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Abstract 

Talar collapse results in incongruity of the ankle joint, resulting in pain, stiffness, and disability. 

In the past, standard treatment has been surgical fusion or total ankle arthroplasty. These 

treatments can result in a loss of motion and function of the foot, as well as pseudarthrosis. A 

solution to the problems associated with these treatments is a talar body implant that replaces the 

avascular portion of the talus or the talus in its entirety. Presently, there are reports of custom 

talar implants surgically implanted in patients; however, custom implants increase time between 

injury and surgery which makes this procedure a less desirable option. This study explores the 

feasibility of developing a generic talus bone prosthetic for patients in need of talar 

replacements. 

The first step in the study was to determine the geometric variation between the shapes of 91 

individual tali. Comparisons between three-dimensional geometric talus models were conducted 

to determine if different tali could be considered the same shape. From these models, the best 

shape was determined for the female and male template and the two were compared to determine 

if a unisex implant was feasible. One shape was found for the talus and a unisex implant template 

in ten sizes was created and found sufficient. The geometric template for the talar implant in 

multiple sizes was validated by comparing the template to the models.  

A finite element (FE) model of the ankle joint, calcaneus, and navicular was created and used to 

investigate the change in contact pressure and distribution on the cartilage surfaces surrounding 

the talus when a biological talus, a custom, and a generic talar implant were placed in the joint. 

The results showed that the contact patterns on the surrounding cartilage from the custom 

implant closely resembled that of the biological talar body patterns, but with smaller areas of 

higher contact pressures. Although the contact patterns from the generic implant were slightly 
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different than those caused by the biological talus, contact areas and pressures were closer to the 

biological talus in magnitude than the custom implant. The FE model created was validated by 

comparing its results to cadaveric results from previous studies. The FE results indicated that a 

well-designed and appropriately sized generic talus implant closely mimics the original 

biological talus in terms of contact pressure intensity and distribution. 

Joint compatibility of the generic implants was verified in human cadaver and FE studies. The 

implants for the right ankle for ten cadaveric specimens were 3D printed. The cadaveric ankles 

were scanned with the biological talus in the joint and thereafter with the implant in place of the 

biological talus. The scans were 3D modelled and the location of the implant within the ankle 

joint was compared to the location of the biological talus. Seventy percent of the deviations on 

the talar dome between the biological talus and implant were within the acceptable range. The 

deviations correlated with the contact areas caused by a 2000N axial load (determined through 

the FE study). Results showed that there would not be excessive pressure caused by a generic 

implant. 

A case study explored the possibility of surgically implanting a generic talus bone prosthetic in a 

patient with bilateral talar avascular necrosis and collapse of the talar domes. A custom implant 

was created using CT scans of the patient’s talus, tibia and fibula. The custom and generic 

implants were compared with the intact portion of the biological talus to determine how the 

implants would articulate with the calcaneus and navicular. The talar domes of the custom and 

generic implants were compared to the collapsed domes to determine how the width and height 

of the dome differed from the collapsed (biological) talar dome. The extreme width of the 

biological talus and implants were found to determine if the implants would fit in the ankle 

mortise. Both the generic and custom implant were found to be in the acceptable range deviation 
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range of 1mm, and as such either implant would be acceptable for implantation in the patient to 

maintain geometric compatibility of the ankle joint. 

This research demonstrated that a generic talar implant could be a viable option for those in need 

of a talar replacement. 
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Chapter 1 - Introduction 
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1.1  Problem Statement 

Trauma to the talus bone can result in varying degrees of fractures, causing osteomyletis 

(infection and inflammation of the bone), malunion, and avascular necrosis (death of bone tissue 

due to a lack of blood supply.) It is therefore necessary to have a timely surgical treatment for 

this injury. Until recently, treatment of this injury has been limited to surgical fusion, which 

causes loss of motion and joint function (Barton, Lintz and Winson 2011) (Haddad, et al. 2007) 

(Hendrickx, et al. 2011). More recently, total ankle arthroplasties have been implemented with 

growing success. These arthroplasties, however, are not a conducive treatment for talar fractures 

that result in avascular necrosis. This is due to poor vascular status prior to operation and/or lack 

of bone stock required for the implant (Hintermann and Valderrabano 2003). As a result, the 

creation of a talar body implant is necessary to repair the joint and maintain joint function. In 

order to limit the time between injury and replacement of the talus (as prolonged time negatively 

affects the surrounding bone), and reduce costs associated with a custom-made talar implant, a 

generic prosthetic talus bone in different sizes would be preferable to a custom-made talus 

implant. As such, it is necessary to research if it is possible to create a generic prosthetic talus 

bone that can mimic the mechanical behaviour of the biological talus. 

1.2  Objectives and Specific Aims 

The overall objective of this study is to create a generic talar prosthesis in multiple sizes that can 

account for inter-individual ankle geometry variation, and maintain the function and geometric 

compatibility of that of a biological talus. 

Objective 1: Determine the geometric variation between the shapes of individual tali. (Chapter 

3) 

Hypothesis: Tali can be divided into three groups: short and wide, long and narrow, and 

proportionate. 

Specific Aim 1: Compare the shape of each male talus with other male tali and each female talus 

with other female tali. 

Specific Aim 2: Classify the geometry of the talus into different shape groups. 
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(The results of Objective 1 indicated the failure of the hypothesis that different shape groups 

could be found among tali, so we proceeded with the following objectives:) 

Objective 2: Develop a geometric template for the talar implant in multiple sizes. (Chapter 3) 

Specific Aim 1: Identify the best shape for the talar implant for both the male and female talus. 

Specific Aim 2: Determine the difference between the selected male and female implants. 

Specific Aim 3: Determine the number of implant sizes. 

Specific Aim 4: Validate the sizes by comparing the geometry of the individual tali with the 

implant in the correct size. 

Objective 3: Develop a Finite Element (FE) model of the ankle joint to determine the contact 

pressures and areas on the articular cartilage surrounding the talus when a biological talus, 

custom implant, or generic implant is in the joint. (Chapter 4) 

Specific Aim 1: Preparation of the model (which includes: boundary condition, material 

properties, loads) and validation study. 

Specific Aim 2: Compare the contact pressures and areas caused by a generic implant, custom 

implant, or biological talus when the joint is under load. 

Objective 4: Verify the joint compatibility of the talar implant using a cadaver study. (Chapter 

5) 

Specific Aim 1: Devise an experimental technique and a geometric model to compare the 

compatibility of the generic talar implant. 

Specific Aim 2: Apply the geometric model to analyze the difference between the positions of the 

generic implant vs. the biological talus when in a cadaveric ankle joint. 

Specific Aim 2: Determine if there are any correlations between contact areas (determined from 

FEA) and deviations between the biological talus and the generic implant. 
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Objective 5: Case study that explores the possibility of surgically implementing a generic talus 

bone prosthetic in a patient with bilateral talar avascular necrosis and collapse of the talar dome. 

(Chapter 6) 

Specific Aim 1: Create a custom implant for the patient. 

Specific Aim 2: Devise and implement an experimental technique and a geometric model to 

compare the geometric compatibility of the custom and generic talar implants. 

1.3  Scope and Limitations 

This research explored the possibility of creating a generic prosthetic talus bone to be used in 

talar replacement surgeries. The scope of the research included geometric analysis of human tali 

and the proposed generic prosthetic, as well as Finite Element Analysis (FEA) of the biological 

talus, custom implant, and generic implant. Limitations of this study include the following: 

 The FE model studied the neutral position only. 

 The cartilage on the bones was assumed to have a uniform thickness. 

 The boundary conditions for the navicular bone and the calcaneus bone were fixed in 

place when in reality, there may be some relative movement allowed.  

1.4  Research Contribution 

This research will have major impact on the health of Canadians affected by talar fractures. 

Severe talar fractures typically occur in young, active individuals. Talar avascular necrosis with 

collapse results in significant disability. To enhance the patients' quality of life, the repair of such 

talar fractures is essential. As such, the development of a commercially viable generic prosthetic 

talus that is compatible with the population is important. The long-term objective of this research 

project is to create a new talar implant system based on rigorous computer analysis methods. The 

new technology will dramatically reduce the pre-operation preparation time. Additionally, it will 

reduce production cost of the implants as they will be able to be mass manufactured.  

This research develops a generic implant based on scaling the cube root of the volume, and is the 

first of its kind that test the implant through geometric and cadaveric assessments, and FEA. 

Although there has been significant research focused on hips, knees and shoulders, there is 

considerably less information regarding the ankle joint. To our knowledge, this is the first study 
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to examine the effects on contact areas and pressures on the cartilage surrounding the talus when 

the talus is replaced with a titanium implant of the same geometry (a custom implant). 

Additionally, we are the first to examine the effect of introducing a generic implant in lieu of a 

custom implant. 

Findings of this study were presented at the Congress of The European Society of Biomechanics 

and four manuscripts have been prepared and two have been submitted and are under review. 

1.5  Outline of Thesis 

This thesis includes 7 chapters. 

Chapter 1 

The problem statement, objectives, and specific aims of the current research are provided. The 

scope and limitations of the study are explained. The thesis chapters are presented with a brief 

explanation.  

Chapter 2 

A background on the anatomy of the talus bone and surrounding bones are described. Injury to 

the talus bone and its issues are discussed along with current surgical options available to those 

with talar injuries. Descriptions of previous studies conducted on the ankle are provided.  

Chapter 3 

The analysis is performed to determine if tali among humans can be considered the same shape, 

and as such, determines whether a generic implant can be created. This chapter also includes the 

analysis to determine if there are differences between the male and female talus and confirms 

that ten unisex implant sizes should be sufficient to maintain geometric compatibility of the 

ankle joint. 

Chapter 4 

FE models of the ankle joint with the calcaneus and navicular were created with three different 

tali – a custom implant, a generic implant, and the biological talus. The contact pressures and 

areas on the cartilage surrounding the talus in neutral position and under compressive load were 
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compared. A FE model of the talus bone and tibia was also created for validation purposes. 

Predictions of this model were validated against in-vitro data and compared to other FE results. 

Chapter 5 

A cadaveric assessment of the generic implant versus the biological talus is conducted using a 

geometric technique. Additionally, FEA is undertaken to determine if there is a correlation 

between FE results and how the generic implant sits in the cadaveric ankle joint relative to the 

biological talus. There is further discussion on whether a generic talar implant in ten unisex sizes 

will be feasible. 

Chapter 6 

A case study of a patient with bilateral talar collapse is presented. An analysis to determine if a 

generic implant will function geometrically the same as a custom implant is carried out. 

Chapter 7 

The findings of the thesis are summarized. Conclusions and recommendations for further 

research are provided. 
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2.1  Anatomy and Structure 

2.1.1  Talus 

The talus bone is a small, irregularly shaped bone. The talus is critical to the ankle joint because 

the unique shape controls the motion and interaction of the ankle and subtalar complex joints 

(Early 2008) (Kapandji 2011). It is also responsible for distributing the weight of the body over 

the entire foot (Chi and Schmitt 2005) (Mahato and Murthy 2012). Its surface area is 

approximately 70% covered with articular cartilage and has three articulating surfaces – the talar 

dome, subtalar area, and talar head which articulate with the tibia and fibula, calcaneus, and 

navicular respectively (Figure 2-1). 

 

Figure 2-1: The talus and surrounding bones 

The talus has no muscular attachment: it is sustained only by blood vessels coming in from 

ligament insertion sites (Figure 2-2) and a few direct blood vessels (Figure 2-3). This blood 

supply is just adequate under regular conditions. As a result, fractures of the talus can 

compromise the already delicate blood supply to the talus causing pseudarthrosis or avascular 

necrosis (AVN) (Kapandji 2011). 
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Figure 2-2: Superficial deltoid ligament, deep deltoid ligament and lateral collateral 

ligament (Carr 2009) 

  

 

Figure 2-3: Blood supply to the talus – lateral and medial views (Smith and Ziran 1999) 

2.1.2  Distal Tibia and Fibula 

The tibia is the large medial bone of the leg and its inferior surface forms a hinge joint with the 

talus. The tibia passes the weight of the body across the talocrural joint (Martini, Timmons and 

Tallitsch 2006). The fibula parallels the lateral side of the tibia and the two are bound together by 

the crural interosseous membrane. The distal end of the tibia and fibula are also connected by the 

anterior and posterior tibiofibular ligaments. The medial malleolus of the tibia along with the 

lateral malleolus of the fibular process provide stability to the ankle joint, while the tibial plafond 

and the medial side of the lateral malleolus of the fibula are covered with cartilage 

(1.160.14mm and 0.850.13mm, respectively) and articulate with the talus (Martini, Timmons 

and Tallitsch 2006) (Millington, et al. 2007). 

2.1.3  Calcaneus and Navicular 

The calcaneus (heel bone) is the largest tarsal bone and the majority of one’s weight is 

transferred from the talus to the calcaneus and then to the ground (Martini, Timmons and 
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Tallitsch 2006). The navicular bone articulates with the anterior surface of the talar head and is 

located on the medial side of the ankle; the distal surface of the navicular articulates with the 

three cuneiform bones that then articulate with the metatarsal bones of the foot (Martini, 

Timmons and Tallitsch 2006). 

2.1.4  Cartilage 

The talus, tibia, fibula, calcaneus, and navicular all have cartilage on their surfaces that articulate 

with other bones. Articular cartilage is the thin layer of fibrous connective tissue that transfers 

and distributes forces between articulating bones and joints, and allows relative movement 

between articular surfaces with minimal friction (Adeeb, et al. 2004) (Nigg and Herzog 1999). It 

is composed of cells (5%) and an intercellular matrix (95%) and is divided into four zones (the 

superficial zone, transitional zone, deep zone and calcified zone). When loaded, cartilage acts 

like a viscoelastic material; however, many researchers model cartilage as an equivalent linear 

elastic material (Adeeb, et al. 2004) (D. D. Anderson, J. K. Goldsworthy, et al. 2007) (Cheung, et 

al. 2005) (Ozkan, et al. 2013). 

2.1.5  Male and Female Foot Bones 

There are some indications in the literature that the foot bones may have slight differences 

between sexes that are not just due to size (Ferrari, et al. 2004). Ferrari et al analyzed angles and 

widths on the talus, the navicular, medial cuneiform, and the first metatarsal in the human foot to 

determine if there were differences between the male and female foot bones. Their main finding 

was that the majority of differences were principally due to size. Some angular measurments 

showed that there were some male-female differences specifically on the functional angles of the 

metatarsal head, medial cuniform, and talus indicating that the females may have slightly more 

movement in the joints. 

2.2  Injury and Surgical Options 

After calcaneus fractures, talus fractures are the most frequent of all tarsal bone fractures and 

account for 0.1-0.85% of all fractures (Bhandari and Adili 2011) (Huang and Cheng 2005) 

(Santavirta, et al. 1984). They are most common in a young, active patient population and are 

more likely to occur in men than women by a ratio of three to one (Bhandari and Adili 2011) 

(Thordarson 2007). Fractures of the talar neck, which account for approximately 50% of the 
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significant injuries to the talus (Thordarson 2007), can result in avascular necrosis in 20-100% of 

patients with displaced fractures. The avascular bone can be unsuitable to hold the required load 

and collapse can occur resulting pain, swelling, and restricted motion. 

The most common surgical option in caring for this injury is ankle arthrodesis (fusion), wherein 

the talus is fused to the tibia or the tibia and calcaneus. Although arthrodesis often enables the 

patient to walk with decreased pain, the procedure results in loss of motion and function of the 

joint (Barton, Lintz and Winson 2011) (Haddad, et al. 2007).  

Ankle arthroplasties have become a more desirable alternative to fusion as they have the 

potential to offer increased mobility of the ankle joint. Recently, they have been designed and 

implanted with increasing success (Kakkar and Siddique 2011). Ankle arthroplasties, however, 

are not suitable when the talar fracture results in AVN because the talus is often lacking the 

healthy bone stock that is required for talar fixation of the prosthesis. 

An appropriate solution to the issues associated with arthrodesis and arthroplasties is a talar body 

implant that replaces the avascular portion of the talus, or the talus in its entirety, to maintain full 

ankle joint function. At this time, there have been some reports of talar body replacements. All 

implants have been custom made from various materials - stainless steel (Harnroongroj and 

Vanadurongwan 1997), alumina ceramic (Tanaka, et al. 2003) (Taniguchi, Takakura and Tanaka, 

et al. 2015), titanium alloy (Magnan, Facci and Bartolozzi 2004), and colbalt-chrome (B. W. 

Stevens, et al. 2007). The prostheses developed by Harnroongroj and Vanadurongwan (1997) 

were partial talar implants developed using custom measurements of volume and dimensions 

(including curvatures) of the contralateral talus; it was implanted in 16 patients. Tanaka et al 

(2003) developed prostheses similar to Harnroongroj and Vanadurongwan and implanted it in 

three patients (Figure 2-4). Both Magnan et al. and Stevens et al. replaced a talus utilizing CT 

scans to develop a prosthesis based on the real geometry of the bone. Taniguchi et al (2015) 

implanted 55 custom talus prostheses based on CT scans of the contralateral talus. All of these 

implants were custom-made and as such, involve increased time between injury and surgery, and 

are expensive.  
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Figure 2-4: Harnroongroj and Vanadurongwan implant (left) and Tanaka et al. implant 

(right) (Harnroongroj and Vanadurongwan 1997) (Tanaka, et al. 2003) 

The next step in the field of talus bone prosthetics would be the development of a generic talus 

bone prosthetic in different sizes to mitigate the costs and the extended time between onset of 

injury and surgery. This requires a generalization of the geometry of the talus. 

2.3  Geometry and Generic Implants 

The general shape of the talus has been defined in many anatomy and physiology texts. 

However, these texts offer general descriptions and illustrations of geometry with no specific 

ratios or dimensions (Kapandji 2011) (Martini, Timmons and Tallitsch 2006). Some researchers 

have attempted to describe the geometry of the talus and ankle joint but the majority of studies 

relied on two dimensional measurements and semi-automated measurements - tools that do not 

capture the complexity of the geometry of the talus bone (N. Mahato 2011) (Stagni, Leardini and 

Catani, et al. 2004) (Stagni, Leardini and Ensini, et al. 2005). Although a study has attempted to 

examine the 3D morphology of the ankle by determining anterior, middle, and posterior widths, 

as well as talar dome radii, it neglects to capture the full geometry of the talus and relies on 

anatomical landmarks (Hayes, Tochigi and Saltzman 2006). Statistical shape modelling has been 

widely used for interpreting and segmenting images, but is often reliant on using manually 

defined ‘landmarks’, which makes it prone to errors (Davis, et al. 2002) (Zhang, et al. 2012), and 

is difficult to do on a complex bone such as the talus. None of these previous studies have 

examined the shape of the talus when the tali are the same volume. Islam et al. first analyzed the 

geometry of the talus shape on 28 tali to determine if the shapes between tali were the same 

when scaled to the same volume and found that the shapes between tali were geometrically 

similar. This supports the development of a generic talar implant. 
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The creation of a generic talus bone implant in multiple sizes has been proposed in one previous 

study (K. Islam, et al. 2014). However, this study has limits, including the random selection of 

the implant shape, and an incremental jump in volume between sizes (which will be much more 

significant in the smaller sizes). Additionally, it lacks verification by a cadaveric study or 

computer modelling in relation to the surrounding bones and under loading. 

2.4  Finite Element Simulations of the Foot 

Most FEA of human joints have focused on the major articulation of the hips, knees and 

shoulders, with less information produced on the ankle joint (D. Anderson, et al. 2006). The 

literature has few FE studies that investigate ankle joint mechanics and most of these focus 

solely on the tibiotalar joint or on stress in the bones (D. D. Anderson, J. K. Goldsworthy, et al. 

2007) (Cheung, et al. 2005) (Ozen, Sayman and Havitcioglu 2013) (Ozkan, et al. 2013) (Parr, et 

al. 2013).  

Anderson et al (2007) completed a validation study for their FE model between the tibia and the 

talus using a Tekscan sensor under 600N of applied axial load on two cadaveric ankles. They 

focused their research on only the tibio-talar surface and found that they had good agreement 

between their FE-computed and experimentally measured mean (3.2% discrepancy for one 

ankle, 19.3% for the other) and maximum (1.5% and 6.2%) contact stress, and contact area 

(1.7% and 14.9%). Cheung et al (2005) created a robust FE model of the human ankle and 

complete foot with the distal tibia and fibula along with 26 foot bones and 72 major ligaments. 

They used their model to find interfacial pressures, von Mises stress in the bones and the strain 

of the plantar fascia. However, they did not measure the pressures on the cartilage in the 

talocrural, subtalar or talocalcaneonavicular joints. Ozkan et al (2013) created a complex FE 

model of the lower limb to calculate the differences in maximum equivalent stresses in the bones 

of the foot in patients with and without tibia vara (a growth disorder of the tibia). Although their 

model was complex, their measurements did not focus on pressures on cartilage, but stresses in 

the bones. Parr et al. (2013) conducted a FE study to research the importance of the trabecular 

geometry in FEA, with no focus or inclusion of on cartilage materials. Ozen et al. (2013) created 

a FE model of the human foot inclusive of soft tissue to determine the effects of a total ankle 

replacement on plantar pressure and von Mises stresses of the bones and prosthetic. To our 

knowledge, no other study has been conducted to determine the effects of the talus on the 
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surrounding cartilage surface. Furthermore, no one has investigated the effect on contact 

pressures and areas from using a whole talar implant, generic or custom. 
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Chapter 3 - Geometric Analysis of the Talus and Development of a Generic Talar 
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Abstract 

Trauma to the talus can result in fracture, avascular necrosis and structural collapse. Treatment 

has been limited to surgical fusion and total ankle arthroplasty. Total ankle arthroplasty may not 

be an appropriate treatment for avascular necrosis while surgical fusion of the joint limits 

mobility. Custom-made implants have recently been used to address these limitations but have 

lengthy delays between injury and surgery and higher associated costs. A generic talar prosthesis 

available in various sizes may serve as a suitable alternative. The geometric variation between 

shapes of individual tali was determined using 3D geometric models of 91 tali created from CT-

scan data. Comparisons were done to determine if tali are one shape. The best shape was 

determined for each sex, and was compared to determine if a unisex implant would be possible. 

A geometric template for the implant in multiple sizes was created and compared to the models. 

The average of the average deviation between tali after volume scaling was found to be less than 

1mm on the articulating surfaces. One shape group was found for the talus. The female and male 

were found as the same and a unisex implant template was created. Ten implant sizes were found 

sufficient. 

Keywords 

Talus; generic prosthesis; deviation; geometric analysis 
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3.1  Introduction 

Trauma to the talus bone can result in varying degrees of fractures. Due to the unusual vascular 

supply to this bone and its complex shape, healing problems such as malunion, and avascular 

necrosis (death of bone tissue due to a lack of blood supply) can occur. When significant 

avascular necrosis with collapse occurs, it results in severe incongruity of the joint resulting in 

pain, stiffness and disability. Standard treatment for this problem is surgical fusion of the tibia to 

the talus and the talus to the calcaneus (tibio-talo-calcaneal fusion). This type of surgical fusion 

results in severe loss of motion and function (Barton, Lintz and Winson 2011) (Haddad, et al. 

2007) (Hendrickx, et al. 2011). More recently, total ankle arthroplasties have been implemented 

with growing success; however, these arthroplasties are not an appropriate treatment for talar 

fractures that result in avascular necrosis with collapse because the required bone stock required 

for embedding the implant is not available (Hintermann and Valderrabano 2003). Therefore, the 

creation of a talar body implant is an option to repair the joint and maintain proper joint function. 

In order to limit the time between diagnosis of talar body collapse and replacement of the talus (a 

delay which will make surgical reconstruction of the joint technically more difficult) and reduce 

costs associated with a custom-made talar implant, a generic talus bone prosthetic in different 

sizes would be superior to a custom made talus implant. 

To create a generic talus prosthetic, detailed analysis of the talus geometry is required. The 

general shape of the talus has been defined in many anatomy and physiology texts; however, 

these texts offer general descriptions and illustrations of geometry with no specific ratios or 

dimensions (Kapandji 2011) (Martini, Timmons and Tallitsch 2006). Some researchers have 

attempted to describe the geometry of the talus and ankle joint but the majority of studies relied 

on two dimensional measurements and semi-automated measurements tools that do not capture 

the complexity of the geometry of the talus bone (N. Mahato 2011) (Stagni, Leardini and Catani, 

et al. 2004) (Stagni, Leardini and Ensini, et al. 2005). Although one study has attempted to 

examine the 3D morphology of the ankle by determining anterior, middle and posterior widths, 

as well as talar dome radii, it neglected to capture the full geometry of the talus and relied on 

anatomical landmarks (Hayes, Tochigi and Saltzman 2006). Additionally, none of these previous 

studies have examined the variation in shape of several tali when they are scaled to the same 

volume (size). 
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Islam et al. (2014) first analyzed the 3D geometry of 28 tali to determine if the shapes between 

tali were the same when scaled to the same volume and found that the shapes between tali can be 

considered geometrically similar. This supports the development of a generic talar implant. In 

this same study, Islam et. al (2014) proposed the creation of a generic talus bone implant in 

multiple sizes; however, this study had some limitations including the random selection of the 

implant shape, the incremental jump in volume between sizes (which will be much more 

significant in the smaller sizes), and a sample population that does not adequately represent that 

true population. In this paper we present a generic template for the talar implant in multiple sizes 

that can maintain the geometric compatibility of a biological talus. 

3.2  Methods 

3.2.1  Geometric Variation between the Shapes of Individual Tali 

CT scans of intact, unfractured tali of 50 male tali (age 32.115.4 years) and 41 female tali (age 

43.514.7 years) were obtained from the University of Alberta Hospital after ethical approval 

was obtained from the University of Alberta ethical review board. Each DICOM CT scan was 

imported into MIMICS (Materialize NV, Belgium), a medical image processing software. In 

MIMICS, a mask was created to cover the talus bone and from this mask, a 3D model was 

generated and imported into Geomagic Studio 2013 (Geomagic®, Morrisville, North Carolina; 

USA) for geometry cleaning and smoothing, and analysis. 

To ensure that any deviations between tali were purely from shape and did not account for 

difference in size, each male and female talus was scaled to the same volume, using the scale 

factor below: 
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𝑆𝐹 = (
𝑉𝑎𝑣

𝑉𝑥
)
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𝑤ℎ𝑒𝑟𝑒: 

𝑆𝐹 = 𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑎𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑡𝑎𝑙𝑢𝑠  

𝑉𝑎𝑣 = 𝑡ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑎𝑙𝑢𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑎𝑙𝑒 𝑜𝑟 𝑓𝑒𝑚𝑎𝑙𝑒) 

  =  
∑ 𝑉𝑖

𝑛
𝑖=1

𝑛
 

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑙𝑖 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑠𝑡𝑢𝑑𝑦 

𝑉𝑖 = 𝑡ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑎𝑙𝑢𝑠 𝑖 

𝑉𝑥 = 𝑡ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑡𝑎𝑙𝑢𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 

After the scans were processed, modelled and scaled, each talus bone was compared with the 

remaining tali of the same sex. The tali were automatically aligned using the best fit approach 

built into Geomagic. The tali were then compared using the using the Geomagic 3D Compare 

Analysis and a deviation contour map was created. This process comparing one talus to another 

is illustrated in Figure 3-1. This process was repeated to create deviation maps between the 50 

male and 41 female tali. 

 

Figure 3-1: Flow diagram of modelling procedure (adapted from Islam, et al., 2014) 

The results of this deviation analysis were summarized using 50 by 50 comparison matrices for 

the males and 41 by 41 comparison matrices for the females. The matrices illustrate the average 

deviations (𝑑𝑎𝑣), maximum deviations (𝑑𝑚𝑎𝑥), and standard deviation of the deviations, of each 

subject’s talus compared with the other tali. The average of the average deviations (𝐷𝑎𝑣) of each 



25 

 

talus as compared with the remaining tali of the same sex were calculated to determine if each 

talus is the same shape as the other tali. Tali were considered to be the same shape if the 

deviations on the articular surfaces are less than 1mm as a 1mm shift was recognized as the 

determining criterion for relocation of the talus after injury (Lloyd, et al. 2006). To determine if 

the tali were the same shape, the articular surfaces of the deviation contour maps (DCMs) were 

assessed. 

To determine if multiple shape groups existed within our sample (or if there was just one shape 

group), an algorithm was implemented to group the tali into different shape groups. This 

algorithm split the male subjects into three equal groups that best matched each other (with 

lowest deviation). Originally, the first group was to be identified by dividing the number of 

subjects into 3 groups and finding the third of the subjects that best match each other; however, 

due to computing requirements, the sample size for the algorithm had to be reduced to 36 

subjects. The sample size had to be reduced down from an initially proposed 𝐶16
50 to 𝐶12

36 due to 

the demands of performing 4.9236897e+12 operations. Looping through an array is an 𝑂(𝑛) 

operation which follows that the algorithm would evaluate to an 𝑂(𝑛16) time complexity. As 

such, it was necessary to reduce the initial sample size until a run time that completes within a 

reasonable human scale time period was achieved. The code was run such that the 12 subjects 

that best matched each other were selected to be representative of the first group (Group 1). 

These 12 subjects were then removed from the original 36 and the remaining 24 subjects were 

split in two equal groups that best matched each other forming Groups 2 and 3. The hypothesis 

was such that the most common, or average, shape would be selected in the first grouping 

(Group 1), while the remaining two-thirds of the subjects would then be a grouping of two 

extremes and thus, when selecting the best matches, the remaining tali would naturally be split 

into their respective extremes. The developed algorithm, illustrated below in Figure 3-2, took the 

random 36 by 36 matrix of the average deviations of the taluses and created all possible 

combinations of the 12 by 12 submatrices (𝐶12
36). The average deviation of each submatrix was 

calculated and the one with the lowest average deviation was selected. Consequently, the 12 

subjects from this submatrix were selected as Group 1. This procedure was repeated with a 24 by 

24 matrix (the 12 from Group 1 being removed) to split the remaining subjects into two groups. 

After the three groups were found, each talus was aligned in Geomagic to Subject 1 and a 

bounding box (a wire-framed box that indicates the maximum extents of an object) surrounding 
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the talus was measured to determine if the tali have been separated into different shapes. The 

dimensions from these bounding boxes were plotted against each other to determine if any trends 

exist. 

 

Figure 3-2: Talus grouping flow chart 

3.2.2  Development of a Generic Talus Bone Implant 

As will be shown in the results, no distinct groups were found for the tali shapes and thus an 

average shape for each sex was to be determined. 

The best shape male and female talus was chosen by selecting the talus that has the lowest 

average deviation when compared to all of the tali of the corresponding sex. These best shapes 

were used for the implant templates. A comparison between the male and female implant 

templates, scaled to the same volume, was carried out as described earlier in the methodology. 

The purpose of the comparison was to investigate whether the variations between male and 

female implants warrant the creation of two different template shapes. As will be shown in the 

results, one unisex template was deemed appropriate for the implant shape. 

The average volume (𝑉𝑎𝑣𝑔) of the 91 tali scanned was considered as the average volume of the 

population. An incremental jump in the cube root of the volume was applied to obtain the 

volume for each size as follows: 
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The cubic root of the mean volume (√𝑉𝑎𝑣𝑔
3 ) was designated as the mean size. The standard 

deviation (𝜎) of the cubic roots of the volumes were calculated and used to obtain the different 

population sizes. The sizes were based on the addition and subtraction of standard deviations of 

the cubic roots of the volume to the cubic root of the mean volume.  

Initially, six different sizes of the implant were created by scaling the volume of the implant 

shape. The range included √𝑉𝑎𝑣𝑔
3 ± 3𝜎 in order to include the sizes found in over 99% of the 

population. However, a preliminary trial deviation comparison was performed and upon 

assessment of the deviation maps, it was evident that there were many locations on the talar 

dome that exceeded 1mm deviation. The talar dome is the main articulating surface in the ankle 

joint, and as such this part of the implant must have very low deviations when compared to the 

biological talus; the decision was made to increase the number of sizes to ten. The ten sizes and 

the distribution of sizes in our sample population are illustrated in (Table 3-1). 

Table 3-1: Ten sizes for implants 

Size 

Number of 

subjects in size 

range 

Range 
Volume 

(mm
3
) 

1 1 √𝑉𝑎𝑣𝑔
3 − 3𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 − 2.4𝜎 20,246 

2 1 √𝑉𝑎𝑣𝑔
3 − 2.4𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 − 1.8𝜎 23,463 

3 8 √𝑉𝑎𝑣𝑔
3 − 1.8𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 − 1.2𝜎 27,005 

4 18 √𝑉𝑎𝑣𝑔
3 − 1.2𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 − 0.6𝜎 30,886 

5 22 √𝑉𝑎𝑣𝑔
3 − 0.6𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3
 35,134 

6 12 √𝑉𝑎𝑣𝑔
3 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 + 0.6𝜎 39,742 

7 17 √𝑉𝑎𝑣𝑔
3 + 0.6𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 + 1.2𝜎 44,736 

8 10 √𝑉𝑎𝑣𝑔
3 + 1.2𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 + 1.8𝜎 50,132 

9 2 √𝑉𝑎𝑣𝑔
3 + 1.8𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 + 2.4𝜎 55,946 

10 0 √𝑉𝑎𝑣𝑔
3 + 2.4𝜎 < √𝑉

3
≤ √𝑉𝑎𝑣𝑔

3 + 3𝜎 62,192 
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3.3  Results  

3.3.1  Geometric Variation between the Shapes of Individual Tali 

The average volume of the male and female tali were 43,315mm
3
 and 31,535mm

3
, respectively. 

The average of the average deviation (𝐷𝑎𝑣) between tali after volume scaling was 1.07mm 

between male tali and 0.87mm between female tali. The average deviations were found to be less 

than 1mm on the articulating surfaces of both sexes. A typical deviation map is shown in Figure 

3-3.  

 

Figure 3-3: Deviation contour map between Subjects 1 and 72 when scaled to the same 

volume (articulating surfaces are shown in red in the bottom figure) (scale in mm) 

The algorithm resulted in three shape groups. Groups 1, 2 and 3 had a 𝐷𝑎𝑣 of 0.87mm, 1.00mm 

and 1.27mm among each group respectively. This indicated that the hypothesis of three different 

shape groups would fail as the 𝐷𝑎𝑣 of each group became higher each time a group was removed. 

The sizes of the bounding boxes, illustrated in Figure 3-4, for each group are outlined in Table 

3-2. The lengths, widths and heights of the bounding boxes were plotted to determine if there 

were any trends between groups and no trends were found (Figure 3-5, Figure 3-6, and Figure 

3-7). Additionally, the lengths, widths, and heights of the bounding boxes are the same with less 

than a 4% difference between the averages and less than 1mm between the average dimensions 

of all groups (with the exception of the lengths between group 2 and group 3 which is 1.22mm). 

Therefore the conclusion was made that there are no distinctive shape groups within the talar 

geometry. 
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Figure 3-4: Illustration of the talar bounding box 

 

Table 3-2: Bounding box sizes of the 3 groups (units in mm) 

 

Group 1 Group 2 Group 3 

 

Width Length Height Width Length Height Width Length Height 

Minimum 46.40 60.56 44.56 46.20 59.82 43.51 46.14 60.01 42.40 

Maximum 48.98 66.71 46.37 49.50 66.07 46.72 49.56 67.38 47.47 

Standard Deviation 0.78 1.98 0.63 0.98 1.83 0.88 1.11 2.15 1.35 

Average 47.35 63.27 45.58 47.74 62.97 44.80 47.64 64.19 45.10 
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Figure 3-5: Bounding box width vs length 

 

 

Figure 3-6: Bounding box width vs height 
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Figure 3-7: Bounding box length vs height 

3.3.2  Development of a Generic Talus Bone Implant 

The talus of subject 30 was chosen as the best male talus. This talus was one of the 12 selected in 

Group 1 which was hypothesized to be the most common, or average shape. It is also the talus 

that had the lowest 𝐷𝑎𝑣 with the other subjects when all subjects are scaled to the same volume. 

This 𝐷𝑎𝑣 between the chosen template and the remaining tali was 0.89±0.14mm. The talus of 

subject 15 was chosen as the best female talus. It is the female talus that had the lowest 𝐷𝑎𝑣 with 

the other subjects when all subjects are scaled to the same volume. This 𝐷𝑎𝑣 between the chosen 

template and the remaining tali was 0.75±0.11mm. 

The best female talus volume was scaled to the same size as the best male talus. The average 

deviation between the two was 0.60mm, considerably less than the deviations seen between male 

vs male tali and female vs female tali. The DCM for the comparison between the male and 

female template is illustrated in Figure 3-8. Therefore, the female and male implants were 

considered to be the same and only one implant template will be used for both sexes – the male 

subject 30. 
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Figure 3-8: Male and female implant shape comparison (scale in mm) 

The sizes were validated by comparing the talar dome of each of the 91 tali with the talar dome 

of the corresponding implant size. The average deviation between each talus and its respective 

size was found with an overall 𝐷𝑎𝑣 of 0.88mm. 

3.4  Discussion 

The talus bone has a complex geometry and the ability to create a generic talus bone prosthetic 

requires a generalization of the talar geometry. Although some researchers have attempted to 

classify the geometry of the talus, the bulk of these studies relied on measurements tools that do 

not capture the talus bone’s complex geometry and depend on anatomical landmarks that can be 

difficult to find consistently (N. Mahato 2011) (Stagni, Leardini and Catani, et al. 2004) (Stagni, 

Leardini and Ensini, et al. 2005) (Hayes, Tochigi and Saltzman 2006). One previous study 

analyzed the geometry of the talus shape and supported the development of a generic talar 

implant; however, the sample size in this previous study was small and did not adequately look 

at the female talus (K. Islam, et al. 2014). Additionally, this is the first study to investigate 

whether or not multiple shape groups for the talus may exist. 
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Statistical shape modelling has been widely used for interpreting and segmenting images; 

however, it is often reliant on using manually defined ‘landmarks’ which makes it prone to errors 

(Davis, et al. 2002) (Zhang, et al. 2012). This study proposes an alternative measure: to best-fit 

align the tali to the same talus and then implement a least-squares method for deviations which 

will result in accurate point to point differences along the entire dome without the use of 

landmarks that are prone to these errors. This method is also superior to looking at the curvature 

of the talar dome as the curvatures vary on different areas of the dome. 

When the volumes of the tali were scaled to the same size i.e. volume (to ensure deviations due 

to size were ignored), the average deviations were found to be less than 1mm on the articulating 

surfaces of both sexes. Since a 1mm shift is recognized as the determining criterion for 

relocation of the talus after injury (Lloyd, et al. 2006), tali were considered to have the same 

shape if the deviations on the articular surfaces were less than this threshold. Results from this 

comparison were sufficient to preliminarily say that tali are the same shape among humans, 

which supports that the development of a generic talar implant would be possible. However, to 

ensure that the talus could not be classified further into more specific shapes, this study looked at 

whether or not shape groups existed within our sample by implementing an algorithm that split a 

sample population into three groups based on the tali that best match other tali in the group. 

Since there was found to be less than a 4% difference between the average dimensions of the 

bounding box for each shape group and less than 1mm between the average dimensions of all 

groups, it can be concluded that that there are no distinctive shape groups within the talar 

geometry.  

The implants created for both the male and female tali were found by selecting the talus that had 

the lowest deviations compared to the other tali in each sex group. There are some indications in 

the literature that the foot bones may have slight differences between sexes that are not just due 

to size (Ferrari, et al. 2004). Ferrari indicated that there may be more movement in the female 

foot due to some slight differences in the angles of the foot bones (which would make females 

more predisposed to hallux abducto valgus formation). However, a comparison between the male 

and female implants, scaled to the same volume, showed that the deviations between the male 

and female implants were much smaller than within each sex indicating that for the purpose of 

this study, the female and male talus could be considered the same shape. Additionally, the 
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deviations between the female population (which were scaled to a smaller volume than the male 

population) were smaller than the deviations between the male population, which indicates that 

the deviations may be linked to the size that the talus is scaled to and not to the sex of the 

subject. However, the difference between male and female body weight effects on the 

mechanical response of the generic implant needs to be investigated.  

The articulating surfaces on the talus are all important in considering a total talus bone 

replacement; however, the talar dome, which articulates with the tibia and fibula in the ankle 

joint, is of most importance because the ankle joint controls plantarflexion and dorsiflexion 

enabling walking. Therefore, the focus of implant testing was on comparing the talar dome of the 

91 collected tali with the chosen average shape in the correct corresponding size. Based on the 

average deviations between the talar dome on the talus and the corresponding implant, it was 

determined through an iterative process (until the deviations were found to be acceptable) that 

the 10 sizes (that encompass over 99% of the sizes found in the population) were sufficient. Each 

talus from the study was compared with its corresponding implant size and from this analysis it 

was found that the an overall 𝐷𝑎𝑣 between the tali and their corresponding size was 0.88mm (less 

than 1mm) indicating that this range of sizes would be feasible for geometric compatibility of the 

talus. However, it is important to note that a study conducted by Fregley et al. (2008) found that 

an accuracy of microns and milliradians is required to estimate contact forces, pressures, and 

areas directly (Fregly, et al. 2008); and as such, mechanical testing, modelling, or experimental 

analysis should be conducted to confirm this conclusion. 

Islam et al. (2014) proposed an implant in multiple sizes; however, their study has limits that this 

paper addresses. The current study addresses these limits in three ways. Firstly, the female 

population is adequately represented with 45% of the subjects being female. Secondly, the 

current study carefully selected the implant shape by ensuring that the shape selected was the 

shape that most closely matched the other tali as opposed to selecting the template randomly. 

Finally, the current study used an incremental jump in cube root of the volume between sizes as 

opposed to an incremental jump in the volume. The limitation of using an incremental jump in 

the volume is that it will impart a significant effect on the smaller sizes. In other words, the 

smaller sized implants will have greater deviations between the implant and the original talus. 

However, similar deviations between the implant and the original talus across various sizes are 
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observed when the size changes are based on an incremental jump in the cube root of the 

volume. 

Based on this research, we conclude that ten unisex implant sizes for the talus bone should be 

sufficient to maintain geometric compatibility of the ankle joint. These findings will be used in 

future studies to assess the feasibility of using this implant in a cadaver study, as well as using 

finite element analysis to investigate the redistribution of the contact pressures in the ankle joint 

due to using an implant whose geometry is slightly different from the original talus.  
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Abstract 

Talar body replacement following talar body collapse is a novel intervention to decrease pain and 

improve joint mobility. Successful talar body prosthesis depends on understanding the 

mechanical function of the talus bone. Despite the lack of information on pressures in the ankle, 

very little research has been performed in this area. The objective of this study was to develop a 

finite element (FE) model of the ankle to investigate the change in contact pressures and contact 

areas on the cartilage surfaces surrounding the talus caused by a biological talus, a custom talar 

implant, and a generic talar implant. The results illustrated that the contact patterns on the 

surrounding cartilage from the custom implant closely resembled that of the biological talar 

body, but with higher pressures; and although the contact patterns from the generic implant are 

slightly different, contact areas and pressures are in general closer to the biological talus than the 

custom implant. This supports that a generic talar prosthesis may be a suitable implant. This 

study is the first to demonstrate the incongruency of the talar surface geometry, where the 

contact occurs at the periphery initially, and transfers to the central region. This phenomenon 

was seen in both the biological talus and implants. The FE model created was validated by 

comparing its predictions to cadaveric results from previous studies. This study indicates that a 

well-designed and appropriately sized generic talus implant closely mimics the original 

biological talus in terms of contact pressure intensity while the custom implant mimics the 

contact distribution. 
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4.1  Introduction 

The human skeleton mobilizes in a manner defined by the articulations that connect individual 

bones. During movement, major joints are load-bearing structures subjected to relatively high 

magnitudes of load, as high contact forces and compressive loads are transmitted through the 

joints (Konrath, et al. 1998) (Pena, et al. 2005). Accordingly, the incongruent surface geometry 

can have a significant effect on the stresses, pressures and pressure gradients inside the tissue 

(Adeeb, et al. 2004). Most research has focused on the major articulation of the hip, knee and 

shoulders, with less information produced on the tibia-talar joint in the ankle (D. Anderson, et al. 

2006).  

The ankle is a complex load-bearing joint, in which the tibia, fibula, and talus articulate with 

each other. The talus also articulates with the calcaneus via the subtalar joint, as well as the 

navicular. Due to its location at the near-bottom of the human skeleton, the impact forces on the 

talus during daily tasks can reach up to 2 to 3 times the body weight (Chi and Schmitt 2005)  

(Mahato and Murthy 2012). Anderson et al. (2007) completed a validation study for their FE 

model that assessed pressures on the talus under body weight by assessing the contact that 

occurred between the tibia and the talus. Predictions of the model were compared to 

experimental measurements using a Tekscan sensor under 600N of applied axial load. With 

experimental measurements using two cadaveric ankles, they found that the maximum contact 

stresses were 3.69MPa and 2.92MPa; the mean contact stresses were 1.96MPa and 1.15MPa; and 

the contact areas were 295.1mm
2
 and 493.6mm

2
. Kimizuka et al. (1980) measured the contact 

area and peak contact pressures on eight amputated ankle specimens under load. They found that 

under 1000N of load the average contact area was 434mm
2
 and the average peak contact 

pressure was 7.1MPa (ranging from 5-10MPa). Also, the literature has few FE studies that 

investigated ankle joint mechanics and most of these focused solely on the tibiotalar joint 

(Cheung, et al. 2005) (Ozen, Sayman and Havitcioglu 2013) (Ozkan, et al. 2013) (Parr, et al. 

2013). The high load environment poses a challenge in the mechanical function of the talus body 

implant after collapse of the talar body as a result of avascular necrosis due to trauma or 

idiopathic causes (Harnroongroj and Vanadurongwan 1997) (Magnan, Facci and Bartolozzi 

2004) (B. Stevens, et al. 2007) (Taniguchi, Takakura and Sugimoto, et al. 2012). 
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To identify the correct size and geometry for an artificial talus implant, a healthy talus from the 

opposite ankle can be analyzed as shown by a recent 3D morphometric study that the left and 

right talus bone of intact human ankle joint have a strong degree of symmetry (K. Islam, et al. 

2014a). This knowledge can be used to develop a patient-specific custom talar body implant. 

More recently, the development of a generic implant with five different sizes has been proposed 

(K. Islam, et al. 2014b). The 3D geometric analysis showed that after scaling individual talar 

bodies to a single (average) volume, they can be considered geometrically similar. Also, a 

proposed range of five implant sizes is shown to be possible for the vast majority of the 

population (K. Islam, et al. 2014a). Trovato et al. (2016) improved this study by increasing the 

sample size with 45% of the subjects being female; selectively choosing the implant size, and 

using incremental jump in the cube root of the volume between sizes. From this analysis, ten 

unisex implant sizes for the talus bone were created to maintain geometric compatibility of the 

ankle joint. The current literature however, contains little information regarding the normal mode 

of contact between the talus and surrounding bones, and that of an implant-cartilage interface. 

The purpose of this study is to develop and validate a FE model of the ankle joint that contains 

the talus and surrounding bones to investigate the contact mode on the cartilage surfaces 

surrounding the talus when a biological talus, a custom implant (based on the biological talar 

geometry), and a generic implant are in the ankle mortise. The models are used to investigate the 

changes in the patterns of the contact distribution and the magnitude of the contact pressures 

under axial load.  

4.2  Materials and Methods 

4.2.1  Finite Element Model 

Geometry Acquisition 

CT scans were taken of the intact right and left cadaveric foot (female; age: 55 years) with the 

biological talus in the joint in the neutral position. The CT scans were performed using a high-

resolution Somatom definition flash scanner with the following specifications: pitch of 0.8mm, 

gantry tilt of 0 degree, effective mAs of 300, voltage of 80kV, rotation time of 1.0s, slice 

thickness of 0.6mm, and increment of 0.1mm. The Digital Imaging and Communications in 

Medicine (DICOM) images were provided with a resolution of 512 x 512 pixels per slide. The 

DICOM images were imported into a 3D image processing software MIMICS (Materialize NV, 
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Belgium), where 3D models of each CT scan were digitized into STL file formats. From each of 

the DICOM image files, separate masks of the distal part of tibia and fibula, talus, navicular bone 

and calcaneus were created. From the collection of these segmentations, a 3D model of the ankle 

joint was generated. The STL files were then imported into Geomagic Studio 2013 (Geomagic®, 

Morrisville, North Carolina; USA), for further image processing. 

Implant Selection 

In a previous study (Trovato, El-Rich, et al. 2016), we developed a 10-size generic talar body 

implant that takes into account the gender specific variation. The 3D model (acquired above) was 

used to determine the volume of the talus (obtained in Geomagic). The volume of the talus was 

used to select the proper implant size.  

Meshing and Pre-Processing 

The software HyperMesh (Altair, Troy, Michigan; USA) was used to mesh the geometries. For 

all bones surrounding the talus, two separate mesh sizes were chosen for the cartilage area and 

the rest of the bone. The cartilage area on all bone surfaces was meshed with quadrilateral (4-

node) elements of an approximate size of 1mm, whereas triangular (3-node) elements with a 

coarser mesh of up to 2mm were used for the rest of the bone surfaces. The cartilage was built up 

from the quadrilateral elements to create hexahedron (8-node) elements, by a 3D element offset 

with a thickness of 1mm. The custom and generic implants were meshed using 1mm triangular 

elements. To avoid initial surface overclosure due to cartilage creation, the parts were separated 

until no overlapping of the cartilage surfaces was detected. 

The FE model was exported as an Abaqus (Abaqus 6.13, Dassault Systèmes Simulia Corp., 

Providence; RI, USA) input file. The biological talus, tibia, fibula, calcaneus, navicular, generic 

and custom implants and cartilage structures were governed by linear elastic material law with 

properties taken from literature (Table 4-1). Sets of three linear springs (k=20N/mm) located at 

the position of the anterior and posterior tibiofibular ligaments were added to the model to 

represent these ligaments (D. D. Anderson, J. K. Goldsworthy, et al. 2007). The cartilage and the 

corresponding bone elements were bonded together as they shared contact nodes at the surface 

(Figure 4-1). 
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Figure 4-1: Mesh of the finite element model 

Table 4-1: Assigned material properties in the FEA model 

 E Young’s Modulus (MPa) Poisson’s ratio 

Bone 

20,000 

(Elias, et al. 2008) (Nigg and Herzog 

1999) 

0.3 

(Parr, et al. 2013) 

Implants – 

Titanium 

119,000  

(Elias, et al. 2008) (Karacali 2015) 

0.32 

(Karacali 2015) 

Cartilage  

12 

(D. D. Anderson, J. K. Goldsworthy, et al. 

2007) 

0.42 

(D. D. Anderson, J. K. Goldsworthy, et al. 

2007) 

 

Using kinematic coupling, the proximal tibia and fibula surfaces, and the joint back surfaces of 

the calcaneus and navicular were constrained to their own respective reference points to control 

the displacements, boundary conditions, and loading conditions of each bone.  

A compressive load of 2000N was applied on the tibia and fibula in 3 consecutive static general 

time steps: (1) the model was brought to the contact state while the talus was fixed; (2) the talus 

bone was allowed to adjust freely without any constraints, while the surrounding bones remained 

fixed in place; (3) loads were applied incrementally to the tibia and fibula reference point until 

the overall load reached 2000N while the tibia and fibula displacements were unrestrained. For 

steps 1 and 2, a displacement-controlled manner was employed to control displacement. The 

tibia and fibula were brought down distally to come into contact with the talus while the 

Tibia 
Fibula 

Calcaneus 

Navicular 
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calcaneus and navicular was displaced up and posteriorly respectively to contact the 

talus/implant. In the final step, a force control approach was defined wherein the load was 

applied to the tibia and fibula. The general contact assignment was used with balanced contact 

definitions for the biological case (cartilage coming into contact with cartilage) and surface-to-

surface contact assignment was used for master-slave contact definition for the implant cases 

(where the implant – master, comes into contact with the cartilage – slave). The tangential 

contact behaviour was defined by the penalty method with a friction coefficient of 0.002 (Adeeb, 

et al. 2004), whereas the normal contact behaviour was defined as hard contact.  

4.3  Validation Model 

The biological talus, tibia and fibula construct of the current model were used for validation. A 

compressive load was applied on the tibia and fibula construct while the talus was kept fixed to 

mimic the loading scenario and boundary conditions used in the FE and experimental studies of 

Anderson et al (2007) to best compare results. The contact area, peak contact pressure (PCP) and 

mean contact pressure (mean CP) on the surrounding tibia articular cartilage were predicted and 

determined and compared to results of Anderson et al (2007). The values under 600N and 1000N 

load were compared to results reported in Figure 4-2. 

4.4  Comparison of Implant Performance  

The mode of contact between the talus and the surrounding articular cartilage under 2000N load 

was investigated for four different cases of tali: 

 Case 1 (Biological): the biological talus with articular cartilage  

 Case 2 (Custom Implant): the custom implant with the same volume and geometry as 

Case 1, but modelled as titanium 

 Case 3 (Generic Implant): the generic implant modelled as titanium 

 Case 4 (Generic (N - New Fibula Location)): the exact same as Case 3 but with the fibula 

translated 1mm (medially) closer to the tibia as the tibia can translate 1-3mm (Scott, et al. 

2007). Case 4 is defined to ensure that contact is made between the implant and the 

fibula. 

The contact pressure distribution in the surrounding articular cartilage under different axial loads 

(1000N and 2000N), the contact area, PCP and mean CP were analyzed on the cartilage surfaces 

throughout all steps of the loading phase. The mean CP was calculated by exporting magnitudes 

of contact pressure of all surface nodes into an Excel table and averaging the non-zero values. 
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4.5  Results  

4.5.1  Implant Selection 

Based on the measured volume of the subject’s contralateral talus (30,034mm
3
), implant body 

size number 4 (size range of 28,906mm
3
 to 32,964mm

3
) was chosen based on our previous 

research (Trovato, El-Rich, et al. 2016). 

4.5.2  Finite Element Model 

Validation Results  

The contact area, PCPs and mean CPs on the tibia when in contact with the biological talus are 

presented alongside the cadaveric values from Anderson et al (2007) and Kimizuka et al (1980) 

in Figure 4-2. 

Figure 4-2: Contact pressures and areas of the validation model and cadaveric specimens 

 

Implant Performance 

The tibia, fibula, navicular, and calcaneus cartilage when they come into contact with the 

biological talus and implants are shown at 1000N and 2000N of applied load (Figure 4-3). The 

contact is shown on the surrounding cartilage only as opposed to the talus itself because the 

implants are not biological material. Additionally, it is easier to isolate the different areas of 
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contact on each of the bones by focusing on the specific areas of articular cartilage. Areas of high 

pressure (red) can be regarded as areas of contact, and areas of low pressure (blue) are areas with 

no contact. The results show almost identical patterns between the biological talus and the 

custom implant on all four surfaces; however with higher pressures caused by the custom 

implant. The results showed similar patterns between the biological talus and the generic implant 

on the tibia, fibula and calcaneus; however the location of the contact on the navicular surface 

was in a different location. The contact pressures caused by the generic implant appeared similar 

to that of the biological talus. In all cases the contact on the tibia shows contact starting only at 

the peripheral (medial and lateral regions) of the talar dome with the lower axial load of 1000N 

and as the axial load increases to 2000N, the contact areas enlarge, as well as development of 

contact at the central regions is beginning to occur.  

 

Figure 4-3: Contact distribution of cartilage surfaces; for each surface: under 1000N (top) 

and 2000N (bottom) – from left to right biological, custom, generic, generic (N) 

A sagittal cross section of the joint illustrates the congruency profile of the joint surfaces when 

the biological talus and implants are in contact at 2000N of load (Figure 4-4). 
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Figure 4-4: Cross section and close-up cross section of the joint illustrating contact 

differences – from left to right biological, custom, generic 

The contact area, PCPs and mean CPs on the tibia, fibula, calcaneus and navicular articular 

cartilage when in contact with the biological talus and implants are plotted versus load 

magnitude in Figure 4-5, Figure 4-6, Figure 4-7, and Figure 4-8 respectively. The biological talus 

had the highest contact areas and lowest contact pressures on all of the cartilage surfaces with the 

exception of the fibula. For the tibia and navicular cartilage, the contact area and contact 

pressures caused by the generic implant were closer to the biological talus than the custom 

implant. For the fibula, the custom implant had the largest contact pressures and the generic 

implant had the lowest contact pressures and contact area (with the generic implant from Case 3 

having zero contact area and zero pressure). On the calcaneus, the custom implant had slightly 

closer PCPs to the biological talus; however, the contact area and mean CP from the custom 

implant was almost identical to the generic implant. 
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Figure 4-5: Tibia cartilage (a) contact area, (b) peak contact pressure, and (c) mean contact 

pressure  

 

Figure 4-6: Fibula cartilage (a) contact area, (b) peak contact pressure, and (c) mean 

contact pressure 
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Figure 4-7: Calcaneus cartilage (a) contact area, (b) peak contact pressure, and (c) mean 

contact pressure 

 

Figure 4-8: Navicular cartilage (a) contact area, (b) peak contact pressure, and (c) mean 

contact pressure 
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4.6  Discussion 

Talus bone replacement decreases pain and improves mobility in a case of talar body collapse 

(Taniguchi et al. 2015). Development of a generic talar body prosthesis depends on an improved 

understanding of the morphometric and geometric shape of the talus bone (K. Islam, et al. 

2014a). A recent study has proposed the use of a generic “off-the-shelf” talus implant rather than 

a patient-specific implant to replace the talus (Trovato, El-Rich, et al. 2016). The current study 

compared the contact mechanism on the surrounding cartilage under compressive load and 

investigated effects of the geometric and material variations between a biological talus with a 

custom implant and a generic implant. 

Very few FE studies of the ankle joint exist in the literature. There have been reports of models 

that simulate the patient’s whole leg with tibia vara (Ozkan, et al. 2013), concentrate on the 

contact pressure on the sole of the foot (Cheung, et al. 2005), or investigate the peak pressure in 

the ankle joint by simulating the distal tibia (without fibula) and the talus (D. D. Anderson et al. 

2007). Predictions of the developed FE model in terms of contact area and pressure in the talar-

tibia joint were in good agreement with the limited data reported in the literature. The contact 

areas at 600N and 1000N fell within the range found by Anderson et al (2007) (295mm
2
 to 

493mm
2
); and Kimizuka et al (1980) (354mm

2
 to 550mm

2
), respectively. Although the PCP at 

600N was higher than found in the Anderson et al. (2007) study, the mean CP was well within 

the range they found (1.15MPa to 2.02MPa). The higher PCP is likely attributed to the difference 

in geometry. Kimizuka et al (1980) did not measure the mean CP but found that the average PCP 

among the 8 subjects was 7.1MPa with a range of 5MPa-10MPa at 1000N of applied load. Our 

model’s predicted PCP that fell within that range. The cartilage was modeled with a uniform 

thickness of 1mm due to large discrepancies between reported values (Millington, et al. 2007). 

The load of 2000N was chosen because impact forces on the talus during daily tasks can reach 

up to 2 to 3 times the body weight (Chi and Schmitt 2005) (Mahato and Murthy 2012). 

The contact patterns on the tibia cartilage predicted in this study (Figure 4-3) clearly showed that 

contact initially occurred at the periphery, and as the axial loading increased, additional pressures 

were transferred to the central region, which agrees with findings of Adeeb at el. (2004) (who 

showed that in major diarthrodial joints such as the knee, the hip and the shoulder, contact 
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initiates at the periphery, and moves towards the center with increasing load). The results of the 

biological talus analysis support that the contact mode is similar in the ankle joint. 

This study investigated the changes in contact distribution between a biological talus, a custom 

implant and a generic implant in the neutral position during loading up to 2000N. The contact 

distribution patterns showed good conformity between the biological talus and the custom 

implant; however, the peak and mean contact pressures caused by the custom implant were 

higher than the biological talus on all surrounding articulating surfaces. This correlates with the 

contact areas caused by the custom implant being slightly lower than that of the biological talus 

and the implant being made out of titanium. This is likely due to the fact that the custom implant 

had the same size and geometry as the biological talus but made of harder material (titanium) and 

had no cartilage which prevented the contact area from increasing as load was applied; as 

opposed to when both surfaces had cartilage and were able to deform and come into increased 

contact with each other. The contact distribution patterns between the generic implant and the 

biological talus were similar in all cases with the exception of the navicular surface which is less 

problematic as the navicular is not a load bearing joint and has greater ability to adjust position 

in the clinical scenario. The generic implant contact areas, PCPs and mean CPs were closer to the 

biological talus than the custom implant with the exception of the calcaneus (where the PCP was 

only slightly higher on the generic implant over the custom implant and the mean CP was similar 

to the custom implant) and the contact on the fibula (which was non-existent for case 3 and very 

low for case 4). This indicates that generally, the generic implant may provide equal or better 

results than a custom implant for patients as it appears to cause contact pressures closer to the 

range one experiences with a biological talus. This could be due to the fact that because the 

generic implant is slightly different than the custom implant, it is able to adjust to a more amiable 

position in the joint; whereas the custom implant has less space to adjust. In this case, the volume 

of the generic implant was very similar to the volume of the custom implant (33,587mm
2
 

compared to 33,013mm
2
); as such, the difference cannot be attributed to the volume. An 

additional possibility is that the lateral and medial shoulders of the talus bone are slightly more 

pronounced at the central and anterior locations. This could cause extra pressures on the tibial 

plafond as the implant is more flat and as such, able to distribute the load more uniformly which 

is illustrated in Figure 4-5 which shows the contact area of the custom implant to be much lower 

than the biological talus or generic implant. 
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One area of concern for the custom implant could be the lack of pressure caused by the gap 

between the custom implant and the fibula as the fibula has a role in ankle stability (Goh, et al. 

1992). However, there may be some adjustment of the fibula relative to the tibia in in-vivo 

conditions, as it has been shown that the tibiofibular joint may translate 1-3mm in a range of 

loading conditions (Scott, et al. 2007); and the positions of the bone were based on the biological 

talus being in the joint. As such, it is possible that there will be contact between the fibula and 

custom implant as shown by case 4, wherein the fibula was brought 1mm closer to the tibia. This 

indicates that a well-defined and appropriately sized generic talar implant would display more 

similar contact pressures and areas as the biological talus, as opposed to the custom implant. The 

results support the methodology proposed by Islam et al. (2014) and Trovato et al. (2016) in 

which generic talus geometries can be used and the size can be chosen based on the volume of 

the contralateral talus of the same patient. However, the cartilage thickness and cartilage 

properties could be more thoroughly investigated by incorporating MRI data. The objective of 

our paper was to investigate if a generic implant could be used instead of custom implant. The 

results were surprising in that the generic implant in our case showed equal or better pressure 

redistribution than the custom implant. 

A limitation of this study is the modeling of the cartilage, where there exists discrepancy within 

the literature regarding the material properties for the articulating cartilage in the ankle joint. 

This study focused on the instantaneous loading of the joint and as such, modelled the material 

properties as a linear elastic equivalent for instantaneous loading. These discrepancies could lead 

to different values for the contact pressures; however, because the model was validated using 

cadaveric values for pressure, the results of this study should have accurate results regarding the 

pressures. Additionally, this study focuses on the comparison of the different cases of tali in the 

joint so the most important consideration was for the cartilage properties to be consistent 

between the models which it was. Modeling the cartilage by a simple element offset layer is an 

additional limitation. With this approach, the cartilage has the same thickness over the whole 

area, which only roughly mimics the real situation. Also, in this study the navicular bone and the 

calcaneus bone are fixed in place when in reality, there is some movement allowed.  
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Abstract 

Despite advances in the evolution of ankle prosthetics, maintaining full ankle joint function after 

a talar injury remains a challenge. In a previous study we created a unisex implant in ten sizes for 

the talus bone to maintain geometric compatibility of the ankle joint. This study evaluates the 

feasibility of using the implants using cadaveric assessment and finite element analysis (FEA). 

Ten cadavers were used in this study and the left ankle from each cadaver was scanned with 

computed tomography and modeled to determine which implant size would be used for the right 

talus. This was done to mimic a clinical setting where the right ankle would be too damaged to 

accurately determine size. The implants were 3D printed and the right ankles were scanned with 

the biological talus and again with the implant inserted in place of the biological talus. Three-

dimensional geometry of the ankle joint was reconstructed from CT-scan data and the location of 

the implant within the ankle joint was compared to the location of the biological talus when the 

surrounding bones from each scan were aligned with each other. The averages among 

specimens’ positive and negative average-deviations were 0.91mm and 0.70mm respectively. 

Seventy percent of the deviations on the talar dome between the biological talus and implant 

were within an acceptable range. The deviations had a direct correlation with the contact areas 

caused by a 2000N axial load determined through FEA. Results showed that there would not be 

excessive contact pressures caused by a generic implant. This study yields promising results to 

support the use of a generic talus bone prosthetic.  
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5.1  Introduction 

After calcaneus fractures, talus fractures are the most frequent of all tarsal bone fractures and 

account for 0.1-0.85% of all fractures (Bhandari and Adili 2011) (Huang and Cheng 2005) 

(Santavirta, et al. 1984). They are most common in a young, active patient population and are 

more likely to occur in men than in women by a ratio of three to one (Bhandari and Adili 2011) 

(Thordarson 2007). Fractures of the talar neck, which account for approximately 50% of 

significant injuries to the talus (Thordarson 2007), can result in avascular necrosis (AVN) in 20-

100% of patients with displaced fractures. The avascular bone can be unsuitable to hold the 

required load and collapse can occur resulting in severe incongruity of the ankle joint and in turn, 

pain, swelling, and restricted motion. 

The most common surgical option in caring for this injury is ankle arthrodesis (fusion), wherein 

talus is fused to the tibia or the tibia and calcaneus. Although arthrodesis often enables the 

patient to walk with decreased pain, it results in loss of motion and function of the joint (Barton, 

Lintz and Winson 2011) (Haddad, et al. 2007). Additionally, this procedure can be difficult 

because of a lack of healthy bone due to AVN. 

Ankle arthroplasties have become a more desirable alternative to fusion as they have the 

potential to offer increased mobility of the ankle joint. More recently, they have been designed 

and implanted with increasing success (Kakkar and Siddique 2011); however, these ankle 

arthroplasties are not suitable when the talus fracture results in AVN because the talus is often 

lacking in healthy bone stock that is required for talar fixation of the prosthesis. 

An appropriate solution to the issues associated with arthrodesis and arthroplasties is a talar body 

implant that replaces the avascular portion of the talus or the entire talus to maintain full ankle 

joint function. At this time, there have been some reports of talar body replacements. All 

implants have been custom made from various materials - stainless steel (Harnroongroj and 

Vanadurongwan 1997), alumina ceramic (Tanaka, et al. 2003) (Taniguchi, Takakura and Tanaka, 

et al. 2015), titanium alloy (Magnan, Facci and Bartolozzi 2004), and cobalt-chrome (B. W. 

Stevens, et al. 2007). The prostheses developed by Harnroongroj and Vanadurongwan used 

custom measurements of volume and dimensions (including curvatures) of the contralateral 

talus; they were implanted in 16 patients. Tanaka et al. (2003) developed a prosthesis similar to 
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Harnroongroj and Vanadurongwan (1997) and implanted it in three patients. Both Magnan et al. 

(2004) and Stevens et al. (2007) replaced a talus utilizing CT scans to develop a prosthesis based 

on the real geometry of the bone. All of these implants were custom-made and as such, involve 

increased time between injury and surgery and can be expensive.  

The next step in the field of talus bone prosthetics would be to develop a generic talus bone 

prosthetic in different sizes to mitigate the costs and the extended time between onset of injury 

and surgery. This requires a generalization of the geometry of the talus. Islam et al. (2014) 

proposed an implant in five sizes; however, that study had limitations including lack of a diverse 

sample selection such that the female population was vastly underrepresented, a randomly 

selected implant, and an incremental jump in size of volume (which will be more significant in 

the smaller sizes as the volume is a cubic function). Trovato et al. (2016) improved upon this 

study by increasing the sample size with 45% of the subjects being female, selectively choosing 

the implant size, and using incremental jump in the cube root of the volume between sizes. From 

this analysis, ten unisex implant sizes for the talus bone were created to maintain geometric 

compatibility of the ankle joint. 

Trovato et al. (2016) created a finite element model to test the validity of using a generic implant 

in lieu of a custom made implant. The model of the joint was in the neutral position complete 

with the bones surrounding the talus (tibia, fibula, calcaneus and navicular including cartilage) 

and was analyzed with the biological talus (with cartilage), the generic implant, or the custom 

implant (based off the biological geometry) in the ankle joint. The contact pressures and areas on 

the cartilage surfaces of the tibia, fibula, calcaneus and navicular, as well as on the implant itself 

were obtained under axial load to determine the impact of using a generic or a custom implant. It 

was determined that the contact pressures and areas were closer to the biological talus when 

using the generic implant over the custom implant, and as such, a custom implant may not be a 

superior solution to a generic implant. 

This study evaluates the feasibility of using 10 implant sizes by verifying the joint compatibility 

of the talar implants using cadaveric assessment; and attempts to link the pressure distribution 

and contact area differences between the biological and generic implant to deviations in 

geometry between the two implants when situated in the cadaveric ankle. To achieve this, we 
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explored how a generic talar implant fits into the ankle joint as compared to the biological talus 

using cadaveric assessment and FEA.  

5.2  Materials and Methods 

5.2.1  Experimental Technique 

Ankle Joint Imaging  

After obtaining ethical approval from the University of Alberta research ethics board, 10 

cadavers (4 male, 6 female; age at death 84.512.0 years) were obtained from the University of 

Alberta’s Anatomy department. The feet were isolated from the cadavers approximately 100mm 

above the ankle joint and a CT scan was performed on the left ankle. The implant size for the 

talus was selected from the scan of the contralateral talus (in this case, the left talus) because in 

clinical practice, the talus being replaced is damaged and as such, is not reliable to determine the 

original size of the talus.  

Each ankle was placed in the CT scanner approximating the clinical position. The CT scan was 

performed using a high-resolution Somatom definition flash scanner with the following 

specifications: pitch 0.8mm, gantry tilt 0 degree, effective mAs 300, voltage 80kV, rotation time 

1.0s, a constant slice thickness of 0.6mm and increment of 0.1mm. The Digital Imaging and 

Communications in Medicine (DICOM) images were provided with a resolution of 512 x 512 

pixels/slide. 

Geometric Analysis 

From these scans, the DICOM images were imported into the 3D image processing software, 

MIMICS (Materialize NV, Belgium), and a 3D model was created (Figure 5-1). Following this, 

the computer software Geomagic (Geomagic®, Morrisville, North Carolina; USA) was used to 

obtain the volume of the talus and from this volume, the implant size for the right talus was 

selected by comparing the volume of the talus to the implant sizes defined in a previous study 

(Trovato, El-Rich, et al. 2016). The talus was then scaled up by 0.5mm over the entire surface 

area to account for articular cartilage. 
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Figure 5-1: 3D model of talus and surrounding bone 

The biologic talus was surgically removed from the ankle by severing surrounding ligaments. 

Elastic bands were placed around the ankle to maintain some connectivity (Figure 5-2). 

 

Figure 5-2: Cadaveric foot with elastics 

The biologic talus was inserted back into the right ankle and was coronally scanned three times: 

(1) in a neutral position (0˚), (2) 20˚ dorsiflexion, and (3) 20˚ plantarflexion. Subsequently, the 

biologic talus was removed from the ankle and replaced by the prosthetic implant. The implant in 

the ankle was scanned using the same procedure as the scan of the biologic talus. Three 

dimensional models of the scans were reconstructed in the same manner as stated above. A 

custom holder, (Figure 5-3), was used to hold the foot in the correct position. 

Tibia 

Talus 

Navicular 
Calcaneus 

Fibula 
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Figure 5-3: Cadaver foot holder 

5.2.2  Implant vs. Biological Talus: Geometric Comparison 

For each angle and each specimen, the position of the Talus-Tibia and Fibula (TTF) articulating 

surfaces was compared between the biologic and the implant tali. The articulating surface was 

isolated and the change of position of the implant was appraised by comparing the talar dome 

surface of the biological talus and the implant using the following five steps. 

1. All bones, except for the talus, tibia, and fibula were deleted.  

2. The tibia and fibula from the model with the biological talus and talar implant were 

aligned to the each other. 

3. The model was cropped to facilitate viewing of the articulating surfaces. The tibia and 

fibula were cropped approximately 20mm above the highest point on the talus. The tali in 

both models were cropped off to focus on the articulating talar dome (Figure 5-4). 

4. The tibia and fibula were re-aligned after cropping. 

5. The deviation in the talar dome of the biological talus and the implant was examined. 

Dorsiflexion 

Neutral 

Plantarflexion 
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Figure 5-4: Neutral biological tibia, fibula and talus cropped anterior and lateral view 

This alignment and the deviation analysis were carried out using Geomagic. The alignment of 

the tibia and fibula was achieved using the Geomagic software built-in best-fit approach. The 

relative positions of the biological talus and implant relative to the tibia and fibula from the 

biological and implant scans were kept fixed. Once the models were aligned, the tibia and fibula 

on each model were deleted leaving only the talus and the implant. Deviation contour maps 

(DCMs) between the biological talus and implant were generated using the Geomagic 3D 

Compare Analysis. This resulted in finding the relative difference between the surfaces of the 

biological talus and the implant in the three defined positions. 

5.2.3  Implant vs. Biological Talus: Finite Element Comparison 

The ankle joint of subject 4 used in this cadaveric study was modeled in a different study 

(Trovato et al., 2016). The model of the right foot included the tibia, fibula, calcaneus and 

navicular (along with 1mm of cartilage on the surfaces that articulate with the talus). There were 

two models for the talus bone itself; the first being the biological bone (scaled up by 0.5mm all 

around to account for some cartilage that was not detected by the CT scan and modelled as 

titanium) and the second being a generic implant developed by Trovato et al (2016), also 

modelled as titanium.  

The models were created by importing the DICOM images obtained from CT scans into 

MIMICS where 3D models of each CT scan were digitized into STL file formats. STL files were 

then imported into Geomagic Studio, where it was utilized for further image processing. 

HyperMesh (Altair, Troy, Michigan; USA) was used to mesh the geometries. The cartilage 

surfaces on all bone was defined as quadrilateral elements and meshed with an approximate size 

of 1mm, whereas triangular elements with a coarser mesh of up to 2mm were used for the rest of 

the bone. The cartilage was built up from the quad elements to create hexahedron elements, by a 
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3D element offset with a thickness of 1mm. The biological and generic implants were meshed 

using a 1mm triangular mesh. The mesh is illustrated below in Figure 5-5. 

 

Figure 5-5: Mesh of the finite element model 

The finite element model was exported into Abaqus (Abaqus 6.13, Dassault Systèmes Simulia 

Corp., Providence; RI, USA). The bone, biological and generic implant and cartilage structures 

were defined as the linear elastic material properties described in Table 5-1. Sets of three springs 

(k=20N/mm) located at the position of the anterior and posterior tibiofibular ligaments were 

added to the model to represent these ligaments. The cartilage and the corresponding bone 

elements were bonded together as they shared contact nodes at the surface. 

Table 5-1: Assigned material properties in the FEA model 

 E Young’s Modulus (MPa) Poisson’s ratio 

Bone 

20,000 

(Elias, et al. 2008) (Nigg and Herzog 

1999) 

0.3 

(Parr, et al. 2013) 

Implants - 

Titanium 

119,000  

(Elias, et al. 2008) (Karacali 2015) 

0.32 

(Karacali 2015) 

Cartilage  

12 

(D. D. Anderson, J. K. Goldsworthy, et 

al. 2007) 

0.42 

(D. D. Anderson, J. K. 

Goldsworthy, et al. 2007) 
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The surrounding bones were brought into contact with the implants using a displacement-

controlled method while the implant was fixed. The talus fixity was then released and the talus 

was allowed to move freely within the joint while the bones surrounding it remained fixed. At 

this point, the tibia and fibula were freed in the sagittal, transverse and coronal directions and 

loads of 200N were applied sequentially, using a force-controlled method, until a maximum of 

2000N was reached. The model was validated by creating a secondary model based on the 

original that mimicked the boundary conditions and loading situation from Anderson et al (2007) 

to best compare results. 

The DCM between the talar dome of the biological talus and implant was visually appraised and 

compared to the contact patterns/locations on the tibia and fibula cartilage when it came into 

contact (after 2000N was applied, as this was the largest load applied in the study and as such, 

generated the greatest contact areas and pressures) with biological talus versus the generic 

implant. 

5.3  Results  

5.3.1  Implant vs. Biological Talus: Geometric Comparison 

The size distribution was as follows: four size 4, two size 5, two size 6, one size 7 and one size 9. 

When looking at the volumes of the right tali in the three positions, it was found that 6 of the 10 

tali were on the cusp of two of the sizes found by Trovato et al (2016). The sizes and volumes of 

each subject are illustrated in Table 5-2. 
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Table 5-2: Sizes of implants 

 Size Volume (mm
2
) 

Subject Left Right Left Right 

1 7 7 43988 45679 

4 4 4 30600 30034 

5 4 4 31539 31412 

9 6 5 38055 36596 

11 6 6 37558 37504 

16 5 6 36130 37685 

17 9 9 54568 53367 

18 4 4 29689 29309 

22 4 4 30612 29072 

24 5 6 36218 39331 

 

The fibula- and tibia-talar dome articular surfaces between the implant and biological scans were 

modelled and the tibia and fibula were aligned. A typical DCM of the talar dome (when the tibia 

and fibula are aligned) is illustrated in Figure 5-6. 

 

Figure 5-6: Deviation map of Subject 1 - biological talar dome vs implant talar dome in the 

neutral position 

The positive and negative average-deviations (indicating that the implant surface is sitting 

outside/above or inside/below the biological talus surface respectively) on the talar dome are 

illustrated in Table 5-3 by subject and in Table 5-4 by position. The average among specimens 

(𝐷𝑎𝑣𝑔) positive and negative average-deviations for all subjects in all positions was 0.91mm and 

0.70mm respectively.  



68 

 

Table 5-3: Average deviations of the implant from the biological talus on the talar dome for 

each subject 

 Average Deviation (mm) 

Subject Positive Negative 

1 0.94 0.99 

4 1.06 0.45 

5 0.83 0.77 

9 1.19 1.24 

11 0.87 0.72 

16 0.97 0.64 

17 0.74 0.62 

18 0.89 0.66 

22 0.88 0.40 

24 0.74 0.52 

 

Table 5-4: Average deviations (of the 10 subjects) of the implant from the biological talus 

on the talar dome for each position  

 Average Deviation (mm) 

Position Positive Negative 

Dorsi 0.99 0.72 

Plantar 0.99 0.69 

Neutral 0.75 0.70 

 

The percentage of the talar dome within the acceptable range are illustrated in Table 5-5 by 

subject and in Table 5-6 by position. 
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Table 5-5: Deviations of implant from the biological talus on the talar dome for each 

subject 

Subject 

Percentage of Talar Dome 

between -0.5mm and 1.5mm 

deviation 

1 61.76 

4 77.39 

5 64.28 

9 53.97 

11 72.35 

16 71.33 

17 76.81 

18 69.65 

22 81.37 

24 81.04 

 

Table 5-6: Deviations of the biological talus and implant on the talar dome for each 

position 

Position 

Percentage of Talar Dome 

between -0.5mm and 1.5mm 

deviation 

Dorsi 67.96 

Plantar 71.57 

Neutral 73.45 

 

5.4  Discussion 

All 10 left ankles were scanned in the cadaver foot holder and modelled to obtain the sizes for 

the implants. The implants were 3D printed based on the models obtained from the CT scans of 

the left ankles. The left and right talus bones of humans have been found to be mirror images of 

one another (K. Islam, et al. 2014) and as such the contralateral talus can be used to determine 

the size and shape of the talus in need of replacement. The articulating surfaces on the talus are 

all important in considering a total talus bone replacement; however, the talar dome, which 

articulates with the tibia and fibula in the ankle joint, is of most importance because the ankle 

joint controls plantarflexion and dorsiflexion enabling the ability to walk (O'Rahilly 2008). 

Therefore, the focus of implant validation was on the talar dome. By assuming that the biological 
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talus is a perfect fit for the ankle, if the implant sits in the same position as the biological talus, 

the implant will be an acceptable fit. In order to investigate the position of the implant relative to 

the biological talus, the tibia and fibula from the biological talus scan were aligned with the tibia 

and fibula from the implant scan. Although small movement of the surrounding bone might 

occur while replacing the biological with implant talus we assumed that the location of the tibia 

and fibula remains unchanged and as such can be aligned. This enabled examining where the 

implant was positioned compared to the biological talus when the surrounding bones were 

aligned. 

Typically the cartilage is about 1mm thick on the talar dome; however, considering that at this 

point we were not accounting for the opposite surface (in the plan for implantation); the decision 

was made to add 0.5mm globally around the talus. Additionally a 1mm shift is recognized as the 

determining criterion for relocation of the talus after injury (Lloyd, et al. 2006). Therefore, the 

implant could be considered to be in the same position as the biological talus if deviations were 

in the range of -0.5mm to 1.5mm. These percentages of the talar dome that lie within this 

acceptable range are illustrated by subject (Table 5-5) and position (Table 5-6). The results from 

average deviations indicate that the implant may be compatible. The positive 𝐷𝑎𝑣𝑔 of 0.91mm is 

well within the acceptable range (-0.5mm to 1.5mm). The 0.70mm negative 𝐷𝑎𝑣𝑔 is just outside 

the range indicating there may be issues with the implant sitting slightly too far inside from 

where the biological talus was. The implant sitting inside of the biological talus is less of a 

concern than the reverse as it will not interfere with the surrounding bones; however, it might 

alter the joint function due the gap between the talar dome and the fibula as the fibula has a role 

in ankle stability (Goh, et al. 1992). On average, 70% of the deviations on the talar dome 

between the biological talus and implant were within the acceptable range. This indicates that the 

geometric compatibility of the implant when in the ankle joint may be tolerable. 

Dorsiflexion and plantarflexion take place between the talus and the tibia and fibula within the 

ankle mortise; therefore, this type of motion is of great importance to the study. The passive 

range of motion of the ankle is 20˚ dorsiflexion and 50˚ plantarflexion (Hoppenfeld 1976). The 

range of motion for the ankle joint that corresponds to normal walking is 10˚ dorsiflexion to 20˚ 

plantarflexion (Stauffer, Chao and RC 1977). Since the clinical objective of a talar body 

replacement is to restore the normal walking range of motion, it is important that our study 
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encompass that complete range. The dorsiflexion range was increased from 10˚ to 20˚ as 10˚ 

dorsiflexion is very near neutral and that small variation in range may not be as informative. As 

such, the range of 20˚ dorsiflexion to 20˚ plantarflexion was chosen as the range for this study. 

From Table 5-4 and Table 5-6 it is evident that the behaviour of the implant acts slightly 

different in the three different positions. The implant functions best in the neutral position and 

acts similarly in plantarflexion and dorsiflexion with less than a 3% difference between the two. 

This indicates that the implant may lead to a loss in joint compatibility as the ankle is put into 

more extreme ranges of motion. 

Size discrepancies may be the cause of some of the poorer deviations as six of the tali were on 

the cusp of two different sizes (e.g. subject 9, size 5 for left foot and size 6 for right foot). These 

discrepancies may be because there is a small margin of error in the modelling process especially 

due to the fact that many of the scans showed osteopenic bones that are more difficult to model 

(likely due to the age of the cadavers). Results may be improved upon by either sizing up or 

down an implant accordingly. In a clinical setting, if a talus looks to be on the cusp, it may be 

practical to have two sizes on hand. 

The DCMs obtained from the neutral position of subject 4 in this assessment were compared to 

contact pressure and location predicted in our FEA at an applied axial load of 2000N (Trovato et 

al, 2016). The 2000N was decided on as the impact forces on the talus during daily tasks are up 

to 2 to 3 times the body weight (Chi and Schmitt 2005) (Mahato and Murthy 2012). The contact 

areas of the tibia and fibula cartilage are shown alongside the DCM of the articular surface talar 

dome below in Figure 5-7 and Figure 5-8 respectively, for subject 4. The contact area on the tibia 

cartilage when in contact with the biological implant was more prevalent on the anterior lateral 

area and on the medial side of the surface (Figure 5-7). The contact area on the tibia cartilage 

when in contact with the generic implant was more prevalent on the posterior end and central 

anterior part of the surface (Figure 5-7). The contact area on the fibula cartilage when in contact 

with the biological implant was greater as there was no contact with the generic implant on the 

surface (Figure 5-8). The contact area, peak and mean contact pressures on the tibia and fibula 

articular cartilage when in contact with the biological and generic implants are shown in Table 

5-7.  
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Figure 5-7: Subject 4 tibia cartilage contact (left) at 2000N and deviation map - biological 

talar dome vs. implant talar dome in the neutral position (right) 

 

Figure 5-8: Subject 4 fibula cartilage contact (left) at 2000N and deviation map of lateral 

side- biological talar dome vs. implant talar dome in the neutral position (right)  
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Table 5-7: Subject 4 contact areas and pressures of the tibia and fibula articular cartilage 

when in contact with the biological and generic implants (modelled as titanium at 2000N of 

applied load) 

Implant – Contact 

Location 

Contact Area (mm
2
) Peak Contact 

Pressure (MPa) 

Mean Contact 

Pressure (MPa) 

Biological - Tibia 434.23 14.31 3.81 

Generic - Tibia 446.73 12.97 3.30 

Biological - Fibula 86.50 18.64 4.96 

Generic - Fibula 0.00 0.00 0.00 

 

The contact area on the tibia cartilage correlates to the biological talus sitting outside of the 

generic implant on both the lateral and medial sides of the anterior portion of the talar dome, and 

the generic implant sitting outside of the biological talus on the posterior end of the talar dome. 

The contact area on the fibula cartilage correlates to the biological talus sitting outside of the 

generic implant on the lateral side of the talar dome. This indicates that the geometric deviations 

(between the biological and generic implants) parallel the contact area predicted by of the FEA. 

As such, deviations can be used to predict where contact will occur. 

No contact was detected on the fibula cartilage which indicates that the in-vivo location of the 

fibula may need to adjust when the implant is replaced with the biological talus as it has been 

shown that the tibiofibular joint may translate 1-3mm in a range of loading conditions (Scott, et 

al. 2007). 

Although for some subjects deviations of the generic implant from the biological talus when 

sitting in the ankle mortise fell slightly out of the acceptable ranges, this cadaveric assessment 

appears promising. Results from comparing the deviation analysis to the FEA of subject 4 

revealed we are able to use the deviation analysis to predict contact areas on the surrounding 

cartilage; and that the generic implant will not cause excessive contact pressures on the cartilage 

in the ankle joint.  

From this study it appears that a generic implant chosen based on our earlier study revealed 

moderate functional and geometric compatibility of the ankle joint as compared to biological 

talus. A limitation of this study is that it only correlates the contact pattern to the deviation in the 
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one of the subjects in the neutral position, to further investigate this correlation it would be 

beneficial to analyze the joint in both plantar and dorsiflexion. 
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Chapter 6 - A Generic Talar Prosthesis for Bilateral Talar Collapse 
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Abstract 

Background 

Maintaining full ankle joint function after a talar injury remains a challenge using conventional 

treatments such as arthrodesis and total ankle arthroplasties. The majority of full talar implants 

are developed from the intact contralateral talus. If a patient does not have either talus intact, the 

use of a generic talar implant may be beneficial. This study explores the possibility of surgically 

implementing a generic talus bone prosthetic in a patient with bilateral talar avascular necrosis 

and collapse of the talar dome. 

Methods 

We have developed this generic implant in ten different sizes in a previous study. In addition to 

the generic implant, a custom implant was created using CT scans of the patient’s talus, tibia and 

fibula. The biological talus and the implants (excluding the talar dome) were compared to 

determine how closely the intact part of the biological talus aligned with the implants. The talar 

domes of the implants were compared to the collapsed dome separately to determine how the 

width of the dome (implants), as well as the height of the dome (implants) differed from the 

collapsed (biological) talar dome. The extreme width of the biological talus and implants were 

also found to determine if the implants would fit in the ankle mortise. 

Results 

The implants were considered to be in the acceptable deviation range if the deviations on the 

articular surfaces were less than 1mm. The implant was found to be in the acceptable range. 

Conclusions 

Based on the analysis, we concluded that the custom implant or the generic size 4 implant would 

both be acceptable for implantation in the patient to maintain geometric compatibility of the 

ankle joint. 
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6.1  Background 

Talar collapse due to avascular necrosis either spontaneous or post talar fracture, results in severe 

incongruity of the ankle joint resulting in pain, stiffness and disability. In the past, standard 

treatment for talar collapse has been surgical fusion of the tibia to the talus and the talus to the 

calcaneus (tibio-talo-calcaneal fusion). However, this course of treatment results in complete loss 

of motion and ankle and hindfoot function, and pseudarthrosis may develop resulting in further 

surgeries (Barton, Lintz and Winson 2011) (Dennison, et al. 2001) (Haddad, et al. 2007) 

(Hendrickx, et al. 2011). More recently, total ankle arthroplasties have been implemented with 

growing success; however, these arthroplasties are usually not an appropriate treatment for the 

collapse of the talar dome because the bone stock required for embedding the implant is 

insufficient (Hintermann and Valderrabano 2003). 

A solution to the issues presented with arthrodesis and arthroplasties is a talar body implant that 

replaces the avascular portion of the talus or the talus in its entirety to maintain full ankle joint 

function. At this time, there have been reports of custom talar body replacements. All implants 

were custom made from various materials - stainless steel (Harnroongroj and Vanadurongwan 

1997), alumina ceramic (Tanaka, et al. 2003), titanium alloy (Magnan, Facci and Bartolozzi 

2004), and colbalt-chrome (B. W. Stevens, et al. 2007). The prosthesis developed by 

Harnroongroj and Vanadurongwan used custom measurements of volume and dimensions 

(including curvatures) of the contralateral talus. The prosthesis was a partial talar prosthesis 

consisting of the portion of the talus posterior to the talar neck, which was cemented to the 

existing talar head. It was successfully implanted in sixteen patients; however, some implants 

experienced loosening at the point of fixation. Tanaka et al. developed talar prostheses (for three 

patients) similar to that of Harnroongroj and Vanadurongwan (1997). They were based on 

anatomical features with reference to the contralateral normal talus. Magnan et al. (2004) 

produced a custom full talus and tibial plafond prosthesis using CT scans to determine the bone 

contours. The tibial component was fixed to the tibia and the talar implant was fixed to the 

calcaneus and navicular allowing ankle motion but eliminating subtalar and talonavicular 

motion. Both Stevens et al. (2007) and Taniguchi et al. (2015) created full talus prostheses that 

were not fixed to the surrounding bones. The implants were developed by utilizing CT scans to 

determine the geometry of the opposite talus bone. The prostheses were implanted in one, and 
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fifty-five ankles in the Stevens and Taniguchi studies respectively. All of the implants in the 

aforementioned studies were custom-made and as such, would typically involve increased time 

and expense. Additionally, all of the implants were based on measurements taken from the intact 

contralateral talus (with the exception of four cases in the Taniguchi study which based the 

implant on the less distorted talus). This required that at least one of the tali to be intact or 

predominantly intact; however, if both tali were deformed it would not be possible to create the 

implant based on the contralateral talus. 

Two studies out of the University of Alberta developed a generic talus bone prosthetic in 

different sizes to mitigate the costs and the extended time between the onset of talar collapse and 

surgery (K. Islam, et al. 2014) (Trovato, El-Rich, et al. 2016). Ten unisex implant sizes for the 

talus bone were created to maintain geometric compatibility of the ankle joint. The implants 

were based on a sample size of 91 tali with 45% of the subjects being female, an implant shape 

that best fit all the tali, and used incremental jump in the cube root of the volume between sizes. 

The current study explores the possibility of surgically implementing this generic talus bone 

prosthetic in a patient wherein creating a custom implant may not be practical due to the fact that 

neither talus bones were intact. To achieve this, we assessed how the generic talus implants 

proposed by Trovato et al. (2016) compared to the biological collapsed talus as well as in 

comparison to a custom implant (that was developed based on the remaining intact part of the 

biological talus and the contour of the distal ends of the tibia and fibula). 

6.2  Methods 

A patient (female, age 53) presented with ankle pain (beginning in 2013) to the University of 

Alberta Hospital. The patient had a past history of oral corticosteroid use for Crohn’s disease; 

however, the steroids were stopped in 2008. Radiographs and CT scans of both the left and right 

ankles were taken and revealed that she had developed bilateral talar avascular necrosis (AVN) 

and the dome on both her left and right tali had collapsed. She had a marked limp due to pain but 

maintained good ankle range of motion (approximately 75% of normal). There was generalized 

swelling and approximately 50% of normal subtalar motion. The right talus had worse collapse 

compared to the left and as such the right talus was chosen to be replaced first. 
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From the CT scan of the right ankle, DICOM images were imported into the 3D image 

processing software, MIMICS (Materialize NV, Belgium), and a 3D model was created. The 

model was then imported into Geomagic Control 2014 (Geomagic®, Morrisville, North 

Carolina; USA) for geometry cleaning, smoothing, and analysis. 

The volume of the intact talus is required in order to select the proper implant size. The 3D 

model of the patient’s talus was used to estimate the volume of the intact talus. The volume of 

the intact talus was calculated as the volume of the patient’s biological talus as found in the CT 

scans from the patient’s ankle plus volume added to account for the collapse of the talar dome. 

The volume of the collapsed area was calculated by determining the surface area (540mm
2
) of 

the collapsed area (Figure 6-1) and multiplying it by the estimated depth of the collapse (1mm). 

Because the volume of the intact talus was an estimate, the talus was then compared to the 

implant sizes within a close range of the predicted size. 

 

Figure 6-1: Area of collapsed talar dome 

The CT scans of the patient’s talus, tibia, and fibula were also used to create a custom implant of 

the talus. The custom implant was created by keeping the intact portion of the biological talus 

and creating an approximated talar dome by extracting the three-dimensional CAD file of the 

patient talus bone from medical CT data using MIMICS software (Materilaise, Leuven, 

Belgium). This resultant digital data was imported in to Freeform Modeling Plus software (3D 

Sytems, Rock Hill, South Carolins, USA). A suitable donor talus was also imported and then 

rescaled to match the dimensions of the patient talus. The donor shape was then aligned over the 

patient talus and the dome portion of the rescaled donor talus was merged with the intact portion 
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of the patient talus. The shape was further adjusted to give a more custom fit to articulate with 

the patient’s tibial plafond and fibula articulating surfaces.  

Prior to any analysis of the biological talus and the implants, the calculated biological talus size 

was increased by 0.5mm all around to account for cartilage thickness. This was because all of the 

implants had accounted for cartilage in their design and the biologic talus size was determined 

using a CT scan which does not image the cartilage. The biological talus and implants were then 

segmented into two sections – the talar dome and remaining intact talus. This was achieved by 

creating three planes at the extreme anterior, posterior and distal ends of the tibia as shown on 

the CT scans. These formed cutting planes and were used to isolate the talar dome from the intact 

part of the talus (Figure 6-2, Figure 6-3). The generic and custom implants were aligned to the 

intact portion of the biological talus (the talus excluding the talar dome) using the best-fit 

approach built into Geomagic. Once aligned, the talus and the implants (excluding the talar 

dome) were compared to determine how closely the intact part of the biological talus aligned 

with the implants. The talar domes of the implant were then compared to the collapsed dome 

separately to determine how the width of the dome as well as the height of the dome differed 

from the collapsed talar dome. The extreme width of the biological talus and the two implants 

(generic and custom) were found and compared as well to ensure that the implant would not be 

too large to fit between the tibia and fibula. This was done by fitting a bounding box (a wire-

framed box that indicates the maximum extents of an object) surrounding the talus with the box 

edges at the distal, proximal, medial, lateral, anterior and posterior edges of the talus as shown on 

the CT scans. The comparisons were carried out using the Geomagic 3D Compare Analysis and 

deviation contour maps (DCMs) were created.  
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Figure 6-2: Cutting planes 

 

 

Figure 6-3: Segmented talus 

6.3  Results  

The volume of the collapsed biological talus was found to be 33,248mm
3
. When including the 

approximation of the area lost from the dome collapse, the predicted volume of the intact 

biological talus was 33,788mm
3
. The volume range for size 4 was 28,906mm

3
 to 32,964mm

3
 and 

the volume range for size 5 was 32,964mm
3
 to 37,384mm

3
. From the predicted volume of the 

intact talus, a size 5 was selected for analysis; however, because of the close proximity of the 

predicted volume to the cusp of the size cut-off between sizes 4 and 5, size 4 was also selected 

for analysis. DCMs comparing the intact portion of the biological talus with sizes 4, 5 and the 
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custom implant are illustrated in Figure 6-4, Figure 6-5, and Figure 6-6 respectively. The average 

deviations between the intact portion of the biological talus and sizes 4, 5 and the custom implant 

are shown in Table 6-1. 

 

Figure 6-4: Deviation map of intact biological talus vs size 4 (views clockwise starting from 

top left: distal, lateral, medial, anterior) 

 

 

Figure 6-5: Deviation map of intact biological talus vs size 5 (views clockwise starting from 

top left: distal, lateral, medial, anterior) 
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Figure 6-6: Deviation map of intact biological talus vs custom implant (views clockwise 

starting from top left: distal, lateral, medial, anterior) 

 

Table 6-1: Average deviations between the intact portion of the biological talus vs the 

implants 

Implant 

(Intact) 

Average Positive 

Deviation (mm) 

Average Negative 

Deviation (mm) 

Size 4 0.51 -0.88 

Size 5 0.64 -0.70 

Custom 0.24 -0.37 

 

DCMs comparing the talar dome of the biological talus with sizes 4, 5 and the custom implant 

are illustrated in Figure 6-7, Figure 6-8, and Figure 6-9 respectively. The average positive 

deviations between the biological talar dome and the talar dome of sizes 4, 5 and the custom 

implant are shown in Table 6-2. The extreme widths of the biological talus, size 4, size 5 and 

custom implant were 39.6mm, 39.3mm, 41.1mm and 38.7mm respectively. 
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Figure 6-7: Deviation map of the talar dome of the biological talus vs size 4 (views 

clockwise starting from top left: proximal, medial, posterior, lateral) 

 

 

Figure 6-8: Deviation map of the talar dome of the biological talus vs size 5 (views 

clockwise starting from top left: proximal, medial, posterior, lateral) 
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Figure 6-9: Deviation map of the talar dome of the biological talus vs custom implant 

(views clockwise starting from top left: proximal, medial, posterior, lateral) 

Table 6-2: Average deviations between the talar dome of the biological talus vs the implants 

Implant 

(Dome Only) 

Average Positive 

Deviation (mm) 

Size 4 1.45 

Size 5 1.91 

Custom 1.38 

 

6.4  Discussion 

Throughout the past decades, there has been significant progression in treating talar injuries. The 

field of study has advanced from mobility limiting arthrodesis to total ankle arthroplasties and 

more currently, custom made prosthetics. Custom prosthetics have enabled patients to experience 

fuller ranges of motion than in the past but are not without their drawbacks. Custom implants 

take more time to develop and can often be expensive. Additionally, custom implants are often 

modelled from the contralateral talus; this becomes an issue if the contralateral talus is not intact 

(Harnroongroj and Vanadurongwan 1997) (Tanaka, et al. 2003) (Taniguchi, Takakura and 

Tanaka, et al. 2015). To our knowledge, this is the first study to propose using a generic implant 

in a patient presenting with bilateral AVN and collapse of the talar dome. 

The only portion of the patient’s talus that was deformed was the talar dome; as such, the rest of 

the talus (the intact portion of the talus) was assumed to be functionally articulating with the 
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calcaneus and the navicular. Implants were considered to be in the acceptable deviation range if 

the deviations on the articular surfaces were less than 1mm as a 1mm shift was recognized as the 

determining criterion for reduction of the talus after injury (Lloyd, et al. 2006). As such, the 

deviations on the articular surfaces of the implants when compared to the intact biological talus 

should be within the specified 1.0mm criteria to function similarly. The average deviations 

between the implants and the intact portion of the biological talus were all within this range as 

shown in Table 6-1. The custom implant had the least deviations between itself and the 

biological talus with 95% being within 1.0mm deviation criteria and the majority of the 

deviations on the calcaneal and navicular articulating surface being within the acceptable range 

(Figure 6-6). This is to be expected because the intact portion of the custom implant was 

modelled from the biological talus and as such, they should be identical. Of the two generic 

sizes, size 4 was found to be a better fit than size 5 on the intact portion of the talus. Although 

size 4 had higher deviations on the overall intact portion of the talus with 70% of the deviations 

being within the acceptable criteria as compared to 78% with size 5; based on the deviations 

observed in Figure 6-4 and Figure 6-5 size 4 was deemed to be a better fit. This is because on the 

calcaneal and navicular surfaces, the majority of the deviations between size 4 and the biological 

talus were within the acceptable range on these surfaces whereas size 5 had more deviations 

outside this range, especially on the navicular articulating surface. The analysis of the 

articulating surfaces on the intact portion of the talus indicated that although the custom implant 

had lower deviations, the generic size 4 was still within the acceptable range and would be able 

to articulate well with the calcaneus and navicular. 

Analysis of the talar dome showed that the custom implant was undersized at the anterior portion 

of the talar dome (indicated by the blue on Figure 6-9) and the generic implants were undersized 

at the posterior portion of the talar dome (indicated by the blue on Figure 6-7 and Figure 6-8). 

Table 6-2 indicates that size 4 and the custom implant have the most similar talar domes with the 

average positive deviations being 1.45mm and 1.38mm respectively compared to 1.91mm for 

size 5. This indicates that size 5 would have a higher talar dome than the custom implant or size 

4. This is visually confirmed by observing the top of the talar dome in Figure 6-7, Figure 6-8, 

and Figure 6-9. The extreme width of the biological talar dome was found to be 39.6mm. Both 

the custom implant and size 4 were under this threshold with size 4 having the closest width. 

Size 5 was above this threshold by 1.5mm indicating that it would be too wide for the ankle 
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mortise. This is again visually confirmed by the medial yellow region of the talar dome shown in 

Figure 6-8. This indicates that size 5 is outside the biological dome (and it is not offset by any 

deviations on the lateral side). The analysis of the talar dome indicated that size 5 will likely be 

too tall and wide for the ankle mortise and that custom implant or size 4 would both be 

acceptable. 

6.5  Conclusion 

Based on this analysis, we concluded that the custom implant or size 4 would both be acceptable 

for implantation in the test subject to maintain geometric compatibility of the ankle joint. Size 4 

would be preferred as generic implants are faster and more cost effective to develop. 

Additionally, because the patient presented with bilateral talar AVN, the custom implant is a best 

guess to the shape of the talar dome and not based on actual geometry of the talus. Future studies 

include finite element analysis to determine whether or not a generic implant is sufficient to 

maintain both functional and geometric compatibility of the ankle joint. 
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7.1  Summary and Conclusions 

This research aimed at understanding how a generic talar implant would function for patients in 

need of a talar replacement.  

Comparisons of 91 male and female tali were conducted to determine if tali had different shapes 

among the human population and between sexes. No shape differences were found. As a result, a 

generic unisex implant in ten sizes was created and validated by geometrically comparing the 

generic implants with the population in this study. 

A 3D nonlinear FE model of the talus and surrounding bones was created and validated against 

experimental studies. The model determined the contact pressures and contact areas on the 

cartilage surfaces surrounding the talus caused by loading the tibia and fibula to 2000N of load 

when a biological talus, custom implant, or generic implant were in the ankle mortise. The 

results indicated that the contact pressures caused by the custom implant were much higher than 

that caused by the biological talus and the generic implant caused contact pressures more similar 

to the biological talus. The contact patterns caused by the custom implant were similar but 

smaller than the contact patterns from the biological talus. The contact patterns were similar in 

magnitude but slightly different in location from that of the biological talus when the generic 

implant was placed in the joint. 

A cadaveric assessment was carried out to determine geometric joint compatibility of the generic 

implant versus the biological talus; and to see if the deviations from the geometric assessment 

were associated with the contact pressure patterns from the FEA. Seventy percent of the 

deviations on the talar dome between the biological talus and generic implant were within the 

acceptable range. The deviations patterns were linked to the contact patterns caused by a 2000N 

axial load applied to the tibia and fibula. 

A case study was conducted on a patient with bilateral talar avascular necrosis and collapse of 

the talar dome to determine if a generic implant would function the same as a custom implant. 

The generic and custom implants were found to be in the acceptable deviation range of 1mm, 

and it was determined that either would be acceptable for implantation in the patient to maintain 

geometric compatibility of the ankle joint. 
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This research demonstrates through FEA and geometric analysis that a generic talar implant may 

be a viable option for those in need of a talar replacement.  

7.2  Recommendations for Future Research 

The following are recommendations for future research in this area: 

 Cartilage thickness on the tibia, fibula, calcaneus and navicular could be investigated 

more thoroughly by incorporating patient specific MRI data into FE models. 

 Including more specimens in the FE models would be beneficial to compare with this 

model. 

 Comparison of the contact pressures and areas in dorsiflexion and plantarflexion would 

be beneficial to see if the patterns and pressures vary in different positions. 
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