.4.3, the development of the resection tool (RT) was needed 

to perform the virtual resections. The “Initial RT” was used in the analysis of the 

resection depth. Virtual resections were constructed in Abaqus CAE® by using 

subtraction/intersection operations, which facilitated the removal of virtual material. 

Figure 4.10 shows the steps used to perform a virtual resection with the “Initial RT” 

in the femoral head-neck junction. 

 

 

 

  

Before virtual resection RT Bone - RT After virtual resection 

Figure 4.10  Volume removal in Abaqus CAE®. (Initial RT). 

 

For the resection depth stress analysis, five virtual osteochondroplasty models were 

generated. In each case, the same outer area of resection was considered as this was 

the maximum extent of the impingement zone indicated by the CT scan. The 

resection depth for a cam-type impingement such as this one would typically be 

between 4 to 8 mm and involves the removal of cartilage, and cortical and trabecular 
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bone. Figure 4.11 illustrates the six models developed and their corresponding 

resection depths. 

   
0 mm 2 mm 4 mm 

   
6 mm 10 mm 15 mm 

 Cortical bone       

 Trabecular bone 

 Cartilage 

Figure 4.11  Resection area and depths considered in the study. 

4.5 Material Properties 

In contrast to engineering materials such as metals, plastic or composites, biological 

materials alter their mechanical properties and morphology in response to 

appropriate stimuli, which makes the study of their mechanical properties very 

challenging. Bone and cartilage are non-homogeneous anisotropic materials. 

However, even though their behaviour has been demonstrated before, most of the 

FEA of bone developed to date have assumed isotropic and homogeneous properties.  

For this research, the assumption of isotropy and homogeneity of the bone was 

adequate, since the analysis was focused on the effect of the resection in the stress 

distribution within the bone, the range of motion of the joint, and in the contact 

surfaces [35, 76-81, 121-125]. 

Material properties for all the geometries involved were defined before performing 

the FEA. For this analysis, it was assumed that the materials exhibited simple elastic-
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plastic behaviour with properties taken from the literature. Table 4.2 shows the 

material properties for the two types of bone and cartilage used [54, 121, 126-128]. 

Table 4.2  Material properties used in the resection depth and range of motion 

FEA [54, 121, 126-128]. 

Material 
Young’s modulus 

E [MPa] 
Poison’s 

ratio 
Yield stress 

σ [MPa] 
Material behaviour 

Cortical 
bone 

17,000 0.3 100 
Homogeneous, elastic-

plastic, isotropic 
Trabecular 

bone 
150 0.3 6 

Homogeneous, elastic-
plastic, isotropic 

Cartilage 12 0.4 5 
Homogeneous, elastic-

plastic, isotropic 

4.6 Boundary Conditions  

Finite element modelling requires development of a single assembly that includes the 

geometry of all the parts and the constraints and interactions between them, and also 

the boundary conditions needed to define and simulate the environment for each 

model.  

Based on a master-slave scheme, constraints allow partial or total reduction of the 

degrees of freedom of a slave group of nodes by defining kinematic relationships 

between them and a master group of nodes. Consequently, the motion of the slave 

depends of the motion of the master. Constraints are defined in the assembly and 

remain throughout the analysis. In the case of the interactions, the master-slave 

scheme is used to define the type of contacts, transmission of forces, and friction 

between parts that interact at some point of the analysis. Interactions are enabled 

only in the steps of the analysis where they are required. 

The external conditions to which the models are subjected such as concentred forces, 

pressure, displacements, and rotations are simulated by using loads and boundary 

conditions in Abaqus CAE®. Each analysis needs to define specific conditions based 

on the situation to be simulated and the output variables required.  

 

For the stress analysis, a section of the hemi-pelvis including the acetabulum was 

incorporated in the model to transmit the concentred forces to the femoral head. To 

avoid local stress concentrations and localized deformations, the pelvic section was 
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set as a rigid body enabling it to effectively transfer the load on to the head. The 

interface between the head and acetabulum was modelled using the ‘‘tie’’ constraints 

of Abaqus CAE 6.9-2®, so that adjoining nodes had the same displacements. Full 

fusion was assumed at the interface between cortical and trabecular bones. 

 

The bottom surfaces of the proximal femoral segment were fixed in displacement 

and rotations in all directions. Concentred forces corresponding to each activity were 

used to represent the abductor muscle and the force on the head due to body weight.  

 

The muscle force (FM) was applied at a reference point above the greater trochanter 

using a kinematic coupling constraint to include the anatomy location of the abductor 

muscles, whereas the concentrated force corresponding to the femoral head (FFH) was 

applied to the top of the pelvic section. Figure 4.12 illustrates all the boundary 

conditions used for the resection depth analysis. 

 

 
Bottom surfaces fixed in all directions 

  
Kinematic coupling Concentred forces 

Figure 4.12  Boundary conditions for the resection depth analysis. 

 

A free body diagram of the upper part of the femur was used to calculate the reaction 

forces on the head and from the abductor muscles, as shown in Figure 4.13. 
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Figure 4.13  Free body diagram of the lateral side of the upper part of 

the body. 

 

To determine the forces applied to the models, a percentage of the body weight and 

angles depending upon the activity were considered [129]. The maximum values for 

each activity were employed. Table 4.3 illustrates the forces and the associated 

angles calculated from the free body diagram. 

Table 4.3  Concentrated forces and variables considered in the resection depth 

FEA. 

Activity Angles W [N] %W FM [N] FFH [N] 

1 leg stand 

(static) 

Θ1 = 13º 
785 90 1,303 1,982 

Θ2 = 20º 

Normal 

walking 

Θ1 = 13º 
785 238 3,447 5,242 

Θ2 = 20º 

Downstairs 
Θ1 = 12º 

785 260 3,049 5,015 
Θ2 = 20º 

Knee bend 
Θ1 = 16º 

785 143 4,435 5,503 
Θ2 = 20º 

2-1-2 legs 

standing 

Θ1 =  7º 
785 231 982 2,757 

Θ2 = 20º 

 

For the present analysis, only the frontal plane forces were considered as these are 

generally higher forces than the transversal plane forces and our focus was on 

investigating which postoperative activities are important to avoid. Table 4.2 lists the 

force components estimated for each activity. 
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Table 4.4  Force decomposition. 

Activity FM [N] 
FM  Components 

[N] 
FFH [N] 

FFH Components 

[N] 

1 leg stand 
(static) 

1,303 
FM(X) = 445 

1,982 
FFH(X) = -445 

FM(Z) = 1,225 FFH(Z) = -1,931 

Normal 

walking 
3,447 

FM(X) = 1,179 
5,242 

FFH(X) = -1,179 

FM(Z) = 3,239 FFH(Z) = -5,107 

Down stairs 3,049 
FM(X) = 1,042 

5,015 
FFH(X) = -1,042 

FM(Z) = 2,865 FFH(Z) = -4,906 

Knee bend 4,435 
FM(X) = 1,516 

5,503 
FFH(X) = -1,517 

FM(Z) = 4,167 FFH(Z) = -5,290 

2-1-2 legs 

standing 
982 

FM(X) = 336 
2,757 

FFH(X) = -355 

FM(Z) = 923 FFH(Z) = -2,737 

4.7 Mesh Sensitivity Analysis  

The meshing process took place in Abaqus CAE®. Discrete geometries were created 

based on elements and nodes to approximate the original geometries of the model. 

Since the parts involved in the model of the hip joint were very complex, 4-node 

linear tetrahedral elements were used to mesh them; C3D4 (Continuum, 3D, 4 node). 

Figures 4.10.a and 4.10.b show a hypothetical 4-node tetrahedral element and a 

section of meshed geometry.  

 
 

a b 

Figure 4.14  Tetrahedral element.  (a) Element hypothetical configuration; 

(b) Meshed geometry using tetrahedral elements. 

The number of elements varied in each model depending on the number needed to 

describe the geometry involved. In the case of complex geometries, a finer mesh 

means better geometry but also longer computation time to run the analysis, whereas, 

a coarse mesh gives imprecise geometry and unreliable results. In the meshing tools 

from Abaqus CAE® it is possible to assign different densities to describe the same 

geometry but the results may vary.  
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The final number of elements used to mesh the geometries was automatically 

calculated by Abaqus CAE® once the approximate global element size was 

specified, which determines the length of the edges of each element. Consequently, a 

mesh convergence analysis was performed to define the density of the mesh to use 

and to obtain consistent results. 

The mesh convergence analysis was performed to ensure accuracy of the results by 

assigning different mesh densities in a single model and running them under the 

same conditions and analysing the variation in the results obtained. Mesh densities 

were chosen between the maximum and minimum number of elements that could 

describe the geometry.  

The analysis consisted of employing the non-resection, intact model and three 

densities (360,444, 91,068 and 77,666 elements) and comparing the average von 

Mises stress in the head-neck shaft section. The mesh containing 360,444 elements 

was named the “fine” mesh, that containing 91,068 elements, the "middle" mesh and 

the mesh with 77,666 elements, the "coarse" mesh.  

As a result of the analysis, the “middle” mesh density was chosen because the 

average von Mises stress changed by less than 0.5% in comparison with the "fine" 

mesh whilst computation time was significantly reduced. Results from the mesh 

sensitivity analysis are listed in Table 4.5. 

Table 4.5  Mesh sensitivity analysis. 

Mesh 

   
Fine Middle Coarse 

Number of 

elements 
360,444 91,068 77,666, 

Computer time 24 hours  4 hours 3.8 hours 

Average von 

Mises variation 
---- 0.3% 6.5% 
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The number of elements used changed with resection depth due to the removal of 

material and the geometry of the remaining resected area. After a virtual resection, 

the area exposed was highly irregular, and a large number of elements were required 

to capture the geometry and ensure high accuracy in stress predictions. Although less 

volume of trabecular bone was being meshed as the resection depth increased, the 

number of elements employed actually increased due to the increased complexity of 

the geometry. Table 4.6 lists the number of elements employed in each model. 

Table 4.6  Number of elements employed in the models for the resection depth 

FEA. 

 Tetrahedral Elements 

Resection depth 

[mm] 
Cortical  Trabecular  Cartilage Total  

0 25,959 55,465 9,644 91,068 

2 28,586 55,465 9,403 93,695 

4 26,453 57,231 9,248 92,932 

6 25,333 58,976 9,453 93,762 

10 24,991 61,043 8,702 94,736 

15 24,189 67,056 8,551 99,796 

4.8 Validation of the Model  

The model was validated by comparing predictions from the intact femur model with 

results from a cadaveric study presented by Mardones et al. [3]. The investigation by 

Mardones et al. consisted of testing 15 pairs of femora to fracture using a materials 

testing system following removal of 10%, 30%, or 50% of the femoral neck from one 

femur in each pair. The contralateral femur was left intact as a control. A 

compressive load was applied to the head at a displacement rate of 20 mm/min until 

fracture. The intact, non-resection femur model was corroborated against the results 

from the control femora group in the cadaver study.  

 

Appropriate boundary conditions were applied, and compressive loading was applied 

to the head at the same rate as in the experimental study. Mean age for the cadavers 

was 79 years (range of 57–98 years) so the elastic modulus of the cortical and 

trabecular bone in the model was reduced from the healthy values for cortical and 

trabecular bones by 32% and 66%, respectively [130, 131] to represent the typical 

reduction in elastic modulus with age and the degree of osteoporosis. 
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 The stiffness of the neck was calculated from the linear portion of the load–

displacement curve from the model and was compared to the mean neck stiffness 

from the cadaveric control group. Figure 4.15a illustrates the experimental set up for 

the compression testing and Figure 4.15b shows the modelling settings employed for 

the comparative analysis. Figure 4.16 shows the stiffness comparison between the 

model and the experimental results (638 N/mm for the model compared with 686 

N/mm for the cadaveric study). 

   
a b 

Figure 4.15  Physical corroboration settings. (a) Experimental 

study set up (modif.) [3]; (b) FE Model. 

 

  

Figure 4.16  Stiffness comparison. 
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4.9 Results 

A preliminary analysis was performed to compare the von Mises and the maximum 

principal stresses in the femoral neck. This analysis was carried out in all the 

resection models for the knee bend forces. In addition, the analysis was undertaken 

for all the activities for the 6mm resection depth model. The trend of the average 

values of von Mises and maximum principal stresses for various levels of resection 

was broadly similar; however, numerical values of maximum stress may be very high 

at a point due to surface irregularity after a virtual resection is performed. These 

irregularities may not be present in actual patients, but hard to avoid in numerical 

models due to non-uniform element sizes. Hence average von Mises stresses and 

yielded volumes were reported in four zones of the resection area. 

 

The depth of the zones was taken to be the coronal plane at a level 1 mm below the 

maximum resection depth. Four zones of interest (A–D) were defined in the resection 

region, as shown in Figure 4.17. 

 

 

Average von Mises stresses and the yielded volume were calculated for each zone. 

Average stresses were calculated by multiplying the volume of each element by its 

corresponding stress value. These results were then added together before being 

divided by the total volume of the elements in the zone: 

Average von Mises stress =  

 

(6) 

Where   is the volume of the ith element of the zone under consideration;   is the 

von Mises stress in the ith element of the zone. 

   
a b c 

Figure 4.17  Areas of interest. 
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Figures 4.18–4.21 show the average von Mises stress and the volume of material 

yielded in the inferior-medial (A), superior-medial (B), superior-lateral (C), and 

inferior-lateral (D) areas of the resection, respectively, for the different resection 

depths and activities. Higher von Mises stresses were obtained for the knee bend, 

normal walking, and walking down stairs activities. In the case of the B and C 

resection areas, the knee bend had the highest average stresses at all resection depths, 

as shown in Figures 4.18a–4.21a. For the remaining two resection areas (A and D), 

the results for knee bend, normal walking, and walking down stairs activities were 

similar, between 1.4 and 2.5 times greater for the maximum resection depth 

compared to the non-resection case. 

 

In all the cases, the average von Mises stress increased with resection depth. In the 

case of A, B, and D resection areas, the rate of increase in average stress became 

greater at resections ≥10 mm, corresponding to depths equal to ≈1/3 of the average 

diameter of the neck and beyond. At resection depths <1/3 of the diameter of the 

neck (depths of <10 mm), the volume of material yielded was small, as shown in 

Figures 4.18b–4.21b. 

 

The volume yielded increased significantly at resection depths of 10 and 15 mm, 

corresponding to 1/3 and 1/2 of the neck diameter, respectively. Yielding was 

confined to the cortical bone and was only significant in the knee bend, normal 

walking, and walking down stairs activities.  

 

As previously described in this Chapter (Section 4.8), the non-resection model was 

corroborated against the control group from Mardones et al. So, it is possible to 

compare the results from the resection models with the results from the compressive 

tests in the resected femurs. Results from the models indicate that the rate of increase 

in stress becomes greater at resections ≥10 mm, which represents 30% of the head-

neck shaft diameter. The results from Mardones et al. show that the loading required 

to reach the fracture in the femurs was reduced significantly when the bones have 

been resected by 30% of their head-neck shaft diameter. Thus, both studies suggest 

that the safe resection depth cannot be deeper than 1/3 of the diameter of femoral 

head-neck shaft. 
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b 

 

a 
Figure 4.18  Area A (inferior-medial). 

 

 

 



PhD Thesis                                                                                                                                                Chapter IV 

 

92 

 

 

 
a  

 
b 

Figure 4.19  Area B (superior-medial). 

 

 

 

 



PhD Thesis                                                                                                                                                Chapter IV 

 

93 

 

 

 
a 

 
b 

Figure 4.20  Area C (superior-lateral). 
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a 

 
b 

Figure 4.21  Area D (inferior-lateral). 
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4.9.1 Contour Plot Analysis 

Figure 4.22 illustrates an example of the von Mises stress distribution in the femoral 

head and neck for the knee bend activity at resection depths equivalent to ≥1/3 the 

diameter of the neck. At a resection depth of ≈1/3 the diameter of the neck (10 mm), 

the stress reached the yield point in the resection region, and over a small portion of 

the neck (depicted in red). As resection depth increased to 1/2 the diameter (15 mm) 

the yielded area expanded to the neck region surface and internally in the cortical 

bone which means that the elements in the neck region reached the elastic limit, so 

that the deformation will be permanent and possible failure may occur.  

 

Frontal 

view   

                    
Frontal                

Cut view   

Resection Depths 

≈ 10 mm ≈ 15 mm 

Stress von 

Mises 

 

 

 
             

 

 
               

 
Figure 4.22  Contour plots. 

 

The general yield pattern suggests that for resections depths of 1/3 and 1/2 of the 

neck diameter, fracture is likely in the resected area expanding to the femoral neck. 

The results presented above in addition to the occurrence of femoral fractures after 

osteochondroplasty for FAI, were the main reasons to then proceed with a detailed 

analysis of failure after femoral osteochondroplasty for FAI, considering different 

resection depths and bone quality properties. This failure analysis is reported in the 

following Chapter. 
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5. CHAPTER V: FAILURE ANALYSIS FOLLOWING 

OSTEOCHONDROPLASTY 

5.1 Introduction  

As discussed in the previous chapter, femoral osteochondroplasty is frequently 

performed as the surgical treatment for cam-type FAI and although femoral neck 

fracture is recognized as a potential post-operative complication of 

osteochondroplasty for FAI, little information is available as to what constitutes a 

safe depth of resection. 

5.2 Failure analysis following osteochondroplasty 

To date, only two studies have attempted to provide some insight and guidance to 

this problem.  First, an experimental cadaveric study [3] reported that at resection 

depths of 30% of the diameter of the femoral neck and greater, the energy required to 

produce fracture reduced significantly, causing a modification to the failure pattern 

and second, the results from the previously described finite element study (Chapter 

IV) [100] which suggested that the resection depth should be kept to less than 1/3 of 

the diameter of the neck in order to ensure integrity of the femoral head and neck. 

 

Hip fracture is considered to be one of the most serious potential consequences of 

osteoporosis [132-134]. Whilst it is acknowledged that bone quality is an important 

factor in addition to resection depth and the degree of post-operative weight bearing 

in femoral neck fractures following hip osteochondroplasty [102, 105], the effect of 

osteoporosis on the risk of postoperative fracture is currently unknown. The authors 

of the experimental study into the effect of the size of resection depth [3] noted that 

due to the age of the cadaveric samples used, it was likely that the specimens had a 

higher degree of osteoporosis than the bone of younger patients which would thus 

reduce their loading bearing capacity, suggesting that the results underestimated the 

upper limit of what can be considered to be a safe resection depth. 

 

Even though it is relatively uncommon to perform osteochondroplasty for FAI on 

older patients it is sometimes appropriate and in addition osteoporosis is being found 

increasingly in younger patients [135, 136]. Recently, recommendations have 
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suggested that bone mineral density scans should be considered in cases where 

osteopenia or osteoporosis is suspected in patients undergoing this type of surgery 

[105].  

 

The aim of the study described in this chapter was to develop a 3D finite element 

model using CT scan data from a patient with a cam-type femoroacetabular 

impingement to investigate the association between osteoporosis and both the 

mechanism and risk of femoral neck fracture after femoral osteochondroplasty. Two 

resections depths were considered in addition to the intact, non-resection case, for 

both healthy and osteoporotic bone scenarios, with the hip model subjected to 

average and high peak loads corresponding to the “descending stairs” activity. The 

hip model was also subjected to the loads corresponding to “stumbling”, an activity 

that has been determined to result in high contact forces. Osteoporotic bone material 

properties were considered and results were compared to those obtained for healthy 

bone. A quasi-brittle damage plasticity material formulation was employed in the 

Abaqus FE analysis software to provide an in-depth evaluation of fracture risk. 

5.2 Methods 

Three 3D finite element models of the proximal femur were developed to analyze 

two resection cases and the non resection case.  Models were created using CT scan 

data from a patient with a prominent cam-type femoroacetabular impingement. The 

CT scan data were imported into ScanIP® to obtain a 3D surface. It was then 

exported to PowerSHAPE Pro® enabling a solid model to be produced. The solid 

model was read into the Abaqus CAE 6.10-1® for assembly, virtual resection 

development, mesh generation and subsequent analysis as previously described in 

Chapter IV (Section 4.4.1). Models were analysed considering healthy and 

osteoporotic bone material conditions and were subjected to three significant loading 

conditions. 

5.3 Geometry 

As described in Chapter IV, a methodology is followed to obtain the geometries for the 

models, starting with Scan IP®, passing through PowerSHAPE Pro® and concluding in 
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Abaqus CAE®. However, for the failure analysis some improvements to the resection 

tool used for the stress analysis described in the previous chapter were required. 

5.3.1 Bones  

The construction of the bone geometries was previously described in Chapter IV 

(Section 4.4.1). 

5.3.2 Cartilages  

The construction of the bone geometries was previously described in Chapter IV 

(Section 4.4.2). 

5.3.1 Resection Tool   

Due to the fact that the use of the “Initial RT” led to irregular resections as 

previously described in Chapter IV (Section 4.4.3), an “improved” resection tool was 

developed to perform the virtual resections in the failure analysis as illustrated in 

Table 5.1. The new resection tool was created to facilitate the production of smooth 

resections thus avoiding the formation of irregular edges which can cause mesh 

irregularities and result in unrealistic stress concentrations when a structure is 

analysed. Starting from the same area selected by the surgeon (Steps 2-3), the 

construction of the RT was improved by creating a curve from several of the outer 

points of the selected area in order to make a smooth surface, which covered all the 

area selected by the surgeon in the model, and avoided the irregular edges produced 

by the triangular surfaces (Steps 4.1 and 4.2). This approach allowed the use of the 

design tools in Abaqus CAE® in case any modification was needed (Steps 5-6).  As 

with the “Initial RT”, it is essential to finish and assemble all geometries involved in 

the non-resection model in Abaqus CAE®, before creating the “Improved RT”. 

 

The “Improved RT” resulted in a smooth and regular resection and consequently a 

homogeneus mesh in the resection area, which led to the avoidance of stress 

concentrations and a reduction in the computation time required for the FEA. Figure 

5.1 shows the steps used to perform a virtual resection with the “Improved RT” in 

the femoral head-neck junction. 
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Table 5.1  Process to create the RT. 

Step  Improved RT 

1. Import geometry from ScanIP®.  

*Abaqus CAE® 
 

2. Simulate the virtual osteochondroplasty 

(triangular surfaces selected by the surgeon).  

3. Eliminate outer resection area surfaces. 

Export. 

*Abaqus CAE® 
 

4. Import the resection area 

 *PowerSHAPE Pro® 
 

4.1. Create a 3D curve to include the outer 

limits of the resection area. 

*PowerSHAPE Pro®  

4.2. Create a surface from the curve. 

*PowerSHAPE Pro® 
 

5. Extrude the surface, convert it to a solid part 

and export as IGES file (RT).  

*PowerSHAPE Pro®  

6. Apply rounding tools. 

*Abaqus CAE® 
 

*Software used during the step.  

 

 

 

 

  

Before virtual resection RT Bone - RT After virtual resection 

Figure 5.1  Volume removal in Abaqus CAE (Improved RT) 
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Two virtual resections were performed on the model and the shape of the resection 

area was considered as the maximum extent of the impingement zone as described in 

Chapter IV (Section 4.4.3).  The “Improved RT” was used to perform the resections 

following the methodology described in Chapter IV (Section 4.4.5. The maximum 

impingement zone defined by the CT scans was considered to define the outer limits 

of the resection in both cases. One was a “normal” case of resection, considering 

only the sculpting of excess bone on the femoral head-neck junction, resulting in a 

resection depth of 6 mm or 18% of the overall femoral neck diameter. The second 

resection was considered a “critical” case, performed to a depth of 12 mm or 36% of 

the neck diameter.  Figure 5.2 illustrates the two virtual osteochondroplasty and non 

resection models used for the present analysis. 

   
0 mm 6 mm 12 mm 

 Cortical bone       

 Trabecular bone 

 Cartilage 

Figure 5.2  Resection area and depths considered in the study. 

5.4 Material Properties 

It is widely recognized that the material properties of bone change with age. The 

elastic modulus of human femoral cortical bone has been reported to reduce by 1-2% 

per decade after 35 years of age [137, 138]. Similarly, trabecular bone mass starts to 

decrease between the ages of 20 and 40 by around 6-8% per decade [139]. A 

common approach used by researchers to simulate the effects of osteoporosis in 

numerical models of the femoral head neck is to reduce the elastic modulus of both 

the cortical and trabecular bone by a percentage compared to ‘normal’ values [130, 

131, 140].  

For the analysis of the fracture mechanism in osteoporotic and non-osteoporotic bone 

after femoral osteochondroplasty for FAI, both cortical and trabecular bone were 
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assumed to be brittle materials and so the behaviour was modelled as elastic-plastic 

but in a complex mode. In addition, the values of density were included, since this 

variable is very important in the analysis of osteoporosis.  

Density and elastic modulus for healthy bones were taken from the literature [57, 95, 

121, 141-143] and were related by using the equation: 

 E = a  
b (7) 

Where E is the Young’s modulus of the material; ρ is the apparent density and, a and 

b are constants dependant of the type of bone. For cortical bone a = 2065 and b = 

3.09, whereas for trabecular bone a= 1904 and b = 1.64 [125].  

 

Young’s modulus for osteoporotic bone was estimated by reducing the healthy 

values for cortical and trabecular bones by 32% and 66%, respectively [130, 131, 

144, 145]. The reduction of cortical properties is related to the experimental work 

from Dickenson et al.[127], who obtained the mechanical properties of femoral 

cortical bone from normal subjects and subjects with osteoporosis. For the 

osteoporotic patients (average age 81 years) the average modulus of elasticity was 

determined to be around 32% less than the ‘normal’ value for a young adult, this 

value represents the reduction of 32% of the value utilised in the literature. 

Regarding trabecular bone, it has been reported that the reduction of 66% in the 

elastic modulus corresponds to an elderly osteoporotic patient [131]. This proportion 

is based on the relation between density and elastic modulus of the trabecular bone 

and the 8% of bone mass loss in the trabecular bone per decade [139].  

The reduced Young's modulus values for cortical and trabecular bone employed in 

order to simulate the effects of osteoporosis were used in the equations above to 

obtain corresponding densities. Table 5.2 shows the variables used to define the 

elastic material behaviour of bone and the variations between healthy and 

osteoporotic cases.  
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Table 5.2  Elastic material properties used in the failure FEA [127, 130, 144, 

145]. 

 Cortical bone Trabecular bone 

 Healthy Osteoporotic Healthy Osteoporotic 

Density 

ρ [t/mm
3
] 

1.98e-9 1.75e-9 4.3e-10 2.2e-10 

Young’s modulus 

 E [MPa] 
17,000  11,560 477  162 

Poisson’s  ratio 0.3 0.3 0.3 0.3 

 

The material formulation employed for the analysis assumes a non-linear stress-

strain relation and considers the evaluation of fracture by employing the theory of 

isotropic damaged elasticity combined with isotropic tensile and compressive 

plasticity, to define a failure envelope that encompasses cracking in tension and 

crushing in compression [146]. 

 

Plastic properties were defined following a Damage Plasticity Model (DPM) based 

on the stress-strain curves for cortical and trabecular bone [82, 147]. DPM is a 

predefined material formulation in Abaqus CAE® used to describe the plastic 

behaviour of quasi-brittle materials such as concrete or bones.  

 

DPM is capable to model quasi-brittle materials in different structures based in the 

characteristic inelastic behaviour of these materials. Firstly, DPM requires defining 

as a linear-isotropic the elastic behaviour of the material, whereas the plastic 

behaviour is represented by considering the concepts of isotropic tensile and the 

compressive plasticity of the material [118]. 

 

DPM assumes the tensile cracking and the compressive crushing as the main failure 

mechanisms, so that the evolution of the fracture is referred to the tensile (εt
pl

) and 

compressive (εc
pl

) plastic strains, which are known as independent hardening 

variables. These variables direct the propagation of yielded material and the 

decrement of the elastic stiffness [118]. 

 

The relationship between the stress and the tensile (εt
pl

) and compressive (εc
pl

) plastic 

strains, is defined based on the stress-strain curves for uniaxial tension and 
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compression respectively. Abaqus CAE® converts the uniaxial stress-strain curves 

by using a scalar degradation variable into plastic-strain curves. This degradation 

variable goes from 0 for the undamaged material to 1 for completely damaged [118].  

 

Healthy bone stress-strain curves were taken from the literature and osteoporotic 

bone curves were obtained by reducing the corresponding stress values by 32% for 

cortical and 66% for trabecular bone. Figure 5.3 shows the stress-strain curves used 

in the analysis corresponding to healthy and osteoporotic bone for both cortical and 

trabecular bone. 

  
a b 

Figure 5.3  Stress-strain curves. (a) Cortical bone; (b) Trabecular bone.  

5.5 Boundary Conditions 

A section of the hemi-pelvis including the acetabulum was generated and inserted in 

the models to transmit the joint loads to the femoral head. A “Tie” constraint in 

Abaqus CAE 6.10-1® was used to define the interaction between the femoral head 

and acetabulum, ensuring that adjacent nodes underwent the same displacement. In 

order to enable the effective transfer of the load to the femoral head whilst avoiding 

local stress concentrations, a “Rigid body” constraint was established on the hemi-

pelvic bone [100]. The bottom surfaces of the proximal femoral segment were fixed 

in all directions for displacements and rotations.  Figure 5.4 illustrates the boundary 

conditions used for the failure analysis. 
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Bottom surfaces fixed in all directions  Concentred forces 

Figure 5.4  Boundary conditions for the failure analysis. 

 

 

Three loading variations were applied in the models. The “average peak load” and 

“high peak load” derived from the “descending stairs” activity were applied [148]. 

The “average peak load” corresponds to the forces acting in a subject of body weight 

of 750 N. The “high peak load” acts in a subject of body weight of 1000 N. The 

forces applied in the third loading case corresponded to those derived from the 

“stumbling” activity, calculated under the assumptions of the “high peak loading” 

scenario.  

 

Table 5.5 shows the component and resultant forces corresponding to the three 

loading cases considered in the models [148]. The loads were applied incrementally 

up to 100% of the resultant forces shown in Table 5.3. 

Table 5.3  Forces considered in the models 

 Peak contact forces 

Activity 
Resultant Force 

F [N] 
Fx [N] Fy [N] Fz [N] 

Descending stairs 

(Average) 
2000 370 292 -1944 

Descending stairs 

(High) 
4200 776 613 -1082 

Stumbling 11000 2462 1523 -10607 
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5.6 Mesh Sensitivity Analysis 

A mesh convergence analysis was undertaken in order to ensure accurate results 

could be obtained without requiring excessive computational resources. The analysis 

consisted of taking the intact, non-resection model and comparing the average von 

Mises stress in the femoral neck for three mesh densities: coarse, medium, and fine 

meshes, consisting of 79,245, 183,152, and 928,248 elements respectively. The 

medium density mesh was chosen since the results changed by <0.5% between this 

and the fine mesh. Table 5.4 shows the number of elements employed in the three 

models, the intact (non-resection) and 6 and 12 mm resection models.  

Table 5.4  Number of elements employed in the models. 

Tetrahedral Elements 

Model/Resection 

depth [mm] 
Cortical  Trabecular  Total  

0 45,207 137,945 183,152 

6 77,201 132,056 209,257 

12 74,846 129,442 204,288 

 

5.7 Validation of the Model  

Validation of the model was performed by comparing predictions with the 

experimental results from the cadaveric investigation described briefly in Chapter 4, 

that involved testing to fracture 15 pairs of human femurs [3]. One femur from each 

pair was resected with depth being varied; the remaining femur from each pair was 

left intact as a control. The mean age of the cadaveric specimens was 79 years. The 

osteoporotic intact non-resection model was subjected to loading and boundary 

conditions representative of those used in the cadaveric study. The neck stiffness 

predicted by the model was compared with the mean neck stiffness of the control 

group from the experimental study[3]. The model predicted a neck stiffness of 604 

N/mm which compares favourably with that obtained from the cadaver study, which 

was 686 N/mm [100].  
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5.8 Results 

The results from the model include tensile and compressive damage output variables 

which refer to specific material degradation at the micromechanical level indicating 

that the bone has undergone permanent damage. Permanent material damage was 

taken as indicating the initiation of fracture in the models. The volume of bone 

damaged in tension and in compression was calculated for both cortical and 

trabecular bone in the femoral head-neck shaft region. Here the focus is on analysing 

the volume of bone damaged in tension as it is recognized that bone is weaker in 

tension than in compression as previously described in Chapter III (Section 3.3.5) 

[87, 95, 147].  

 

The results from the model indicate that no permanent material damage occurs at any 

resection depth in the trabecular and cortical bone in both the non-osteoporotic and 

osteoporotic cases for the “descending stairs” activity when subjected to “average” 

peak loading. However, when subjected to “high peak” loading, although no material 

damage was indicated in the cortical bone at any resection depth, material damage 

was registered at resection depths of 6 and 12mm in the osteoporotic bone and at 12 

mm in the non-osteoporotic trabecular bone indicating an increased likelihood of 

fracture occurring.  

 

Figure 5.5 shows the damage volume in tension in non-osteoporotic and osteoporotic 

trabecular bone for the different resection depths in the “descending stairs” scenario 

for the “high peak loading” case. The results are shown at loading increments up to 

100% of the applied load. It can be seen upon inspection of this figure that no 

material damage is present in the non resection cases.  

 

In the case of the “normal” resection depth (6 mm), damage occurs in 10% of the 

osteoporotic trabecular bone volume at 100% of the “high peak load” but not in the 

non-osteoporotic, healthy trabecular bone. For the “critical” resection depth (12 mm), 

a level of material damage is recorded for both non-osteoporotic and osteoporotic 

trabecular bone. Damage occurs in approximately 4% of the non-osteoporotic 

trabecular bone when 100% of the “high peak load” is applied. In the osteoporotic 
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case, 15% of the trabecular bone volume shows damage at around 60% of the “high 

peak load” rising sharply to 54% at full load.   

 

 

00_ RES = Non-resection model → Remaining volume 27,511 mm
3
 

06_RES = 6 mm resection depth → Remaining volume 27,398 mm
3
 

12_RES = 12 mm resection depth → Remaining volume 25,820 mm
3
  

*GDS-HL = Going Downstairs activity subjected to High Loading  

Figure 5.5 Fractured volumes in trabecular bone for all resection depths and both 

healthy and osteoporotic properties during “Going downstairs-High loading” activity. 

 

In the “stumbling” scenario damage was registered in both trabecular and cortical 

bone types. Figure 5.6a shows the volume damage in the cortical bone for the 

“stumbling” scenario. No material damage is indicated in the healthy, non-

osteoporotic bone for all resection depths considered. However, a level of damage is 

present in the osteoporotic cortical bone at all resection depths, including the non 

resection case. The volume of cortical bone damage is 5% at 100% loading for the 

non resection scenario, rising to 6% and 10% for the “normal” and “critical” 

resection depths respectively. Damage is initiated at around 82% of the full load in 

both resection cases and at approximately 92% load in the non resection simulation. 

  

In the trabecular bone for the “stumbling” scenario, damage was observed in both 

healthy and osteoporotic bone at all resection depths including the non-resection 

case, as can be seen in Figure 5.6b. In the non-resection scenario, 6% of the non-



PhD Thesis                                                                                                                                                 Chapter V 

 

108 

 

osteoporotic trabecular bone volume indicated material damage at 100% load 

compared to 34% for the osteoporotic bone case. The percentage of bone damage 

then increased with resection depth in both the non-osteoporotic and osteoporotic 

trabecular bone scenarios. At a resection depth of 6 mm, the bone damage volume 

was 44% and 49% in healthy and osteoporotic trabecular bone respectively. The 

bone damage percentage at a resection depth of 12mm was 70% for both non 

osteoporotic and osteoporotic trabecular bone. Figure 5.6b also indicates that damage 

starts to occur in the osteoporotic trabecular bone at lower loads than in the 

corresponding healthy, non osteoporotic bone cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis                                                                                                                                                 Chapter V 

 

109 

 

 
00_ RES = Non-resection model → Remaining volume 20,112 mm3 

06_RES = 6 mm resection depth → Remaining volume 18,940 mm3 

12_RES = 12 mm resection depth → Remaining volume 16,824 mm3 

a 

 
00_ RES = Non-resection model → Remaining volume 27,511 mm

3
 

06_RES = 6 mm resection depth → Remaining volume 27,398 mm
3
 

12_RES = 12 mm resection depth → Remaining volume 25,820 mm
3
 

b 
Figure 5.6 Fractured volume in (a) cortical and (b) trabecular bone for all resection 

depths in both healthy and osteoporotic bone during “Stumbling” activity. 
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5.8.1 Contour Plot Analysis 

Analysis of the damage distribution pattern in the cortical osteoporotic bone of the 

proximal femur at a resection depth of 12 mm for the “stumbling” activity simulation 

suggests that damage will initiate in the resection area at around 80% of the loading, 

as shown in Figure 5.7. As load increases further, damage expands over the resection 

area and transversely through to the posterior area of the femoral neck. A similar 

analysis in the trabecular bone indicates that damage initiates here in the inferior-

medial area of the resection at 25% of the loading. Damage on the posterior surface 

of the neck is confined to a few small areas which start to appear at 90% load.  

 Fracture pattern during “stumbling” 

 Osteoporotic cortical bone – 12 mm resection depth 
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 0 % Load ≈80 % Load ≈90% Load ≈95 % Load 100 % Load 
Figure 5.7 Fracture pattern on cortical osteoporotic bone for 12mm resection depth during 

“Stumbling” activity. 
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6. CHAPTER VI: NOVEL TECHNIQUE ASSESSING 

THE OSTEOCHONDRAL INJURIES  

6.1 Introduction 

The equivocal presentation of femoroacetabular impingement (FAI) results in 

frequent incorrect diagnosis and inappropriate treatment procedures. An important 

symptom for the diagnosis of FAI is the reduction in the Range of Motion (RoM) of 

the hip as a result of the abnormal morphology of the bones. In cam-type 

impingement, the presence of excess bone in the antero-superior region of the 

femoral head-neck junction reduces the RoM particularly in flexion and internal 

rotation movements [11, 19, 22, 25, 37]. 

This chapter describes the development of a novel methodology to investigate the 

reduction in the internal rotation RoM in hips with cam-type impingement and to 

locate the areas of impingement associated with the osteochondral injuries. This 

methodology consists of two main stages in order to provide insight and guidance 

regarding the surgical procedures that should be performed to alleviate the 

impingement.  

The first stage of the presented methodology consists of an analysis of internal 

rotation of movement to elucidate the actual RoM of abnormal hips. This analysis 

investigates the reduction in the internal rotation RoM in hips with cam-type FAI 

and identifies the impingement areas in order to indicate the least invasive possible 

surgical intervention required to alleviate the impingement. 

The second stage involves the development a virtual osteochondroplasty procedure. 

This new virtual osteochondroplasty procedure is based on the impingement areas 

obtained from the first stage. Following the virtual resection it is then possible to 

measure to what degree RoM has been improved in the hip model, with the aim of 

obtaining a RoM close to that which is typical of a normal hip. 

The accuracy of the virtual osteochondroplasty methodology is validated by taking 

an existing FAI diagnosed hip.  A model of the FAI hip is created and an analysis 

undertaken to identify the impingement areas. These results are then used to guide 
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the virtual osteochondroplasty procedure.  RoM is assessed following the virtual 

osteochondroplasty procedure and this is compared with that obtained from a model 

of the same hip created from CT scan data taken after an actual osteochondroplasty 

had been performed on the patient where the resection area and depth had been 

established in the usual way using the skill and experience of the surgeon.  

6.2 Analysis of Range of Motion  

Femoral osteochondroplasty is a surgical procedure commonly used to alleviate the 

problems associated with FAI including the reduction of the range of motion (RoM) 

of the hip and osteochondral injuries associated with FAI. Although several studies 

of FAI are documented in the literature, the challenge remains to address the effect 

of the morphological abnormalities on the mechanical behaviour of the joint 

elements in FAI [3, 8, 9, 11, 13-15, 19-25]. Further information has been previously 

described in Chapter II (Section 2.7). 

6.2.1 Methods – Range of Motion Analysis 

Five 3D finite element models were created from CT scan data of hips, denoted P-I, 

P-II, P-III, P-IV and P-V. The first model was from a subject with normal hip 

morphology whereas the last four models were created from CT scans of hips from 

patients exhibiting cam-type FAI. Figure 6.1 compares the CT scan visualization 

(3D) with the final geometries obtained for the modelling in Abaqus CAE 6.10-1®.   

The Abaqus 6.10-1® FE software package was employed for the analysis with the 

surface to surface contact option within Abaqus utilised to identify any interaction 

between the femoral head and acetabulum. 
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Patient 
CT Scan 

(3D view) 
Abaqus 3D Model 

*P-I 

  

P-II 

  

P-III 

  

P-IV 

  

P-V 

  
P-I→ Normal morphology model  
P-II to P-IV →Cam-type morphology model 

*Plane X-rays  

Figure 6.1  Patient geometries. 

The five hip models were subjected to conditions to reproduce the internal rotation 

movement of the hip at different stages of flexion (0º, 45º, 90º, 110º). Figure 6.2 

illustrates the initial positions of flexion considered for each patient.  

  

  

0º Flexion 45º Flexion 90º Flexion 110º Flexion 

Figure 6.2  Pre-flexion positions to perform the internal rotation RoM analysis. 
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At each flexion position the hip models underwent internal rotation, up to a 

maximum rotation of 55
o
, until a collision between the femoral head-neck junction 

and the acetabulum was detected. At this point, rotation was ceased and RoM, 

contact (impingement) area and position were calculated.  

To facilitate flexion and internal rotation movements in the hip models, cartesian 

coordinate systems were defined Since the CT scans were taken in supine position in 

0º of flexion, a default coordinate system defined by the Abaqus software was 

employed in this position, with its origin at the centre of rotation of the femoral head. 

A second ‘flexion’ coordinate system, also having its origin at the femoral head 

rotation centre, was then defined, with one axis corresponding to the mechanical axis 

(the axis defined by the line running from the femoral head to the knee), a second 

axis running in the medial-lateral direction and the third, anterior-posterior. Flexion 

was then simulated by rotating the femoral head by the required angle (0º, 45º, 90º, 

or 110º) about the medial-lateral axis of the “flexion” coordinate system. The 

“flexion” rotation system was then itself rotated by the flexion angle about the 

medial-lateral axis in order to create a third coordinate system that could be used to 

facilitate the internal rotation. The femoral head was then rotated about the vertical 

axis of this third coordinate system. 

The internal RoM was estimated by obtaining the positions of the femur prior to the 

start of the internal rotation and once rotation had been stopped, when impingement 

was detected. The angles of rotation were estimated by using the equation: 

 

 

(8) 

Where, A(x, y, z) is the point obtained by projecting the rotation centre of the hip to 

a plane parallel to the internal rotation movement, Bi (xi , yi , zi) is the point where 

the rotations were applied before the analysis and Bf (xf, yf, zf) is the same point after 

the completion of the analysis, as illustrated in Figure 6.3. 
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Figure 6.3 Points to calculate the internal 

rotation RoM. 

 

The impingement area was calculated from the coordinates of the nodes that were 

identified as being on the surfaces of the femoral epiphysis and acetabulum that had 

come into contact during internal rotation in the four flexion positions considered.  

In more detail, the process used to determine the contact area was as follows:  

1. For each hip model, the nodes on the surfaces of the femoral epiphysis and 

acetabulum that had come into contact during the internal rotation in the four 

flexion positions were identified as shown in Figure 6.4a.  

2. MATLAB R2010a® (The MathWorks Inc., Natick, MA.) code was 

developed to locate the coordinates of the contact nodes in the input data of 

the model in Abaqus CAE 6.10-1®, as shown in Figure 6.4b. 

3. The set of the coordinates located in step 2 was imported into SolidWorks® 

(Figure 6.4c) where they were used to create a 3D surface in order to 

facilitate calculation of the impingement area (Figure 6.4d). The 3D surfaces 

were saved as IGES files to be used in the subsequent virtual 

ostreochondroplasy analysis described in Section 6.10.  
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a b c d e 

Figure 6.4 Steps to obtain the contact area (Model P-V). (a) Contact area after internal rotation 

movement in four different pre-flexion positions (Abaqus CAE 6.10-1®); (b) Node coordinates of the 

contact areas (MathLAB®); (c) Cloud of points (SolidWorks); (d) 3D surface (SolidWorks); (e) 

Contact area over solid model (PowerSHAPE PRO®). 

6.2.2 Geometry 

The methodology described in Chapter IV was employed to obtain the 3-dimensional 

bone geometries of the hips for use in the analysis. As the CT scan data did not 

provide sufficient information for constructing the cartilage geometry accurately, it 

was created using a method that utilised the cortical bone geometry and assumed a 

uniform cartilage thickness.  The process used to construct the cartilage geometries 

included in the models was as follows: 

1. Preliminary cartilages were obtained in ScanIP® following completion of the 

bone segmentation process by expanding the corresponding image mask of 

the cortical bone, as illustrated in Figure 6.5a. 

2. The expanded geometries were imported into PowerSHAPE Pro®, enabling 

modification using Boolean operations to facilitate the removal of virtual 

volumes between the preliminary cartilages and the bone geometries (Figure 

6.5b). 

3. The modified geometry was then imported into Abaqus 6.10-1® where final, 

minor modifications were made to ensure a smooth, realistic, accurate 

representation was achieved that could be subsequently meshed and analysed 

whilst avoiding the generation of unrealistic stress concentrations. Figure 

6.5c shows the final cartilages used in the models. 
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Preliminary cartilages 
Cortical bone + 

Preliminary cartilages 
Final cartilages 

   

   

a b c 

Figure 6.5 Construction of the cartilages. (a) Preliminary cartilage masks 

(ScanIP®); (b) Cortical bone plus expanded geometries (PowerSHAPE PRO®); 

(c) Final cartilages (Abaqus CAE 6.10-1®). 

In order to avoid differences in the models due to variations in the CT scan data of 

each patient, the upper section of the pelvic bone was cut and the bottom surface of 

the cortical bone was extruded to create a tubular geometry to represent the femoral 

diaphysis in order to reduce the geometric variables in the models and make them 

more reproducible. Figure 6.6 illustrates the modifications made to the geometries to 

avoid differences between the models.  

   
a 

   
b 

Figure 6.6 Homogeny of the models. (a) CT scan dimensional variations; (b) Models 

after dimensional modifications. 
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6.2.3 Material Properties 

The cartilage, cortical, and trabecular bone were assumed to exhibit elastic-plastic 

isotropic behaviour and the material properties are listed in Table 6.1 [54, 87, 95, 

121, 126, 127, 141-143].  

Table 6.1  Elastic material properties for the two types of bone and cartilage 

used in the models 

 
Cortical 

bone 
Trabecular bone Cartilage 

Density, ρ [t/mm3] 1.98e-9 4.3e-10 1.3e-9 

Young’s modulus, E 

[MPa] 
17,000 477 12 

Poisson’s ratio 0.3 0.3 0.4 

6.2.4 Boundary Conditions  

The flexion-internal rotation analysis model requires additional restrictions 

compared to the static analyses in order to provide the required stability for the joint 

during the movement, so capsular ligaments were included in the models. Ligaments 

were represented using spring elements distributed around the joint as illustrated in 

Figure 6.7. Distribution of the springs was based on the anatomical location of the 

ligaments as previously described in Chapter III (Section 3.2.4). Table 6.2 shows the 

stiffness and number of spring elements used for each ligament [149-151].  

  
a b 

Figure 6.7 Ligaments.  (a) Iliofemoral, and pubofemoral ligaments; (b) Ischiofemoral 

ligament.  
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Table 6.2  Stiffness of the ligaments.  

Ligament  
Stiffness  

[N/mm] 

Stiffness per spring 

[N/mm] 

Number of 

springs  

Pubofemoral 36.9 ± 24.4 12 3 

Iliofemoral 198 ± 60 33 6 

Ischiofemoral 39.6 ± 24.4 9 4 

Teres 68 ± 25 14 5 

Full bonding was assumed at the interface between the cortical and trabecular bone 

and between the cartilage and cortical bone, as described in Chapter IV. The 

interaction between the acetabular and the femoral cartilage was modelled as 

frictionless surface to surface contact as the friction coefficient between cartilages is 

low (µ< 0.0025) [95]. 

The centre of rotation of the femoral head was calculated by first fitting a circle to 

the head and then determining the intersection of the two perpendicular diameters 

[151, 152]. The centre of rotation was fixed with respect to displacements in all 

directions but free rotations were allowed about all axes. Figure 6.8 illustrates how 

the centre of rotation was located. 

 
 

 
Fontal view Transversal view Sagittal view 

Figure 6.8 Centre of rotation. 

The top surface of the pelvis and 12 points of the medial zone were fixed, as shown 

in Figure 6.9.  
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Anterior view Transversal view 

Figure 6.9 Boundary conditions for the RoM analysis.  

Because the CT scans were taken in a supine position, this position was assumed to 

correspond to 0º of flexion. Flexion and internal rotations were assigned to the 

tubular extrusion of the cortical bone which was considered to be a rigid body. The 

required motions were then applied to a reference point on the lower surface of the 

cortical bone, as shown in Figure 6.10.  

 
 

 

a b c 

Rigid body extrusion Flexion  Internal rotation 

Figure 6.10 Hip movement modelling.  

Movements were performed using the two auxiliary coordinate systems located at 

the centre of the femoral head. A Flexion Coordinate System (FCS) was defined 

based on the mechanical axis of the hip, which runs from the knee to the femoral 

head, having an angle of 3º with respect of the vertical line, as previously described 

in Chapter III.  
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The three perpendicular axes of the FCS run medial-laterally, anterior-posteriorly 

and over the mechanical axis as illustrated in Figure 6.11a. All the flexion 

movements were performed around the medial-lateral axis of the FCS. 

The Rotation Coordinate System (RCS) and the FCS have in common the medial-

lateral axis, however, the antero-posterior and the mechanical axes were rotated for 

each flexion position to keep their perpendicularity and their geometric location with 

respect to the femoral epiphysis.  

Figure 6.11b shows the RCS used to analyse the internal rotation at 45º of flexion. 

Once the femur was rotated, the internal-rotation movement was defined around the 

mechanical axis of the RCS. Movements were determined by fixing the 

displacements in all directions and only allowing the rotation in the corresponding 

plane of the stage of flexion being analysed.  

  
a b 

Figure 6.11 Flexion-internal rotation coordinate systems. (a) Flexion Coordinate System (FCS); 

(b) Rotation Coordinate System (RCS). 

6.2.5 Mesh Sensitivity Analysis 

Cortical and trabecular bone and cartilage geometry were meshed with linear, 4-node 

tetrahedral elements. Two-noded nonlinear tension-only spring elements were 

employed to represent the ligaments.  

A mesh sensitivity analysis was performed in order to ensure model prediction 

accuracy was balanced against computational cost. The model of the hip from a 
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subject with normal hip morphology, P-I, was taken and mesh density varied. The 

mesh sensitivity analysis described in Chapter IV identified appropriate mesh 

densities for bone geometry. A new mesh sensitivity analysis was performed by 

varying the mesh density in the cartilages as impingement contact area and ROM 

were of primary concern in this research. Due to the nature of the analysis of the 

internal rotation movement it was essential to ensure accurate contact between 

cartilages because they are the surfaces in contact during the motion. So, average 

cartilage contact pressure and contact area was compared at three cartilage mesh 

densities (mesh 1: 37,780 elements, mesh 2: 193,729 elements, mesh 3: 976,205 

elements) with the model subjected to the vertical component of the ground reaction 

force corresponding to a single leg stance applied to the pelvis [151]. The middle 

mesh density (mesh 2) was chosen because the difference in the results between the 

middle and finer mesh was <0.4%. Results from the cartilage mesh analysis are 

listed in Table 6.3   

Table 6.3  Mesh convergence analysis for cartilages. 

 

Mesh 

 

 

  
 Finer Medium Coarse 

Number of 

elements 
976,205 193,729 37,780 

Computer time 72 hours*  8 hours 6 hours 

R
es

u
lt

s 

v
a
ri

a
ti

o
n

 Contact 

pressure 
---- 0.4% 8.1% 

Contact 

Area 
---- 0.4% 9.4% 

*Not able to complete using desktop computer. 
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Having established appropriate mesh densities, these were applied in the meshing of 

the cam-type FAI hip models, P-I, P-II, P-III, P-IV and P-V. Table 6.4 shows the 

number of elements employed in the models used in the RoM analysis.  

 

Table 6.4  Number of elements employed in the models for the RoM analysis. 

 Tetrahedral Elements 

Model Cortical  Trabecular  Cartilage Total  

P-I 111,416 45,111 193,729 350,256 

P-II 89,076 74,683 177,645 341,404 

P-III 203,556 58,059 199,257 460,872 

P-IV 104,786 56,867 174,478 336,131 

P-V 184,290 79,584 182,183 446,057 

6.2.6 Validation of the Model  

The model was validated by comparing the RoM estimated from the patient who 

exhibited normal morphology (P-I) with those reported in the study by Tannast et al. 

[53]. Tannast et al. developed a computer-assisted method to estimate the RoM in 

FAI patients which they validated against the actual ROM from 27 (13 normal 

plastic and 14 fresh cadaveric) hips measured using a computer navigation system. 

Internal rotations at 90º of flexion were measured in the 27 hips. The RoM predicted 

for internal rotation at 90º of flexion from the P-V model was 24º which is in the 

range reported from the cadaver/plastic hip study, which was 23º-47º. The following 

section presents the results obtained from the RoM analysis.  

6.2.7 Results – Range of Motion Analysis 

For the purpose of analysing the results from study, the head-neck area (HN) was 

considered to be the region running from the level of the centre of the femoral head, 

through the femoral neck to the intertrochanteric line all around the bone, as 

illustrated in Figure 6.12. The average surface area of the HN is 3,600 mm
2
, 
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Figure 6.12 Head-neck shaft (HN) superficial area. 

 

Figure 6.13 shows the locations on the femoral head-neck (HN) areas of the five hip 

models where contact occurred between the femur and acetabulum during internal 

rotation in the four flexion positions considered as predicted in the simulation. Also 

given in this figure is the magnitude of the impingement (contact) area for each hip, 

which is shown as a percentage of the total surface area of the femoral head-neck 

shaft region.  

 

It can be seen upon inspection of Figure 6.13 that impingement occurs in the antero-

superior area of the femoral HN region in all of the cam-type FAI hip models, with 

impingement area varying between 12% and 27% of the total HN surface area.  
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Location  
Impinged area 

(% of HN)  

 

_____ 

 

465 mm
2 

(13%) 

 

443 mm
2 

(12%) 

 

980 mm
2 

(27%) 

 

866 mm
2 

(24%) 

Figure 6.13  Impinged areas. 
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Figure 6.14 shows the maximum internal rotation (RoM) for the five hip models at 

the four flexion positions considered.  The five hip models, P-I, P-II, P-III, P-IV and 

P-V, did not present any signs of impingement during the single flexion movements 

of 0°,45°, 90°, and 110° before the internal rotations were applied. At 0° flexion, 

none of the models predicted impingement during internal rotation up to the 

maximum rotation considered, which was 55°.  However, at the 45°, 90°, and 110° 

flexion positions, impingement was predicted during internal rotation for all hip 

models, resulting in a reduction in RoM, and it can be seen from Figure 6.14 that 

RoM decreased as flexion angle increased. At 45° and 90° flexion the largest 

differences in RoM between the normal hip model (P-I) and the models of cam type 

FAI hips (P-II, P-III, P-IV and P-V) were recorded. At 45° flexion, the average RoM 

of the cam type FAI hips was 23.6° compared to 52.9° for the normal hip model, a 

reduction of 55%. At 90° flexion, the average FAI hip RoM was 7.4°, 69% less than 

the normal hip. The average FAI hip RoM at 110° of flexion was 4.4° compared to 

6.2° for the normal hip of normal morphology.  

 
P-I→ Normal morphology model  

P-II to P-IV →Cam-type morphology model 

Figure 6.14 RoM of internal rotation movement. 
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6.3 Development of the Virtual Osteochondroplasty  

In Chapters IV and V, virtual osteochondroplasty was performed by removing a 

volume of bone from the femoral head in the models based on a resection area that 

was identified by a surgeon. Here, a similar methodology is used; however, the 

virtual resection is performed based on the areas of impingement calculated from the 

RoM analysis. The resulting virtual osteochondroplasty analysis described in this 

chapter involves the construction of a resection tool, the development of the virtual 

resection itself and finally the modelling of the flexion- internal rotation movement. 

6.3.1 Methods – Development of the Virtual Osteochondroplasty  

As described in “Methods – RoM analysis” (Section 6.2.1), 3D surfaces obtained 

from SolidWorks® which represent the impingement areas identified from the RoM 

analysis were saved as IGES files. Model P-V was taken and the 3D impingement 

surface obtained from the RoM analysis of the model was used to create an improved 

resection tool (RT) following the methodology outlined in Chapter V (Table 5.1). 

The 3D impingement surface was imported into PowerSHAPE Pro®, extruded and 

then finally exported so it could be imported into Abaqus CAE 6.10-1®. Figure 6.16 

illustrates the process used to create the RT for the P-V model. 

   
a b c 

Figure 6.15 Resection Tool construction. (a) Cloud of 

points (SolidWorks®); (b) 3D surface (SolidWorks); (c) 

Solid Resection Tool (PowerSHAPE PRO®). 

The second stage was to perform the virtual osteochondroplasty itself. The RT was 

imported into Abaqus CAE 6.10-1® and used to virtually resect hip model P-V; the 

resulting resected version of model P-V was denoted P-V_RT. The virtual 

osteochondroplasty was performed employing Boolean operations which facilitated 

the removal of the volume of the RT in the femoral HN as described in Chapter IV. 
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The process undertaken to perform the virtual osteochondroplasty is illustrated in 

Figure 6.17.   

 
  

a b c 

Figure 6.16 Virtual osteochondroplasty. (a) Resection Tool; (b) Femoral 

epiphysis together with the RT; (c) Model after virtual osteochondroplasty. 

The P-V_RT model was then subjected to the flexion-internal rotation RoM analysis 

at the four stages of flexion previously mentioned (0º, 45º, 90º, 110º). The results 

from the analysis of the P-V_RT model were compared with the results obtained in 

the earlier RoM analysis for the same hip prior to the virtual resection being 

undertaken (model P-V).  

Material properties and boundary conditions remained the same as in the original 

RoM analysis (Section 6.6). All geometries were meshed with linear, 4-node 

tetrahedral elements except the ligaments which were represented using two-noded 

nonlinear tension-only spring elements. Table 6.5 lists the number of elements 

employed in each model of the virtual osteochondroplasty analysis.  

Table 6.5  Number of elements employed in the models for the virtual 

osteochondroplasty. 

 Tetrahedral Elements 

Model Cortical  Trabecular  Cartilage Total  

P-I 111,416 45,111 193,729 350,256 

P-V 184,290 79,584 182,183 446,057 

P-V_RT 184,812 78,433 181,569 445,030 
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6.3.2 Results - Development of the Virtual Osteochondroplasty 

RoM predictions obtained for the FAI hip following virtual osteochondroplasty 

(model P-V_RT) were compared with the values obtained prior to resection (model 

P-V) and to those for the normal hip (model P-I). The results are shown in Figure 

6.18 where upon inspection it can be seen that following the virtual resection, RoM 

increases significantly from pre-resection values to levels that are close to those of a 

normal hip.  

 

 
P-I → Normal morphology model. 

P-V → Cam-type morphology model.      

P-V_RT → Cam-type morphology model after virtual osteochondroplasty. 

Figure 6.17 RoM of internal rotation movement (pre and post virtual osteochondroplasty). 

 

 

At 45° of flexion, RoM increases by 26.7° following the virtual resection to normal 

hip levels. At 90° of flexion, the virtual resection results in an increase in RoM of 

8.9°, to a value 6.5° below that of the normal hip.  At 110° of flexion, RoM increases 

by 3° to within 0.4° of that of the normal hip.  

In summary, RoM increased following virtual osteochondroplasty from pre-resection 

values to levels similar to those of a normal hip without any sign of FAI occurring 
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during the simulation. Table 6.6 shows the principal characteristics of the model of 

the hip following the virtual resection. 

Table 6.6  Status of the virtual osteochondroplasty model P-V_RT. 

Model P-V_RT 

OUTER RESECTION AREA  866 mm2  

VOLUME BEFORE RESECTION 

(HNS) 
43,356.43 mm3 

VOLUME AFTER RESECTION 

(HNS) 
41,732.57 mm3 

VOLUME RESECTED 1619.86 mm3 

% VOLUME RESECTED  3.7 % 

DEEPEST RESECTION POINT  6.42 mm  

 

Since it has been demonstrated in the previous Chapters that the resections in the 

femoral head and neck should be kept <30% of the head-neck shaft diameter to 

ensure no damage occurs after surgical procedure [3, 100], the virtual resection in 

the model was performed within what can be considered to be the safe limits, as the 

resection depth was 6.4 mm or 21% of the head-neck shaft diameter at the deepest 

point.  

6.4 Validation of the Technique 

In this section a new model of a hip from an actual patient with FAI was created and 

the RoM predicted following application of the virtual osteochondroplasty 

methodology outlined in section 6.10 was compared with the results from a model of 

the same hip after an actual osteochondroplasty had been performed on the patient 

using a resection area and depth identified in the conventional way by a surgeon.  

Model P-VI_PRE was constructed from CT scan data of the hip of a patient who 

presented a critical case of cam-type impingement prior to surgery. Model P-

VI_POST was constructed from CT scan data of the same hip taken after the surgical 

procedure had been performed. Figure 6.19 shows the geometries obtained from the 

pre and post surgical procedure data for patient P-VI. 
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Figure 6.18 Geometries from pre and post surgical procedure data for patient P-VI.  

6.4.1 Methods – Validation of the Technique 

Models P-VI_PRE and P-VI_POST were then both run under the previously defined 

conditions of flexion in order to determine the flexion-internal rotation RoM, prior to 

and following the actual osteochondroplasty.  

 

Model P-VI_PRE was then used as the starting point for implementing the virtual 

osteochondroplasty technique.  

 

The impingement area in model P-VI_PRE was calculated for the same four flexion-

internal rotations cases. The coordinates of the nodes in contact were obtained in 

MATLAB R2010a® and exported into SolidWorks® to obtain the impingement area 

in order to perform the virtual resection as described in “Methods – RoM analysis” 

(Section 6.3). Geometry modifications were performed in model P-VI_PRE by using 

the RT derived from the calculated impingement area as described in “Methods – 

Virtual osteochondroplasty” (Section 6.11). The resulting new model was named P-

VI_RT and was subjected to the same conditions of flexion and internal rotation in 

order to measure the RoM.   
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Material properties and boundary conditions remained the same as in the RoM 

analysis (Sections 6.5 and 6.6). Table 6.7 shows the number of elements employed in 

each model used.  

 

Table 6.7  Number of elements employed in the models for the technique 

implementation. 

 Tetrahedral Elements 

Model Cortical  Trabecular  Cartilage Total  

P-I 111,416 45,111 193,729 350,256 

P-VI_PRE 259,499 69,004 260,602 589,105 

P-VI_POST 309,836 105,824 187,811 603,471 

P-VI_RT 254,954 78,295 250,806 584,055 

6.4.2 Results – Validation of the Technique 

The abnormal morphology of the P-VI_PRE model resulted in a large reduction in 

the internal rotation ROM compared to that of a normal hip. This particular 

morphology has two implications. Firstly, the model was unable to reach the 

intended 110º of flexion because the impingement occurred at 106º and secondly, 

during the internal rotation, impingement was encountered even at 0º of flexion. 

 

RoM increased significantly following actual osteochondroplasty (model P-

VI_POST) as expected, to the extent that the maximum internal rotation angles 

achieved at 0º and 110º of flexion exceeded those of the hip of normal morphology 

(model P-I) without any sign of impingement. Following the virtual 

osteochondroplasty (Model P-VI_RT) impingement was also avoided and RoM 

increased notably from pre- virtual osteochondroplasty levels. In addition, the 

maximum internal rotation angle achieved at 110º of flexion was greater than that 

recorded for the normal hip (model P-I). 

 

Figure 6.20 shows the ROM calculated in the pre, and post osteochondroplasty 

models, the model subjected to virtual osteochondroplasty, and the normal hip 

model, P-I.  
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P-I→ Normal morphology model. 

P-VI_PRE → Cam-type morphology model (Pre surgical procedure). 

P-VI_POST → Cam-type morphology model (Post surgical procedure). 

P-VI_RT → Cam-type morphology model after virtual osteochondroplasty. 

Figure 6.19 Maximum degrees of internal rotation (pre, post and virtual osteochondroplasty). 

Table 6.6 shows the principal characteristics of the model of the hip following virtual 

resection (P-VI_RT) compared with the model of the hip following the actual 

surgical procedure (P-VI_POST). 

Table 6.8  Status of the virtual and actual osteochondroplasty models. 

 Model P-VI_POST Model P-VI_RT 

OUTER RESECTION AREA  *NM 1123 mm2  

** VOLUME BEFORE RESECTION 

(HNS) 
**57,044.68 mm3 57,044.68 mm3 

VOLUME AFTER RESECTION 

(HNS) 
53,746.56 mm3 51,967.14 mm3 

VOLUME RESECTED 3,298.12 mm3 5,077.54 mm3 

% VOLUME RESECTED  5.7% 8.9 % 

DEEPEST RESECTION POINT  *NM 4.81 mm  
*NM = Not measurable. 

** Only available for model P-VI_RT, but it was assumed for the calculations of model P-VI_POST            

only for a comparison in rough outline.  
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6.4 Summary of the Novel Technique    

Figure 6.20 illustrates the complete virtual osteochondroplasty technique developed 

in the present study. It shows the sequential process used to perform the virtual 

osteochondroplasty to alleviate FAI, beginning with the information obtained from 

the CT scans, the consequent construction of the hip model, together with the 

preliminary analysis required to produce the results needed to construct the RT, and 

finally, the execution of the virtual resection and the final analysis. 

 

 



 

135 

 

    
a b c d 

   

 

e f  g h 

    
i  j  k l 

Figure 6.20  Complete methodology to perform the virtual osteochondroplasty to address FAI issues. (a) Colour mask in CT 

scan (ScanIP®); (b) 3D surface (ScanIP®); (c) Hip joint assembly (Abaqus CAE 6.10-1®); (d) Contact areas of the  internal 

rotation movement (Abaqus CAE 6.10-1®); (e) Node coordinates of the contact areas (MathLAB®); (f) 3D surface (SolidWorks®); 

(g) Contact area over solid model (PowerSHAPE PRO®); (h) Resection tool for virtual osteochondroplasty (PowerSHAPE PRO®); 

(i) Volume subtraction in virtual osteochondroplasty (Abaqus CAE 6.10-1®); (j) Model after virtual osteochondroplasty (Abaqus 

CAE 6.10-1®); (k) Hip joint assembly after virtual osteochondroplasty (Abaqus CAE 6.10-1®); (l) Contact areas of the  internal 

rotation movement in the model after virtual osteochondroplasty (Abaqus CAE 6.10-1®). 
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7. CHAPTER VII: CONCLUSIONS  

7.1 Conclusions - Resection Depth Analysis  

In this thesis a finite element model was developed to analyse the stress distribution 

in the femoral head–neck after resection. Five depths of resection in a cam-type 

impingement were considered in conjunction with five activities. The aim of the 

analysis was to understand the relationship between resection depth and the stress 

distribution in the head and neck. 

 

From the analysis it was found that, in general, both the average von Mises stresses 

and the area of yielded bone significantly increased at a resection depth of ≥10 mm 

(33% of the head-neck shaft diameter), suggesting that when surgeons perform 

osteochondroplasty the depth of resection should be limited to 33% as a maximum. 

The activity of knee bending was the critical activity as in general it resulted in 

higher stresses than the other activities considered. The stress produced by the knee 

bend was between 1.5 and 2.5 times greater for the maximum resection depth 

investigated compared to the non resection case. The model predicted that yield was 

reached in the resection area at depths >10 mm or 1/3 the femoral neck diameter for 

the knee bend, normal walking, and walking down stairs, suggesting that patients 

should be advised to partial weight-bear on crutches for a period following surgery. 

Furthermore, as significant remodelling of the resection area will take considerably 

longer, patients should be advised to avoid impact type activities and single leg knee 

bends for a period post-operatively. The model suggests that bigger resections should 

probably be protected for longer times, whereas smaller resections can be 

rehabilitated faster. 

 

As the depth of resection increases from 1/3 the diameter of the neck, the area where 

yield takes place expands from the resection area into the surface of the neck and 

inside through the cortical bone. The results suggest that for resection depths of 1/3 

and 1/2 of the neck diameter fracture will occur in the resection area, in agreement 

with a previous experimental results [3], which showed that at 30% resection and 

greater, a change in the femoral head–neck response occurred, resulting in a 

reduction in the energy required to produce fracture and a modification to the failure 
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pattern, with fracture occurring at the level of the resection. In the current study it 

was found that at around 30% resection stresses start to increase sharply leading to 

yield in the resection area. While the experimental study used only axially loaded 

specimens, the study described in this thesis goes further by modelling a number of 

activities, thus providing a realistic expectation of what activities patients may 

attempt to undertake following surgery. 

 

The current study utilized CT scan data from only one patient, thus restricting the 

analysis to a single resection area. But the results suggest that the stresses in the head 

and neck primarily depend on the resection depth relative to the overall neck 

diameter, and thus the findings are believed to be widely applicable. 

 

The study had limitations and simplifications; for example, the virtual resection 

created was not as smooth as one that would be produced during surgery. However, a 

large number of elements were employed in these areas to accurately describe the 

geometry. Furthermore, the volume of each element was considered when 

calculating the stress; therefore, a reasonable degree of confidence can be associated 

with the predictions. The static model developed utilizes ‘‘typical’’ average peak hip 

contact forces [129] to provide an indication of the resected neck’s response to load 

conditions resulting from various daily activities. Though the response to loading 

throughout the entire gait cycle was not considered, the model provides useful and 

insightful predictions and reinforces those obtained in a previous study [3]. 

 

Fracture propensity assessments were reported based on average von Mises stress 

and the volume of elements exceeding yield. While it may be argued that maximum 

principal stress is more applicable to fracture assessment, it was decided to report 

von Mises stress because of four reasons. First, a detailed assessment of fracture 

propensity was outside the scope of this initial study. The main focus was to 

investigate changes in stress patterns due to resections performed to avoid 

impingement. Hence, it was necessary to capture the changes in shape of the femoral 

head. Von Mises stress is an estimate of distortional energy in a loaded body; 

therefore, it was chosen for this study. Second, another set of analysis was conducted 

examining the maximum principal stresses and the trend of the average values of von 
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Mises and maximum principal stress for the various levels of resection was broadly 

similar as previously described in Chapter IV (Section 4.9). Third, numerical values 

of maximum stress may be high at a point due to surface irregularities after a virtual 

resection is performed. These irregularities may be absent in patients, but are hard to 

avoid in a numerical model due to non-uniform element sizes. Hence, an average 

stress was reported. Finally, many studies used Von Mises stress to report 

mechanical stresses in bones [141, 153, 154]. Adopting a similar metric may help 

researchers compare the results with the literature. 

 

The model considered the trabecular bone as exhibiting elastic-plastic, isotropic 

material behaviour. The intact femur model using these properties was successfully 

validated against the results from a cadaveric investigation [3], so the material 

properties employed are sufficiently accurate for this study. In addition, while it is 

recognized that the elastic modulus of trabecular bone depends primarily on apparent 

bone density, the exact form of the dependency is controversial [155]. The issue is 

further complicated by the dependency of the relationship on loading direction, 

trabecular orientation, and anisotropy. It is acknowledged, however, that within a 

single anatomical site density range is limited [155], which suggests that an invariant 

bone property, as was used in this work, should enable relatively accurate predictions 

to be obtained. 

 

In conclusion, the results suggest that to ensure integrity of the femoral head and 

neck, resection depth should be kept to <10 mm or 1/3 of the diameter of the neck. 

7.2 Conclusions - Failure Analysis  

In order to investigate the association between osteoporosis and both the mechanism 

and risk of femoral neck fracture after femoral osteochondroplasty, a 3D finite 

element model was developed using CT scan data from a patient with a cam-type 

femoroacetabular impingement. A quasi-brittle damage plasticity material 

formulation was employed in the finite element analysis to provide an in-depth 

evaluation of fracture risk. Three loading variations were considered in conjunction 

with both "normal" and a "critical" resection cases. 
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The results of the finite element analysis suggest that there is a risk of fracture in 

osteoporotic patients after femoral osteochondroplasty as indicated by the relatively 

large volumes of trabecular and cortical bone that the model predicts will undergo 

damage in the osteoporotic case. This risk extends to non-osteoporotic patients also 

when they are subjected to abnormally high loading.  

 

The model predicted that no damage was present as a result of the “descending 

stairs” activity at any resection depth under “average peak loading”. However, under 

“high peak loading”, the model indicated that damage occurred, initiating in the 

trabecular bone of the femoral head-neck following osteochondroplasty. This 

damage was present in the 12mm resection case in healthy, non osteoporotic 

trabecular bone and in both the 6mm and 12mm cases for osteoporotic bone. At 6mm 

resection depth, 10% of the osteoporotic trabecular bone volume has undergone 

permanent damage, indicating the possibility of micro-fractures in the internal 

structure of the bone.  At 12mm resection depth, the damage in the trabecular bone 

exceeds 50% signalling that internal fractures have become more significant.  

  

The critical scenario occurred when osteoporotic bone was subjected to the loads 

developed in the “stumbling“ scenario as the model predicted damage suggesting the 

initiation of fracture in both trabecular and cortical bone at all resection depths and 

also in the non-resection case. The volume of osteoporotic trabecular bone damage 

exceeded 30% in the non-resection case, rising to 70% at a resection depth of 12mm. 

The corresponding rise in osteoporotic cortical bone volume damage was from 5% to 

10%, which although a small percentage, is very significant since cortical bone is the 

outer most bone of the femur structure and has a higher stiffness, suggesting that 

once this bone is damaged, the risk of fracture is significantly increased. 

 

The FE model developed is subject to limitations which typically apply to all 

numerical analyses of this type [100], but particularly possible variations in the 

elastic modulus of the trabecular bone due to loading direction, trabecular 

orientation, and anisotropy  [155] were not considered. However, research suggests 

that the error introduced by such an assumption should be relatively small when 

considering bone from a single anatomical site [155]. In addition, the effects of 
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repeated or cyclic loading were not investigated which may occur when a patient 

undertakes typical daily activities such as descending a flight of stairs, in which case 

fracture may occur at lower loading levels due to fatigue. 

 

In summary, the model predicts that damage can occur in the bone of osteoporotic 

patients following osteochondroplasty for cam-type impingement during typical 

daily activities, such as descending stairs. The extent of bone damage is significantly 

greater than in non-osteoporotic bone indicating that strict protected weight bearing 

is indicated in the post-operative phase in such individuals. Furthermore, the level of 

damage increases significantly when patients are subjected to high load conditions 

and activities suggesting that even greater protection is required for heavier patients 

and that great care should be taken to avoid the adverse loading conditions modelled. 

7.3 Conclusions – Range of Motion and Virtual Osteochondroplasty 

Analysis 

A 3-Dimensional finite element model that can predict the internal rotation RoM and 

identify the impingement area in patients with cam type FAI was developed in this 

thesis. This model was used to investigate the impingement area and reduction in the 

internal rotation movement in four hips from FAI patients.   

 

The results obtained from the model indicate that impingement area and RoM were 

patient dependant, being related to the particular morphology of the hip. Where 

impingement was predicted, it occurred in the anterosuperior area of the femoral 

neck-head shaft region. The average impingement area for the four FAI hips was 

688.5 mm
2
 or approximately 19% of the average overall head neck shaft surface 

area. Model predictions confirmed that FAI can result in a significant reduction in 

ROM in patients. In the FAI hips modelled in the present study, RoM was reduced 

by as much as 69% compared to a hip of normal morphology.  

 

The FE model is subject to limitations including simplifications in materials 

properties, geometry representation and boundary conditions.  However, the mesh 

sensitivity analysis and model validation exercises undertaken provide a degree of 

confidence in the accuracy of the model. In addition, the internal-rotation RoM 
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calculated at 90º of flexion in the four FAI models (P-II, P-III, P-IV and P-V) was 

between 6.33º and 8.55º which compares well with those (10º ± 6º) determined for 

Cam-type FAI patients from a clinical study [8]. 

 

The model developed overcomes some of the limitations identified in current 

software used to predict impingement and RoM in FAI hips, for example the 

geometric models analysed were based on CT data from actual hips with FAI. Also, 

the model developed considers and models cartilage and ligaments and realistic 

material properties are applied to all components in the model. Furthermore, the FE 

model can be applied to analyse hips presenting a large dysplasia, which is a 

limitation of some of the other models available. 

In conclusion, the application of the methodology provides a very useful tool for 

calculating RoM and identifying the impingement area in FAI hips and is of benefit 

in the diagnosis, preoperative planning and selection of treatment for patients with 

FAI. 

A virtual osteochondroplasty procedure was presented which involved undertaking a 

virtual resection of a FAI hip based on the areas of impingement calculated from the 

RoM analysis. Results following the virtual osteochondroplasty procedure analysis 

confirmed a reduction in FAI and an increase in the internal rotation RoM in all 

flexion conditions considered to values close to those found in hips with normal 

morphology.  

Virtual osteochondroplasty reduced FAI and increased RoM to values close to those 

of the normal hip with a reduction in bone volume of 3.7% and a maximum resection 

depth that was within the safe range reported by the resection depth [3, 100] and 

failure analyses. 

7.4 Conclusions – Validation of the Technique 

In order to validate further the virtual osteochondroplasty procedure a model of a hip 

from an actual patient with FAI was created and the RoM predicted following 

application of the virtual osteochondroplasty methodology was compared with the 

results from a model of the same hip after an actual osteochondroplasty had been 
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performed on the patient using a resection area and depth identified in the 

conventional way by a surgeon. 

Following virtual osteochondroplasty impingement was avoided and RoM increased 

substantially from prior to the virtual procedure to values close to those of the normal 

hip, with a reduction in bone volume of 8.9% and a maximum resection depth that 

would be considered safe (4.81 mm or 16% of the femoral neck diameter). 

Actual osteochondroplasty resulted in the avoidance of FAI and an increase in RoM 

beyond normal hip levels but with a smaller resection volume which means it is 

somewhat safer than the resection indicated by virtual osteochondroplasty. Although, 

the actual cause of this anomaly is not clear, it is thought that it could result from the 

following considerations. 

 The amount of bone resected in the acetabular region in the actual surgery 

which is not considered in the virtual procedure. 

 Small variations in the positioning of the patient during the pre and post 

surgery scanning. 

 Some dimensional variations due to the assumption of the volume before 

resection. Because the volume considered was calculated from P-VI_PRE 

and this model only shares the same dimensional conditions with model 

P-VI_RT as both come from the same CT scans, unlike model P-

VI_POST which came from different CT scans, so it is not possible to 

calculate its corresponding volume before resection. 

 Unexpected consequences of actual surgery on the connective tissue and 

auxiliary joint structures that are absent from the virtual 

osteochondroplasty model. 

In conclusion, the technique presented emerges as a useful tool to diagnose, define 

and plan treatment preoperatively, and to predict the results after surgical procedures 

related to FAI. 
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7.5 Future work 

Although the results presented here have demonstrated the success of the 

methodology presented it could be further developed based in the following 

considerations:    

 Modelling  

 Perform more validations with models based on pre and post operative 

CT scans.  

 Apply the methodology to perform the virtual osteochondroplasty in 

models of patients with pincer-type and mixer-type impingements. 

 Apply the methodology in models of patients subjected to periacetabular 

osteotomy. 

Implementation  

 Execute the predicted virtual osteochondroplasty in physical models and 

test experimentally. 

 Execute the predicted virtual osteochondroplasty in patients diagnosed 

with FAI. 

 Execute the predicted virtual osteochondroplasty in physical models by 

using Computer-aided manufacturing (CAM) tools.  

 Execute the predicted virtual osteochondroplasty in physical models by 

using CAM tools available in the orthopaedic market.  

 If the available tools do not satisfy the requirements to apply the 

methodology, design or re-design a tool that can be used in the surgery 

room to apply the developed methodology.  

 Execute the predicted virtual osteochondroplasty in physical models by 

using the CAM tool appropriated for the surgery room. 

 Execute the predicted virtual osteochondroplasty in patients diagnosed 

with FAI by using the CAM tool appropriated for the surgery room. 
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