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Abstract 

 

 

The use of total ankle replacement (TAR) for treatment of arthritis is rapidly increasing, but 

survival rates are of major concern. The primary indication for TAR revision is implant loosening, 

which is linked with inadequate primary stability manifested in higher levels of initial implant-bone 

micromotion. Finite-element (FE) modelling has been utilised to assess micromotion of arthroplasty 

implants, but not TAR. Additionally, the biomechanical consequences of TAR malpositioning 

during surgery – previously linked with higher failure rates – remain unexplored. 

The aim of this thesis was therefore to apply FE modelling to estimate implant-bone 

micromotion and peri-implant bone strains of current TAR designs under optimally positioned and 

malpositioned cases, and thereby identify fixation features and malpositioning scenarios that place 

the reconstructed ankle at risk of early loosening. 

Computational models simulating commonly used TAR designs (BOX
®

, Mobility
®

 and Salto
®

) 

implanted into the tibia and talus were developed; the loads applied were the contact forces acting 

in the ankle during gait, as calculated using a previously validated musculoskeletal model, while 

implementing muscle-architecture data obtained through dissections of cadaveric legs. 

Micromotion and strain outcomes were larger for the tibial compared with the talar components, 

in agreement with previous clinical observations. The tibial Mobility
®

 and talar Salto
®

 components 

demonstrated the largest micromotion. A gap between the tibia/talus and implant component 

resulted in a considerable increase in implant-bone micromotion and peri-implant bone strains; the 

Salto
®

 design was relatively ‘forgiving’ for such malpositioning.  

It was concluded that better primary stability can be achieved through fixation nearer to the joint 

line, while relying on more than a single fixation peg, and preserving more of the cortical sidewalls 

of the bone; incomplete seating of the implant on the bone increases the risk for TAR failure. 

The models presented in this thesis may assist implant designers and surgeons in improving TAR 

designs and surgical techniques. 
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In Western, ageing populations, the use of total joint replacement has become a mainstream 

treatment for the pain and debilitation caused by joint arthritis (especially osteoarthritis), allowing 

patients to maintain their physical abilities throughout their mature years (Lever and Robinson, 

2015). For the ankle, treatment has traditionally been arthrodesis or fusion of the joint, which is still 

considered the gold standard. However, national registry data indicate that the use of total ankle 

replacement (TAR) is rapidly increasing. In Norway, for example, there has been an approximately 

10-fold increase over the past 20 years in the number of primary ankle replacements, which is a 

much quicker growth rate than those of hip or knee replacements (NOJR, 2015; Figure  1.1). Similar 

trends are demonstrated in other countries (AUJR, 2015; NZJR, 2015), including the UK (UKJR, 

2015; does not include Scotland), where the number of TARs implanted annually is still in the 

hundreds, but growing quickly. In response to this, the National Joint Registry for England, Wales, 

Northern Ireland and the Isle of Man (UKJR, 2015) started collecting data for ankle replacements in 

2010, being the first joint other than the hip and knee to be included in the registry, which indicates 

that TAR is to become a more mainstream procedure in the coming years. 

 

 

Figure  1.1: Percentage increase in primary joint replacements in Norway since 1994 (NOJR, 2015). The Norwegian 

register was chosen as an example since it started collecting data of total ankle replacement (TAR) earlier than all other 

formal national registries, but all show similar trend (Section 2.7.2). 

 

Comparison studies indicate that TAR provides more natural kinematics (wider range of motion, 

RoM) and better functional outcome compared with arthrodesis (currently considered the gold 

standard; Haddad et al., 2007; Valderrabano et al., 2003) While this supports the increasing use of 

TAR, the superiority of this treatment over arthrodesis remains controversial amongst orthopaedic 

surgeons (Sangeorzan et al., 2015; Stufkens and Bonnin, 2014). In particular, long-term survival of 
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the procedure has been a concern. Survival rates of contemporary TAR have been reported in 

national studies as 81-89% at five years (Fevang et al., 2007; Henricson et al., 2011; Hosman et al., 

2007), which does not compare favourably to survival rates of hip and knee replacements (94% and 

95% at ten years, respectively; UKJR, 2015). Neither do the patient-reported outcomes of TAR 

compare well to hip and knee replacements; for example, the New Zealand Registry (NZJR, 2015) 

records ‘excellent or good’ patient-reported function five year post arthroplasty for approximately 

89% and 83-88% of hip- and knee- replacement patients, respectively, but only 69% of ankle 

replacement patients. Similar trend is recorded in patient satisfaction rates six months after surgery 

(Figure  1.2). The main mechanism of TAR failure is loosening of the prosthesis (as reported in 

national registries; Section  2.7.2), while among the most common manifestations of the worse 

performance of TAR, compared with hip- or knee- replacement prostheses, are pain, limping and 

swelling of the ankle (NZJR, 2015). 

 

 

Figure  1.2: Percentage of patient satisfaction 6 months post arthroplasty for hip, knee and ankle replacements in New 

Zealand (NZJR, 2015). Total ankle replacement shows lower satisfaction rates. 
 

Like any other surgery, revision should be avoided due to possible complications (including 

mortality). As implied above, revision rates of TAR are greater than those of hip or knee 

replacements. The primary indication for TAR revision is loosening of the tibial or talar component 

(accounting for 30-50% of TAR revisions reported in national registries; Section  2.7.2), which has 

been associated with inadequate implant primary stability and early implant-bone micromotion, 

impeding implant fixation through osseointegration (Section  2.8). This implies that the somewhat-

disappointing survival rates specified above are related to the fixation of the device, as discussed in 
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several studies and clinical reviews (Fevang et al., 2007; Henricson et al., 2011; Hosman et al., 

2007; NZJR, 2015; Vickerstaff et al., 2007).  

Of the main lower limb joints, the ankle was the last in which total joint replacement was 

attempted, and possibly for this reason, the research and development dedicated to TAR devices is 

somewhat lagging behind those of knee and hip replacements (Vickerstaff et al., 2007). This may 

also be related to ankle arthritis being considerably less frequent than hip or knee arthritis, and 

normally not as debilitating as these. Accordingly, the demand for TAR for treatment of ankle 

arthritis is significantly lower than the demand for knee or hip replacements (Vickerstaff et al., 

2007), which can explain why research and development of TAR devices may seem to orthopaedic 

implant designers and manufacturers of lower profit potential. This is probably the main reason for 

the gap discussed above. 

Clinical research of TAR prostheses is also sparse and incomplete compared with that dedicated 

to hip and knee replacements. In national registries (AUJR, 2015; NOJR, 2015; NZJR, 2015; 

UKJR, 2015), for example, data of ankle replacement is at least 50 times smaller by volume 

compared with the hip or knee (Table  1.1). This applies to biomechanical research as well: 

PubMed
®

/MEDLINE search, for example, of ‘hip/knee/ankle arthroplasty biomechanics’ brings 

538, 388 and only 70 results, respectively (as of February 2016) – which is also in agreement with 

7,143, 14,445 and only 238 search results for ‘hip/knee/ankle osteoarthritis’. 

 

Table  1.1: Numbers of joint replacement operations and years in which data collection started to be listed in national 

registries. The UK (UKJR, 2015), Norway (NOJR, 2015), Australia (AUJR, 2015) and New Zealand (NZJR, 2015) 

were included for being the most informative national registries available, and four of the few to address ankle 

arthroplasty. 

 

 UK Norway Australia New Zealand 

Hip 
793,300 
(from 2003) 

190,962 
(from 1987) 

453,950 
(from 2003) 

116,918 
(from 1999) 

Knee 
825,754 
(from 2003) 

68,321 
(from 1994) 

534,717 
(from 2003) 

93,846 
(from 1999) 

Ankle 
2,795 
(from 2010) 

1,245 
(from 1994) 

1,822 
(from 2009) 

1,321 
(from 2000) 

 

Nevertheless, as the life expectancy in Western populations increases, the more frequent ankle 

arthritis becomes (Vickerstaff et al., 2007). The increasingly common expectation in our society to 

maintain high quality of life while growing older creates demand for treatments for the pain and 

debilitation caused due to ankle arthritis, posing major challenges to national healthcare services. 

As mentioned above, the use of TAR is gradually securing its position as the mainstream treatment 

for this condition. Better TAR designs and surgical techniques are therefore critical. As implant 
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loosening is currently the primary cause of TAR failure, and considering that the fixation of the 

implant remaining the main concern, further research into the factors that lead to TAR loosening is 

required to improve the longevity of these devices. Research in the area has been attempted, but is 

still sparse and incomplete, and there is currently no evidence to suggest superiority or inferiority 

(particularly in terms of securing fixation) of any TAR device or design features (Lever and 

Robinson, 2015). 

Hence, the work presented in this thesis aims to investigate several factors – including implant 

design and positioning, and bone mechanical properties – affecting the fixation and performance of 

current TAR devices, with the ultimate goal of assisting implant designers and orthopaedic surgeons 

in improving current TAR designs and surgical techniques, which could lead to devices with lower 

revision rates and of better performance. 
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2.1. Anatomical background
i
 

 

 Ankle motion 2.1.1.

 

The kinematics of the ankle joint complex (AJC) comprises of two types of movements: 

1. Flexion: rotational movement of the AJC which increases (plantarflexion) or decreases 

(dorsiflexion) the angle between the shin and the dorsal surface of the foot (Figure  2.1). This 

movement occurs in the sagittal plane and it is originated mainly (but not only) in the talocrural 

joint (Section  2.1.3). According to literature reviews published by Vickerstaff et al. (2007) and 

Perry and Burnfield (2010), the range of flexion which is actually required for normal walking 

is around 11°-12° of dorsiflexion and 15°-18° of plantarflexion (Section  2.2). 

2. Version: rotational movement of the AJC in which the sole moves towards (inversion) or away 

from (eversion) the medial plane (Figure  2.1). This movement generally occurs in the coronal 

plane and it is originated mainly in the subtalar joint (Section  2.3). 

 

Dorsiflexion 

 

Plantarflexion 

 

 Eversion 

 

Inversion 

 

Figure  2.1: Ankle flexion and version (adapted from http://aboutspinabifida.blogspot.co.uk/2012/06/lesions-levels-

sensory-and-mobility.html and 

http://www.footdoc.ca/www.FootDoc.ca/Website%20Definitions%20(Basic%20Terms).htm). 

 

There seems to be a consensus in the literature according to which the majority of flexion occurs 

in the talocrural joint, whereas the majority of version occurs in the subtalar joint. However, it 

appears that both movements are, to some extent, resultant from motions occurring in both joints; 

there is a debate regarding the question of how much of each motion occurs in each of these joints 

(Section  2.2; Vickerstaff et al., 2007). 

 

 Bones 2.1.2.

 

The bones forming the AJC are the tibia, fibula, talus and calcaneus (Figure 2.2). 

                                                 
i Unless stated otherwise, all references are to Standring, 2008. 

http://aboutspinabifida.blogspot.co.uk/2012/06/lesions-levels-sensory-and-mobility.html
http://aboutspinabifida.blogspot.co.uk/2012/06/lesions-levels-sensory-and-mobility.html
http://www.footdoc.ca/www.FootDoc.ca/Website%20Definitions%20(Basic%20Terms).htm
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1. Distal tibia: Its infero-medial area consists of the medial malleolus. A few ligaments are 

attached to the distal tibia (Section  2.1.5), but not any muscles. 

2. Distal fibula: Its infero-lateral area consists of the lateral malleolus. A few ligaments are 

attached to the distal tibia (Section  2.1.5), but not any muscles. 

The arch formed by the distal tibia and fibula, particularly the two malleoli, is referred to as the 

“ankle mortise”. 

3. Talus: This bone serves as the link between the foot and leg. Its articular surfaces are in contact 

with four bones, thereby forming three joints (talocrural, subtalar and talocalcaneonavicular 

joints, Section  2.1.3). There are no muscles attached to the talus, but many ligaments are 

attached to it (Section  2.1.5), which provides the AJC with stability. Approximately 70% of the 

surface of the talus is covered by articular cartilage. 

4. Calcaneus: The calcaneus is the largest tarsal bone. Several ligaments and muscles are 

attached to it (Section  2.1.4). 

 

 Joints 2.1.3.

 

The AJC consists of two joints: the talocrural joint and the subtalar joint, which makes the 

biomechanics of this complex rather complicated. 

1. The talocrural joint: The talocrural joint, also referred to as “the tibiotalar joint” or simply as 

“the ankle joint”, is comprised of the talus and the distal tibia and fibula (Figure  2.2). It is 

approximately a uniaxial hinge joint, in which the majority of rotation occurs in the sagittal 

plane (flexion; Section  2.1.1). However, motion of the joint also involves slight version; 

furthermore, the axis of rotation is dynamic and shifts during flexion. The joint is held by a 

fibrous capsule strengthened by strong ligaments (Section  2.1.5). This capsule, together with 

the unique geometry of the articular surfaces, as well as the ligaments contained in the joint and 

the tendons crossing it (Sections  2.1.4 and  2.1.5), provide the talocrural joint with passive 

stability. Further research is needed to characterise the contribution of these structures to the 

ankle stability. This is the joint that is replaced in total ankle replacement (TAR). 

2. The subtalar joint: The subtalar joint is formed distally (inferiorly) to the talus. Some 

anatomists refer to this joint as one that consists of two “sub-joints”: the posterior articulation – 

the talocalcaneal joint, formed by the talus and calcaneus; and the anterior articulation – the 

talocalcaneonavicular joint, formed by the talus, calcaneus and navicular (Figure  2.2). Others 

refer only to the talocalcaneal joint as the “subtalar joint”, which is the terminology used in this 

dissertation. A fibrous capsule, together with the unique geometry of the articular surfaces, the 
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ligaments contained in the joint and the tendons crossing it (Sections  2.1.4 and  2.1.5), provide 

the subtalar joint with passive stability. 

 

  
(a) 

   
(b) 

  
Figure  2.2: Bones forming the ankle joint complex; (a) lateral view, (b) medial view  

(Anatomy.TV, 2014; images are reproduced with permission of Primal Pictures). 

 

 Muscles 2.1.4.

 

The AJC contains several skeletal muscles controlling its kinematics. These can be generally 

classified into three groups: anterior group of extensor muscles (dorsiflexors), posterior group of 

flexor muscles (plantarflexors) and lateral group of peroneal muscles. Each of these consists of 

several muscles. Below is a list of the muscles controlling the kinematics of the ankle and their 

main functions (Table  2.1), as well as figures showing their anatomical locations (Figure  2.3). 

 

Tibia 
Fibula 

Talus 

Calcaneus 

Talocrural (tibiotalar) joint 

Subtalar-talocalcaneal joint 

Lateral malleolus 

Fibula Tibia 

Medial malleolus 

Subtalar-talocalcaneonavicular 

joint 

Anterior Anterior Posterior Posterior 
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Table  2.1: List of muscles contained in the ankle joint complex and their main functions. 

 

# Specific Muscle Group of Muscles 

(fascial 

compartment) 

Origin and Insertion Main Functions (from 

most important to 

least important) 

Further Comments 

1 Tibialis anterior 

Dorsiflexors / 

extensors 

Origin: body of tibia. 

Insertion: medial 

cuneiform bone, the base 

of the first metatarsal. 

- Dorsiflexion. 

- Inversion. 

- Supporting the inner 

longitudinal arch of 

the foot. 

 

2 
Extensor hallucis 

longus 

Origin: anterior surface of 

the middle portion of the 

fibula. 

Insertion: the base of the 

hallux. 

- Dorsiflexion.  

3 
Extensor 

digitorum longus 

Origin: anterior lateral 

condyle of tibia, anterior 

shaft of fibula. 

Insertion: phalanges of 

lateral four digits. 

- Dorsiflexion (not as 

important as #1, 2). 

- Eversion. 

 

4 
Fibularis/peroneus 

tertius 

Origin: distal anterior 

surface of the fibula. 

Insertion: dorsal surface 

of fifth metatarsal. 

- Dorsiflexion. 

- Eversion (not as 

important as #3, 5). 

 

5 
Fibularis/peroneus 

longus 

Peroneals 

 

Origin: fibula. 

Insertion: first metatarsal, 

medial cuneiform. 

- Eversion. 

- Plantarflexion. 

- Supporting the outer 

longitudinal arch of 

the foot. 

Partially share a tendon 

together. 

6 
Fibularis/peroneus 

brevis 

Origin: fibula. 

Insertion: fifth metatarsal. 

- Eversion (not as 

important as #3, 5), 

limiting inversion to 

relieve strains on the 

lateral ligaments. 

- Plantarflexion (not as 

important as #7-12). 

7 Gastrocnemius 

Superficial flexors / 

plantarflexors 

Origin: lateral and medial 

condyles of femur. 

Insertion: Achilles 

tendon. 

- Plantarflexion. 

Collectively known as triceps 

surae. Both are massive and 

powerful, with very thick 

tendons, merging together to 

form the Achilles tendon. 

Both play a very important 

role in maintaining body 

posture and balance during 

standing and locomotion. 

They are the most important 

muscles controlling 

plantarflexion. 

8 Soleus 

Origin: proximal tibia. 

Insertion: Achilles 

tendon. 

- Plantarflexion. 

9 Plantaris 

Origin: femur. 

Insertion: Achilles 

tendon. 

- Act with the 

gastrocnemius. 

Evolutional vestigial, absent 

in approximately 10% of 

humans. 

10 Tibialis posterior 

Deep flexors / 

plantarflexors 

 

(located in the 

postero-medial part 

of the ankle)  

Origin: tibia, fibula. 

Insertion: navicular, 

medial cuneiform. 

 

- Inversion. 

- Plantarflexion (not as 

important as #7, 8), 

elevation of the heel. 

- Supporting the inner 

longitudinal arch of 

the foot. 

The deepest on these three. 

11 
Flexor hallucis 

longus 

Origin: posterior fibula. 

Insertion: the base of the 

hallux. 

- Plantarflexion (not as 

important as #7, 8). 
 

12 
Flexor digitorum 

longus 

Origin: posterior surface 

of the tibia. 

Insertion: phalanges of 

lateral four digits. 

- Plantarflexion (not as 

important as #7, 8). 

- Maintaining foot 

posture. 
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(a) 

 
(b) 

  

 
(c) 

 
(d) 

  
Figure  2.3: Muscles and tendons contained in the ankle joint complex; (a) anterior view, (b) posterior view, (c) lateral 

view, (d) posterior view (Anatomy.TV, 2014; images are reproduced with permission of Primal Pictures). 

 

 Ligaments 2.1.5.

 

The AJC contains several ligaments stabilising it by limiting the mobility of its articulations. Below 

is a list of the ankle (talocrural and subtalar joints) ligaments and their main functions (Table  2.2 

and Table  2.3), as well as figures showing their anatomical locations (Figure  2.4). 

 

Medial Lateral 

Tibialis anterior 

Extensor hallucis longus 
Extensor digitorum longus 

Peroneus tertius 

Tibia 

Fibula 

Lateral 

Tibialis posterior 

Flexor digitorum longus 

Flexor hallucis 

longus 

Peroneus longus 

and brevis 

Medial 

Peroneus longus 

Peroneus brevis 

Posterior Anterior Lateral Medial 

Gastrocnemius 

Soleus 

Achilles tendon 
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Table  2.2: List of ligaments contained in the talocrural joint and their main functions. 

 

Ligament Origin and Insertion  Main Functions Comments 

Medial collateral ligament / 

Deltoid ligament 

Consists of four parts (anterior 

to posterior): 

Origin: medial malleolus. 

Insertions: 

Restrain 

eversion 

 

All parts of this ligament 

are in the medial part of 

the ankle. 

- anterior tibiotalar part - antero-medial talus  Deeper to the others. 

- tibionavicular part - navicular   

- tibiocalcaneal part 
- sustentaculum tali of 

medial calcaneus 
 Crossed by tendons of 

tibialis posterior and 

flexor digitorum longus 

(Table  2.1). 
- posterior tibiotalar part - postero-medial talus 

- Increased strains in 

dorsiflexion (Leardini et 

al., 1999b). 

Lateral collateral ligament 

Consists of three parts (anterior 

to posterior): 

 

Restrain 

inversion 

 

All parts of this ligament 

are in the lateral part of 

the ankle. 

Weaker than the deltoid 

ligament. 

- anterior talofibular ligament 

Origin: anterior lateral 

malleolus. 

Insertion: lateral talus. 

- Substantially increased 

strains in plantarflexion, 

inversion and internal 

rotation. 

- Provides lateral ankle 

stability 

(Colville et al., 1990; 

Konradsen and Voigt, 

2002; Leardini et al., 

1999b). 

 

- calcaneofibular ligament 

Origin: distal lateral 

malleolus. 

Insertion: lateral calcaneus. 

- Substantially increased 

strains in dorsiflexion and 

inversion. 

- Provide lateral ankle 

stability. 

(Colville et al., 1990; 

Konradsen and Voigt, 

2002; Leardini et al., 

1999b) 

Crossed by tendons of 

peroneus longus and 

peroneus brevis 

(Table  2.1). 

- posterior talofibular 

ligament 

Origin: distal posterior lateral 

malleolus. 

Insertion: lateral tubercle of 

posterior talus. 

- Increased strains in 

extreme dorsiflexion 

(Colville et al., 1990; 

Leardini et al., 1999b). 

Connected to the medial 

malleolus through an 

extension called ‘tibial 

slip’. 

The strongest of the three 

parts of the ligament. 

 

Table  2.3: List of ligaments contained in the subtalar joint and their main functions. 

 

Ligament 

(medial to lateral) 

Origin and Insertion  Main Functions 

Medial talocalcaneal ligament Origin: medial tubercle of posterior talus. 

Insertion: sustentaculum tali of medial calcaneus. 

 

Interosseous talocalcaneal ligament Origin: sulcus tali. 

Insertion: sulcus calcanei (sinus tarsi or tarsal sinus). 

Medial fibres are taut in eversion 

(Leardini et al., 1999b). 

Cervical ligament Origin: talar neck. 

Insertion: anterior part of superior calcaneal surface. 

Taut in inversion (Leardini et al., 

1999b). 

Lateral talocalcaneal ligament Origin: lateral talar process. 

Insertion: lateral calcaneus. 
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(a) 

 
 

(b) 

  

 
(c) 

 
Figure  2.4: Ligaments contained in the ankle joint complex; (a) medial view, (b) lateral view, (c) posterior view 

(Anatomy.TV, 2014; images are reproduced with permission of Primal Pictures). 

 

A pictorial essay published by Golano et al. (2010) visualised the ligaments contained in the AJC 

through dissection of a human cadaver. The highlight figures of this essay – which I personally 

consider to be genuine pieces of art – are shown in Figure 2.5. 
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Lateral collateral ligament: 
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(a) (b) 

  

 
(c) 

 
Figure  2.5: Ligaments contained in the ankle joint complex as visualised by Golano et al. (2010) in an anatomic 

dissection: (a) medial view showing the main components of the medial collateral ligament: 1 tibionavicular ligament; 2 

tibiospring ligament; 3 tibiocalcaneal ligament; 4 deep posterior tibiotalar ligament; 5 spring ligament complex (supero-

medial calcaneonavicular ligament); 8 medial talocalcaneal ligament; (b) lateral view showing: 3 anterior tibiofibular 

ligament; 4 distal fascicle of the anterior tibiofibular ligament; 5 superior band of the anterior talofibular ligament; 6 

inferior band of the anterior talofibular ligament; 10 calcaneofibular ligament; 11 talocalcaneal interosseous ligament; 

12 cervical ligament; 13 talonavicular ligament; (c) posterior view showing the posterior intermalleolar ligament: 6 

superficial component of the posterior tibiofibular ligament; 7 deep component of the posterior tibiofibular ligament or 

transverse ligament; 8 interosseous membrane; 9 posterior talofibular ligament; 12 flexor hallucis longus retinaculum; 

13 calcaneofibular ligament; 17 posterior intermalleolar ligament: A tibial insertion (slip); B talar insertion (lateral talar 

process); C tibial malleolar insertion; D talar insertion (medial talar process). The images and captions are reproduced 

with permission of Springer. 
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2.2. Kinematics and range of motion of the ankle joint complex 

 

A study conducted by Valderrabano et al. (2003) in cadaveric leg specimens subjected to static 

external loads reported theoretical maximal ankle dorsiflexion, plantarflexion, eversion and 

inversion of 15°, 28°, 5° and 14°, respectively. Effectively, the flexion occurring during normal gait 

ranges between 11° dorsiflexion and 18° of plantarflexion (Figure  2.6; Perry and Burnfield, 2010). 

Please note that the ‘neutral’ ankle position is defined as the one in which the angle between the 

posterior calf and the sole of the foot is 90°. 

 

 

Figure  2.6: Normal range of ankle motion during gait; dorsiflexion(+)-plantarflexion(-).Vertical bars indicate different 

phases of gait: IC – initial contact, LR – loading response, MSt – mid-stance, TSt – terminal stance, PSw – pre-swing, 

ISw – initial swing, MSw – mid swing, TSw – terminal swing (further details about the segments of the gait cycle are 

provided in Section 2.4; image adapted from Perry and Burnfield, 2010). 0% gait cycle (GC) indicates the heel strike 

(the start of the stance phase); 62%GC indicates the toe-off (the start of the swing phase). 
 

Leardini, O’Connor and colleagues, who studied the three-dimensional (3D) motions occurring 

at the AJC during passive (i.e. without exerting muscle loads) flexion and the role of the ankle 

articular surfaces and ligaments in the mobility and stability of the AJC (Leardini et al., 1999b; 

Section  2.3), found that the vast majority of ankle flexion occurred in the talocrural joint. They 

further concluded that during flexion, the talocrural joint behaves as a single- degree-of-freedom 

(DoF) mechanism, whereas the subtalar joint behaves as a flexible structure which its mobility 

prescribes increased ligament strains (Section  2.3; Leardini et al., 1999b; Leardini et al., 2001). The 
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most interesting conclusion of their research was that during passive flexion of the AJC, a preferred 

path of motion is determined by the ankle anatomical features, namely articular surfaces and 

ligaments, alone (i.e. without the effect of external or muscle loads). Specifically, the articular 

surfaces allow unresisted motion by sliding one upon the other, while the lateral calcaneofibular and 

deltoid tibiocalcaneal ligaments, which remain nearly isometric during passive flexion, play an 

important role in guiding this motion (Section  2.3; Leardini et al., 1999b). A simplified 2D 

geometric model developed by the same researchers to explore the motion of the AJC in the sagittal 

plane (Leardini et al., 1999a), concluded that as the AJC moves from maximal plantarflexion to 

maximal dorsiflexion, the instantaneous centre of joint rotation moves towards an antero-superior 

location, and the articular contact point (the point where the tibia is contact with the talus) moves 

from the posterior to the anterior part of the tibial mortise. The researchers further argued that the 

ankle articular surfaces both roll and slide one upon the other: during plantarflexion the talus slides 

forward on the tibial mortise while rolling backwards, whereas during dorsiflexion it slides 

backwards while rolling forward; the proportion between sliding and rolling motions is determined 

by both the specific geometry of the joint articular surfaces and the angle of flexion (Leardini et al., 

1999a). 

Very few studies have been dedicated to studying the kinematics and RoM of the subtalar joint. 

Leardini, O’Connor and colleagues (Leardini et al., 1999b; Leardini et al., 2001) found that 

application of external loads to the calcaneus during passive flexion caused considerable subtalar 

motions which involved both flexion and version, as well as increased ligament strains and 

indentation of the articular surfaces. These motions decreased with increased flexion motion, and 

their instantaneous helical axes were not consistent. Sharkey, Hamel and colleagues, who 

extensively studied the kinematics of the AJC in cadaveric models (Hamel et al., 2004; Sharkey and 

Hamel, 1998), found that a considerable amount of ankle flexion (primarily during the first ~15% of 

the gait cycle) was actually originated in the subtalar joint; from this point until almost the end of 

the stance phase, the talus and calcaneus rotated as one rigid body relatively to the tibia to create 

plantarflexion (i.e. no subtalar motion). Whittaker et al. (2011) used the experimental setting 

developed by Aubin et al. (2008) to measure the motions of the bones forming the AJC during 

simulation of gait. They found that there were almost no motions of the talus and with respect to the 

calcaneus in the sagittal plane, and there were almost no motions of the talus and with respect to the 

tibia in the coronal plane. It was therefore concluded that the majority of flexion occurs in the 

talocrural joint, while the majority of version occurs in the subtalar joint. Beimers et al. (2008) used 

CT imaging of healthy subjects and advanced image processing techniques to quantify the extremes 

of the RoM of the subtalar joint while being subjected to external loads. They further evaluated the 
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finite helical axis of subtalar joint motion between opposite extreme foot postures (e.g. extreme 

plantarflexion to extreme dorsiflexion), as well as the rotations of the talus and calcaneus bones 

about this axis and their translations along it, based on clinical CT scans taken at these two extreme 

postures (i.e. static test). They found that the RoM of the subtalar joint (as described by the rotation 

about the finite helical axis) was the highest during inversion-eversion motion, and was not at all 

consistent across different subjects during plantarflexion-dorsiflexion motion. The same researchers 

applied the same methodology in another study (Tuijthof et al., 2009), which demonstrated that the 

RoM of the talocrural joint was the highest during plantarflexion-dorsiflexion motion, and that 

nearly all flexion occurred in the talocrural joint; version occurring in the subtalar joint was 

approximately three times larger than that occurring in the talocrural joint. Arndt et al. (2007) 

applied an invasive method to measure the kinematics of the AJC in healthy volunteers. Briefly, 

reflective markers were attached to the tibia, fibula, calcaneus and talus in order to track their 

motions, and relative motions of bones were described in dynamic, joint-specific coordinate 

systems. They found that the version occurring in the talocrural joint was as significant as this 

occurring in the subtalar joint. However, measurements were taken during running rather than 

normal gait. It is therefore concluded that flexion occurs primarily in the talocrural joint, whereas 

version is originated mainly, but not solely, in the subtalar joint. In other words, version and flexion 

are both combined motions involving two joints, but flexion to a much lesser extent. This 

conclusion is not in full agreement with the aforementioned findings of Sharkey, Hamel and 

colleagues (Hamel et al., 2004; Sharkey and Hamel, 1998), who found that the subtalar joint acts as 

a flexible structure that is involved in flexion to a considerable extent. All the above-mentioned 

studies agree, however, that flexion occurs mainly in the talocrural joint, and so do all the literature 

in this regard (Hamel et al., 2004); the disagreement is limited only to the question of how much of 

each motion occurs in each joint (Vickerstaff et al., 2007). 

It should be further noted that pure flexion/version cannot occur; flexion would also be coupled 

with ancillary version and vice versa. Tuijthof et al. (2009) found that passive flexion was coupled 

with ancillary version, and version motion was very strongly coupled with ancillary flexion. 

Leardini et al. (1999b) found that approximately 25° of dorsiflexion and 30° of plantarflexion were 

coupled with 4° and 6° of ancillary inversion and eversion, respectively. 

It is also worth mentioning that the small foot joints also play an important role in the kinematics 

of the foot and ankle complex (Nester et al., 2007; Whittaker et al., 2011), but this is out of the 

scope of this dissertation. 
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2.3. Biomechanics of the ankle ligaments 

 

Leardini, O’Connor and colleagues have extensively investigated the role of purely anatomical 

passive features, namely articular surfaces and ligaments, in the mobility and stability of the AJC, 

while disregarding muscle or ground-reaction (GR) forces. They developed an experimental setting 

to study the 3D motions occurring at the AJC and its ligaments during passive flexion. They found 

that the lateral calcaneofibular and deltoid tibiocalcaneal ligaments (Table  2.2) remained just taut 

and nearly isometric during flexion, whereas the other ligaments located more anteriorly or 

posteriorly were taut only in maximal plantarflexion or dorsiflexion, respectively, and slacked 

elsewhere. They concluded that the calcaneofibular and tibiocalcaneal ligaments, together with the 

joint articular surfaces, guide the ankle passive motion (mobility), whereas the other ligaments limit 

the motions occurring in the AJC (but do not determine it), thus providing the AJC with stability 

(Leardini et al., 1999b). 

Colville et al. (1990) measured strains in various ligaments contained in the AJC while 

externally applying passive flexion, version and internal-external rotation to it. They also found that 

the calcaneofibular ligament remained nearly isometric during ankle passive motions, however, 

strains were particularly increased when the ankle was dorsiflexed and/or inverted. Strains 

measured in the lateral anterior talofibular ligament were considerably elevated when the ankle was 

plantarflexed and/or inverted. The lateral posterior talofibular ligament was maximally taut in 

extreme flexion, and slacked in medium plantarflexion. The researchers concluded that the 

calcaneofibular and anterior talofibular ligaments act together to limit inversion and provide the 

ankle with lateral stability at all positions of flexion. Similarly to Leardini et al. (1999b), they 

further concluded that the calcaneofibular ligament has an important role in guiding the axis of 

subtalar motion (Colville et al., 1990). 
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2.4. The gait cycle
ii
 

 

It is a common practice to divide the gait cycle (GC) into eight phases, which can be classified into two periods and three tasks, as follows: 
 

Table  2.4: Classification of the gait cycle into phases, periods and tasks (images adapted from Perry and Burnfield, 2010). GC – gait cycle, DF – dorsiflexion, PF – plantarflexion. 

 

Period Stance Swing 

Task Weight acceptance Single limb support Swing limb advancement 

Phase 
Initial contact 

(IC) 

Loading response 

(LR) 

Mid-stance 

(MSt) 

Terminal 

stance (TSt) 

Pre-swing 

(PSw) 

Initial swing 

(ISw) 

Mid swing 

(MSw) 

Terminal swing 

(TSw) 

Illustrative 

figure 
Shading 

indicates the 

ipsilateral limb. 

        

Interval 
(%GC) 0-2% 2-12% 12-31% 31-50% 50-62% 62-75% 75-87% 87-100% 

 

The instant the foot 

drops on the ground 

(heel strike) and 

initial weight 

transfer. 

From IC to the point where 

the contralateral limb is 

lifted for swing. Bodyweight 

is transferred onto the limb. 

By the end of this stage, the 

whole ipsilateral foot will be 

in contact with the ground, 

and the tibia will be vertical 

(‘neutral’ position). 

From the point where the 

contralateral limb is 

lifted for swing until the 

bodyweight is aligned 

over the ipsilateral 

forefoot. 

From ipsilateral 

heel rise to 

contralateral heel 

strike. 

From contralateral 

heel strike to 

ipsilateral toe-off. As 

the ipsilateral toes 

push the body forward, 

bodyweight is 

transferred from the 

ipsilateral to the 

contralateral limb. 

From ipsilateral 

toe-off to the 

point where to 

foot is opposing 

the stance 

(contralateral) leg. 

 

From the point 

where to foot is 

opposing the 

stance limb to the 

point where it is 

forward and the 

tibia is vertical. 

 

From the point where 

the ipsilateral tibia is 

vertical to the point 

where it strikes the 

ground again. The legs 

moves ahead of the 

thigh. 

Ankle 

posture/motion 

DF-neutral/ 

none 

PF/ 

PF+DF 

DF/ 

DF 

DF/ 

DF+PF 

DF to PF/ 

increased PF 

PF/ 

DF 

DF-neutral/ 

none 

Neutral/ 

none 

Rocker
iii Heel Heel Ankle Forefoot Toe N/A N/A N/A 

Foot support 
Heel 

(calcaneograde) 
Heel (calcaneograde) 

Heel+forefoot 
(foot flat, plantigrade) 

Forefoot 

(digigrade) 

Toe tips 

(unguligrade) 
N/A N/A N/A 

  

                                                 
ii Unless stated otherwise, all references are to Perry and Burnfield, 2010. 
iii Rocker about which rotation occurs and the foot advances. 
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2.5. Arthritis
iv

 

 

Arthritis is defined as “inflammation of a joint, usually accompanied by pain, swelling, and 

stiffness, and resulting from infection, trauma, degenerative changes, metabolic disturbances, or 

other causes” (http://www.thefreedictionary.com/arthritis). There are over 100 different types of 

arthritis; the most common ones are osteoarthritis (OA), rheumatoid arthritis (RA) and 

posttraumatic arthritis (http://www.healthline.com/adamcontent/arthritis, 

http://www.webmd.com/osteoarthritis/guide/arthritis-basics). 

1. Rheumatoid arthritis: the most common type of inflammatory arthritis, affecting 0.025% of 

men and 0.054% of women in Western countries. It is an autoimmune disease, in which the 

body’s own immune system attacks several parts of the body including the joints, thereby 

causing inflammation of the synovial membranes and capsules. The inflammation subsequently 

spreads and damages the bone and cartilage tissues; eventually, erosion of the bone surfaces 

forming the joint occurs as well (Li et al., 2016). Symptoms include pain, swelling and stiffness 

of multiple joints, usually in a bilateral symmetric pattern. These impair the joint movement 

and, in severe cases, leads to joint deformity (Majithia and Geraci, 2007). 

2. Osteoarthritis: Osteoarthritis, previously known as “osteoarthrosis” or “degenerative joint 

disease”, is a non-inflammatory form of arthritis and also the most common form of joint 

disease, currently affecting more than 8 million people (approximately 12% of population) in 

the UK and approximately 43 million people (approximately 13% of population) in the US 

(Dunlop et al., 2003). It most often affects weight-bearing joints, such as hips, knees and ankles 

(Felson et al., 2000; Kujala et al., 1994). Unlike RA, OA is predominantly common among the 

elderly, particularly women, and is one of the leading causes of disability among older 

individuals. The number of persons having OA in Western countries is likely to rise 

considerably in the coming years due to the increase in life expectancy. Pathologically, 

histologically and biochemically, it is characterised by sclerosis and/or osteonecrosis of 

subchondral bone, marginal osteophytes and local (typically synovial) inflammation, reduction 

in the proteoglycan concentration in the articular cartilage, and, most importantly, degeneration 

and loss (“wear and tear”) of cartilage – mostly where mechanical loads are increased. The loss 

of cartilage causes friction between the bones forming the joint, which causes swelling and 

extreme pain that are likely to become debilitating as the disease progresses (Hart et al., 1994). 

Biomechanically, the disease is characterised by an alteration of the mechanical behaviour of 

                                                 
iv Unless stated otherwise, all references are to Brandt et al., 2003. 

http://www.thefreedictionary.com/arthritis
http://www.healthline.com/adamcontent/arthritis
http://www.webmd.com/osteoarthritis/guide/arthritis-basics
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the soft tissues and subchondral bone, as well as the hydraulic permeability of the cartilage (due 

to reduction in the proteoglycan content), which may cause joint effusion. As stated above, 

clinically, symptoms involve joint pain, stiffness and limitation of movement, all are likely to 

be debilitating; inflammation of the synovial capsule may also occur as a result, but not as a 

cause, of OA. 

Osteoarthritis can be categorised according to various classifications: 

a. Localised and generalised:  

i. Localised OA: when a single joint group is involved. 

ii. Generalised OA: when two or more joint groups are affected. 

b. Primary and secondary: 

i. Primary (idiopathic) OA: a chronic degenerative disease associated with ageing. It is 

often a direct result of abnormalities of the biomaterials of the joint, usually the 

articular cartilage. 

ii. Secondary OA: a result of underlying diseases effectively leading to OA similar to 

primary OA; these diseases are usually associated with irregularities of the 

biomechanics of the joint resulting in abnormalities in the distribution of mechanical 

loads across the joint. 

Risk factors for OA include: 

a. Extrinsic factors: include prior injuries as well as a variety of loading-related factors, such 

as overweight, muscle weakness and particular physical activities. 

b. Intrinsic factors: include ageing, genetics, and endocrinal and nutritional factors.  

3. Posttraumatic arthritis: arthritis caused due to injury or trauma; injuries can damage the 

cartilage and/or bones in a manner that affects the joint mechanics, which may accelerate the 

natural process of degeneration (Anderson et al., 2011; Furman et al., 2006), thereby effectively 

leading to the initiation of secondary OA. Symptoms are similar to those of OA and RA. 

All types of arthritis, including ankle arthritis and especially OA, cause much pain and debilitation. 

Arthritis (OA or RA) currently stands out as the main indication for primary TAR (58-99%) in all 

countries for which such data exist (Section  2.7.2). 
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2.6. Osteoporosis and its effects on implant fixation and performance 

 

 Background 2.6.1.

 

Osteoporosis, defined as a ‘a skeletal disorder characterized by compromised bone strength, 

predisposing to an increased risk of fracture’ (Office of the Surgeon General (US), 2004), and 

characterised by low bone mineral density and structural deterioration of bone architecture (Golob 

and Laya, 2015), is the most common bone disease in the Western world. It is currently affecting 

approximately 3 million people in the UK (NHS Choices, 2014) and 10 million people in the US 

(Office of the Surgeon General (US), 2004), and prevalence is expected to increase even more as 

population ages (Burge et al., 2007). Postmenopausal women are at a higher risk for osteoporosis (it 

is estimated that nearly 50% of women aged 50 years and older will experience an osteoporosis-

related fracture in their lifetime; Office of the Surgeon General (US), 2004), but men are at risk as 

well (account for 29% of osteoporotic fractures in the US; Burge et al., 2007). The reduction in 

bone mass and the structural decline of bone architecture hamper the ability of bone to withstand 

mechanical loads. Accordingly, consequences of osteoporosis include mainly bone fractures 

(approximately 300,000 people in the UK and 2 million people in the US suffer osteoporotic 

fractures every year; Burge et al., 2007; NHS Choices, 2014), which seem to be both more common 

and more severe in osteoporotic patients (Schneider et al., 2005), but other physically debilitating 

injuries as well (Office of the Surgeon General (US), 2004), thereby posing a major burden to 

national economies (Burge et al., 2007). 

 

 Implant fixation and performance in osteoporotic bone 2.6.2.

 

Previous biomechanical experimental studies have found that osteoporosis dramatically affects the 

primary stability of implants used for fracture fixation (as determined in a pull-out test; Lim et al., 

1995), and possibly secondary implant stability as well as a result of delayed fracture healing (Lill 

et al., 2003). Biomechanical and clinical research have further demonstrated that fracture fixation 

prostheses and other small endosseous implants originally developed for bones of good quality, are 

prone to failure and general decreased performance when implanted into osteoporotic bone; these 

were attributed to the decreased support provided by the peri-prosthetic bone and the reduced bone-

implant contact area (Schneider et al., 2005; Wirth et al., 2010). Finite-element (FE) models 

developed in the past few decades to investigate the performance of small endosseous implants in 
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normal and osteoporotic bone constructs – some of them included detailed representation of the 

porous micro-architecture of the trabecular bone based on micro-CT scans – led to similar 

conclusions (Wirth et al., 2010). So did FE models developed to shed light on the performance of 

joint replacement prostheses implanted into osteoporotic bone tissue: a study combining cadaveric 

testing and FE models to explore the relationship between bone density and acetabular-cup primary 

stability, found that the reconstruction of acetabular defects using cemented screws as part of the 

total hip replacement procedure, is less capable of minimising implant-bone micromotion in 

osteoporotic compared with healthy bone (Amirouche et al., 2015). A computational study 

exploring the fixation of modular knee prostheses into bone of poor quality concluded that this is 

likely to result in failure (Conlisk et al., 2015). Another FE-based study exploring a prosthesis used 

as a support device for treating femoral head osteonecrosis, predicted the implantation procedure to 

result in bone failure when conducted in moderately osteoporotic bone (Yi et al., 2014). A micro-

CT based model, in which the bone porosity was simulated in the microstructural level, predicted 

decreased bone density to severely affect the stability of humeral head prosthesis (Wirth et al., 

2012). A computational study simulating the effects of anti-osteoporosis drugs (like 

bisphosphonates) on peri-implant bone density after total hip arthroplasty, concluded that these 

strongly contribute also to minimising implant-bone micromotion, and therefore enhance implant 

primary stability (Peter et al., 2004). The author is not aware of similar studies dedicated to total 

ankle replacement (TAR). Additionally, clinical literature (including national joint registries) does 

not report osteoporosis itself as an indication for TAR primary or revision procedure, but other 

causes that may relate to osteoporosis. 
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2.7. Total ankle replacement 

 

 Currently available total-ankle-replacement designs 2.7.1.

 

Several TAR prostheses have been developed to provide patients suffering from ankle arthritis with 

pain relief and improved ankle range of motion (Vickerstaff et al., 2007). Generally speaking, these 

devices can be categorised into three generations (Henricson et al., 2007; Vickerstaff et al., 2007), 

as listed in Table  2.5. 

 

Table  2.5: Three generations of total-ankle-replacement (TAR). PE – Polyethylene. 

 

Generation Cemented Components Constraints 
    

First Yes Two components: 

talar (metal/ PE), 

tibial (PE/metal) 

Usually (but not exclusively) constrained designs. 

Second No Two components: 

talar (metal+PE), 

tibial (metal) 

Allows rotation within the mortise (semi- fixed-bearing / semi-

constrained designs) 

Third No Three components: 

talar (metal), 

tibial (metal), 

meniscal (polyethylene) 

Allows rotation within the mortise while avoiding rotational 

strains (mobile-bearing / minimally constrained designs) 

    

 

Results with first-generation TAR designs were extremely poor, demonstrating ten-year survival 

rates of only ~50% (Lever and Robinson, 2015), and their use was therefore completely 

discontinued. Main indications for failure were aseptic loosening, osteolysis, implant subsidence 

and pain (Lever and Robinson, 2015). These were predominantly attributed to the exclusive use of 

cemented fixations requiring significant tibial resection, which resulted in the tibial component 

resting solely on soft, unsupportive trabecular bone, making it more prone to loading-induced 

subsidence (Lever and Robinson, 2015; Wood et al., 2007). Additionally, the constrained design 

resulted in higher loads transmitted to the cement-prosthesis interface, leading to early loosening 

(Lever and Robinson, 2015). 

As opposed to the first-generation TAR designs, uncemented prostheses, particularly the latest 

generation of TAR prostheses (this is, actually, controversial among orthopaedic surgeons; 

Sangeorzan et al., 2015) have shown promising results in short-, medium- and long- term studies 

(Henricson et al., 2011; see also clinical literature summary in Sections  2.7.2 and  2.7.3). 

Additionally, they were shown to recreate the natural theoretical RoM of the AJC quite successfully 

(Sangeorzan et al., 2015; Valderrabano et al., 2003). This type of prostheses is, therefore, the most 
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commonly used these days (Fevang et al., 2007, see also a summary of national registries in 

Section  2.7.2). Particularly, all devices which are currently commonly used in the UK and other 

Western countries (not the US though; Lever and Robinson, 2015; Schweitzer et al., 2013) are of 

‘third-generation’ design (Table  2.5; Table  2.6; Table  2.7; AUJR, 2015; Fevang et al., 2007; 

Henricson et al., 2011; Henricson et al., 2007; Hosman et al., 2007; NOJR, 2015; NZJR, 2015; 

Skytta et al., 2010; UKJR, 2015; Vickerstaff et al., 2007). As such each consists of three 

components: talar (metal), tibial (metal) and meniscal (polyethylene, PE) components that form an 

uncemented, mobile-bearing, minimally constrained prosthesis. The mobile-bearing, minimally 

constrained design allows rotation within the mortise, thereby reducing load transmission 

(particularly rotational strains) and lowering the risk of loosening (Lever and Robinson, 2015; 

Vickerstaff et al., 2007). 

It should be noted, however, that there is no ‘conclusive’ clinical evidence to suggest superiority 

of mobile-bearing (third generation) over semi-constrained TAR devices (second generation). As 

stated above, the former type of implants is indeed used in Europe and other Western countries 

almost exclusively, whereas the latter type is almost exclusively used in the US due to FDA 

regulations (Lever and Robinson, 2015). Additionally, as the number of ankles actually implanted 

in patients is much smaller compared with other total joint replacements (as reflected in all national 

registries, e.g. AUJR, 2015; NOJR, 2015; NZJR, 2015; UKJR, 2015), there is no evidence to 

suggest superiority or inferiority of any TAR device or design features (Lever and Robinson, 2015). 

A list of the TAR prosthetic devices most predominant in Western countries is provided in 

Table  2.6. Some of the most common designs, including those investigated in this thesis, are 

discussed in detail below, where it is demonstrated that many TAR prostheses apply similar 

principles of design to achieve the same objectives (Vickerstaff et al., 2007). Rates of primary TAR 

procedures sorted according to implant brand, focusing on the three brands investigated in this 

study and on four countries (including the UK), are included in Table  2.7. 
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Table  2.6: Most commonly used TAR prostheses in Western countries (listed by alphabetical order of brand names). 

The highlighted brands are those investigated in this thesis. 

 

Brand Manufacturer Generation Prevalence Further notes 

     

AES Biomet 3rd Was the most commonly used TAR 

device in Finland (Skytta et al., 2010) 

and quite common in Sweden 

(Henricson et al., 2011) in the 

early/mid-2000s. 

Design similar to that of Buechel-

Pappas. 

Agility DePuy 2nd Was the most commonly used TAR 

device in the US (Knecht et al., 2004) 

and New Zealand (Hosman et al., 2007) 

in the early/mid-2000s, and still in 

common use in the US (Lever and 

Robinson, 2015). 

One of the few TAR prosthesis 

approved by the US FDA (Cracchiolo 

and Deorio, 2008; Lever and 

Robinson, 2015). 

Details are available below. 

BOX Finsbury / 

MatOrtho 
3rd Currently slowly gaining popularity in 

the UK (UKJR, 2015) and other 

countries (e.g. Australia; AUJR, 2015; 

NZJR, 2015). 

Details are available below. 

Buechel-

Pappas 

Endotec 3rd  Used to be one of the most successful 

TAR prostheses in Europe, but has not 

been in production since 2008. 

Details are available below. 

HINTEGRA Integra 3rd One of the three most commonly used 

TAR devices in Australia (AUJR, 

2015), currently gaining popularity in 

the UK (UKJR, 2015). 

Different fixation than all other 

devices (screw-fixation; Vickerstaff et 

al., 2007). 

Mobility DePuy 3rd Was the most common device for 

primary TAR in the UK in 2010-13 

(UKJR, 2015) and other countries (e.g. 

Australia; AUJR, 2015) but has 

recently been discontinued by DePuy 

due to commercial reasons (was not 

approved by the US FDA); accordingly, 

usage is in rapid decline in all countries 

(AUJR, 2015; NOJR, 2015; NZJR, 

2015; UKJR, 2015). 

Design similar to that of Buechel-

Pappas. 

Details are available below. 

Salto  Tornier 3rd Currently becoming more commonly 

used in the UK (UKJR, 2015), and has 

been the most commonly used TAR 

device in Australia (AUJR, 2015) and 

New Zealand (NZJR, 2015) since 

2012/13. 

Details are available below. 

Salto 

Talaris 

Tornier 2nd – 3rd Currently becoming more commonly 

used in the US (Coetzee and Deorio, 

2010; Cracchiolo and Deorio, 2008) 

and particularly in Norway (NOJR, 

2015), where it was the most 

predominant device in 2014.. 

A fixed-bearing version of Salto. One 

of the few TAR prosthesis approved 

by the US FDA (Coetzee and Deorio, 

2010; Cracchiolo and Deorio, 2008; 

Sangeorzan et al., 2015). 

Details are available below. 

STAR SBi-Northstar 3rd Used to be the most predominant TAR 

device in Sweden (Henricson et al., 

2011) and the second most predominant 

in Finland (Skytta et al., 2010) from the 

mid-1990s until the late 2000’s; was the 

most predominant design in Norway 

until 2013 (Fevang et al., 2007; NOJR, 

2015). 

Has an earlier cemented version, a 

later uncemented, single-coated 

version and a latest uncemented 

double-coated version. 

The only mobile-bearing TAR 

prosthesis approved by the US FDA 

(Coetzee and Deorio, 2010; Cracchiolo 

and Deorio, 2008; Sangeorzan et al., 

2015). 

Details are available below. 

Zenith Corin 3rd Was the most commonly used TAR 

device in the UK in 2014 (UKJR, 

2015). 
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Table  2.7: Rates of primary TAR procedures by TAR device brand, focusing on the three brands investigated in this 

study (listed alphabetically). The UK (UKJR, 2015), Norway (NOJR, 2015), Australia (AUJR, 2015) and New Zealand 

(NZJR, 2015) were included for practical reasons (the most informative national registries available, and four of the few 

to address ankle arthroplasty). 

 

 Brand UK Norway Australia New Zealand 

2010 2014 2010 2014 2010 2014 2010 2014 
         

BOX
®

 6% 16% 0% 0% 12% 6% 0% 0% 

Mobility
®

 62% 16% 33% 0% 42% 9% 61% 1% 

Salto
®

 6% 10% 0% 84%v 15% 51% 39% 94% 
         

 

2.7.1.1. Agility
®
 

 

First introduced in 1984. Semi-constrained, two-component prosthesis. The talar component is 

made of cobalt-chromium, while the tibial component is made of titanium; a PE insert is secured 

within the latter (Figure  2.7). Both parts are sintered with beads, which create porous surface 

structure that encourages bone ingrowth into the device (namely osseointegration); this contributes 

to the creation of solid cementless fixation between the prosthesis and bones. The device resurfaces 

the medial, lateral and superior articular surfaces of the talocrural joint. The articular surface of the 

tibial component is larger than that of the talar component (Figure  2.7), which allows not only 

flexion, but also some internal-external rotation and medio-lateral translation of the talar component 

to occur within the PE insert. Congruency occurs only when pure flexion is taking place, but not 

when any axial rotation is involved. The surgical procedure of implantation involves arthrodesis of 

the tibiofibular syndesmosis (distal tibiofibular joint), which causes transfer of weight to the fibula 

(Knecht et al., 2004; Pyevich et al., 1998; Vickerstaff et al., 2007). The Agility
®

 was the most 

common TAR device in the US (Knecht et al., 2004) and New Zealand (Hosman et al., 2007) 

during the first decade of the 2000s, and still in quite common use in the US, where up until 2006 it 

was the only FDA-approved TAR prosthesis (Lever and Robinson, 2015). 

 

                                                 
v Salto® / Salto Talaris® 
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Figure  2.7: The Agility® total-ankle-replacement (TAR) prosthesis (reprinted from Wood et al., 2008a, with 

permission from Elsevier, http://www.sciencedirect.com/science/journal/12687731). 

 

2.7.1.2. Buechel-Pappas
®

 

 

Three-component, mobile-bearing, minimally constrained prosthesis. The talar and tibial 

components are made from titanium alloy, while the meniscal bearing is made of ultra-high 

molecular-weight (UHMW) PE. The device is fully congruent (maintains congruency in all 

motions), which helps to hinder natural wear. Additionally, the meniscal bearing is designed so that 

it displays a relatively flat surface on the tibial side and a concave sulcus on the talar side 

(Figure  2.8). This allows internal/external rotation between the tibial and meniscal components and 

dorsi-/plantar-flexion between the talar and meniscal components on the one hand, and limit medio-

lateral translation of the meniscal PE component on the other hand. The latter helps to minimise PE 

shear stresses which accelerate wear, and also to provide the prosthesis with stability. The tibial and 

talar components are fixed to the tibia and talus by means of a stem and two fins, respectively. The 

porous surfaces of these encourage solid cementless fixation of the device to the bones. Even 

though the Buechel-Pappas
®

 has been one of the most successful TAR prostheses in Europe, it has 

not been in production since 2008, and has never been available in the US (Ali et al., 2007; Lever 

and Robinson, 2015; Su et al., 2004; Vickerstaff et al., 2007). However, TAR prostheses with 

similar design features are available (example in Section  2.7.1.4). 

 

Tibial component 

Talar component 

Polyethylene insert 

http://www.sciencedirect.com/science/journal/12687731
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Figure 2.8: The Buechel-Pappas® TAR prosthesis (reprinted from Wood et al., 2008a, with permission from Elsevier, 

http://www.sciencedirect.com/science/journal/12687731). 

 

2.7.1.3. Scandinavian Total Ankle Replacement (STAR
®

) 

 

First introduced in 1978. The initial design was of a two-component prosthesis which was secured 

to the bone using cemented fixation. The modern design is of a three-component, fully congruent, 

mobile-bearing, uncemented prosthesis. The talar component has a near anatomical shape 

(Figure 2.9); it covers the talar dome, and its wings cover the medial and lateral talar facets which 

articulate with the tibia and fibula, respectively. The talar component also has a crest on top which 

is congruent with a groove on the bottom of the meniscal component (Figure  2.9); this design 

allows medio-lateral meniscal-talar stabilisation (minimally constrained design). The tibial and talar 

components are fixed to the tibia and talus through two cylindrical bars running antero-posteriorly 

and a single fin, respectively. Differently from some of the above-discussed designs, the porous 

surfaces are coated with hydroxylapatite (HAp) to accelerate bone ingrowth into the device, which 

contributes to the creation of a more solid cementless fixation between the prosthesis and bones. 

The surgical procedure of implantation sometimes involves lengthening of the Achilles tendon, 

which is aimed at enlarging the range of dorsiflexion. The STAR
®

 prosthesis was the most popular 

TAR design in Europe between the mid-1990s and the mid-2000s, and has been the only mobile-

bearing TAR prosthesis approved by the FDA (Cracchiolo and Deorio, 2008; Lever and Robinson, 

2015; Vickerstaff et al., 2007). 

Tibial component 

Meniscal component 

(bearing) 

Talar component 

 

http://www.sciencedirect.com/science/journal/12687731
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Figure 2.9: The STAR® prosthesis (reprinted from Wood et al., 2008a, with permission from Elsevier, 

http://www.sciencedirect.com/science/journal/12687731). 

 

2.7.1.4. Mobility
®
 

 

A three-component, mobile-bearing, semi- or minimally- constrained prosthesis, with a design 

similar to that of the Buechel-Pappas
®

 (Section  2.7.1.2). The PE meniscal component is made of 

UHMW PE, while the tibial and talar components are both made of cobalt-chromium; these are 

sintered with beads that create porous surface that encourages bone ingrowth into the device 

(osseointegration), which contributes to the creation of solid cementless fixation between the 

prosthesis and bones. 

The tibial component is fixed to the core of the trabecular tibia through a stem with a tapered 

circular cross-sectional area (Figure 2.10). Its insertion requires creating an anterior ‘window’ 

which is later refilled with the resected bone. The author assumes that this fixation is unlikely to 

facilitate superior stability against rotation in the axial plane due to the cylindrical symmetry of the 

stem (see below). However, the length of this post – designed to achieve fixation by gripping on the 

deep bone tissues – contributes to achieving stability against tilting in the sagittal and coronal 

planes. Also, this fixation feature is probably more tolerant than others to anatomical variations (i.e. 

a certain size can ‘fit’ a wider range of patients with different bone anatomies). 

The talar component is fixed to the talus through two long posteriorly oriented (both in the 

proximal-to-distal and anterior-to-posterior dimensions) pegs (Figure 2.10) which are press-fit into 

grooves drilled in the talus (Cracchiolo and Deorio, 2008; DePuy, 2005). These are thought to 

provide stability against internal/external rotation and tilting in the coronal plane, and also against 

plantarflexed tilting, but little stability against dorsiflexed tilting. The implantation of the Mobility
®

 

design requires very little resection of the cortical medial and lateral sidewalls of the talus. The 

sagitally symmetrical fixation, which is spread over a wide area of the component flat tray, possibly 

contributes to distributing loads relatively evenly and across a larger bone-implant interface area. 

Tibial component 

Meniscal component 

(bearing) 

Talar component 

 

http://www.sciencedirect.com/science/journal/12687731
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The meniscal component of the Mobility
®

 prosthesis is fully congruent with the flat tray of the 

tibial component and the sulcus along the talar component (Cracchiolo and Deorio, 2008). These 

are aimed at providing medial, lateral and rotational stability (Wood et al., 2010). 

Previous radiostereometric-analysis- based research (Dunbar et al., 2012) suggested that the 

symmetry of the conical stem, which allows the tibial component to rotate more freely around the 

conical axis, may negatively affect the implant fixation at earlier stages post operation; the loading-

induced micromotion or long-term migration reported in that study may be attributed to this. The 

study presented in this dissertation investigates this observation while comparing the micromotion 

of this component to those of other designs. 

Mobility
®

 was the most common device for primary TAR in the UK in 2010-2013 (UKJR, 2015) 

and other countries (e.g. Australia, AUJR, 2015) but has recently been discontinued by DePuy after 

being disapproved by the US FDA for reasons which are not accessible to the public; accordingly, 

usage is in rapid decline in all countries for which such data exist (Table  2.7). 

 

   
Figure 2.10: The Mobility® TAR prosthesis (shown in Cracchiolo and Deorio, 2008, courtesy of P. Rippstein, MD, 

Zurich, Switzerland; removed owing to copyright issues). 

 

2.7.1.5. Bologna-Oxford (BOX
®

) 

 

A three-component, mobile-bearing, minimally constrained prosthesis. The tibial and talar 

components are both made of cobalt-chrome-molybdenum with porous surfaces, while the meniscal 

component is made of UHMW PE. The tibial and talar porous surfaces are coated with a thin layer 

of HAp to further accelerate bone ingrowth to form cementless fixation. 

The tibial component is fixed to the tibia through two long cylindrical bars running antero-

posteriorly, sitting on short connecting fins (Figure 2.11). Such design achieves fixation close to the 

joint line, were bone is denser than more proximally, and the author assumes that it is likely to 

provide the device with stability against internal/external rotation. This sagitally symmetrical 

Tibial component 

Meniscal component 

(bearing) 

Talar component 

 

The image is not shown for copyright issues. 

To view it please refer to Cracchiolo and 

Deorio (2008), Figure 5. 
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fixation, which is spread over a wide area of the component’s flat tray, possibly facilitates relatively 

even distribution of loads within the bone tissue. 

The talar component is fixed to the talus through two short posteriorly oriented pegs 

(Figure 2.11). These are designed to achieve fixation into the dense, proximal talus, while 

preserving its cortical medial and lateral sidewalls. The fact that the fixation relies on two pegs 

(rather than a single one) contributes to achieving rotational stability in the axial plane, and possibly 

to distributing the load across a greater bone-implant interface area. The posterior orientation of the 

pegs facilitates stability against plantarflexed tilting, but dorsiflexed tilting and tilting in the coronal 

plane probably remain a concern. 

The geometrical design of the prosthesis is a product of previous research of the ankle 

kinematics, concluding that the lateral calcaneofibular and deltoid tibiocalcaneal ligaments, together 

with the articular surfaces, are the ones to guide the ankle motion, and as such they remain taut and 

isometric during passive motion (Leardini et al., 1999a, b). The developers of this device tried to 

recreate this, as well as the eversion/inversion originated mainly in the subtalar joint, and found that 

this can be best achieved with a non-anatomical design where the tibial part has a convex, spherical 

distal surface, and the talar part has a circular, convex sagittal plane arc, with a radius of curvature 

larger than that of the natural talus (Figure 2.11). Both parts are fully congruent with the relatively 

thin meniscal part irrespectively of joint position. Similarly to the Mobility
®

 design 

(Section  2.7.1.4), the BOX
®

 talar part has a concave sulcus (Figure 2.11) to limit medio-lateral 

translation of the meniscal component, providing the prosthesis with stability. During dorsiflexion, 

the PE meniscal component moves forward, and it moves backwards during plantarflexion 

(Cracchiolo and Deorio, 2008; Finsbury, 2010; Giannini et al., 2011). 

BOX
®

 is currently slowly gaining popularity in the UK (UKJR, 2015) and other countries (e.g. 

Australia; AUJR, 2015; NZJR, 2015) (Table  2.7). 

 

 

Figure 2.11: The BOX® TAR prosthesis (reprinted from Affatato et al., 2007, with permission from Elsevier, 

http://www.sciencedirect.com/science/journal/00219290). 

 

Tibial component 

Meniscal component 

(bearing) 

Talar component 

 

http://www.sciencedirect.com/science/journal/00219290
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2.7.1.6. Salto
®

 / Salto Talaris
®
 

 

A three-component, mobile-bearing, minimally constrained prosthesis. The tibial and talar 

components are both made of cobalt-chrome alloy coated with thin porous layers of pure titanium 

and HAp, aimed at allowing cementless implant-bone fixation through osseointegration.  

The tibial component is fixed to the tibia through a keel consisting of a hollow cylinder and a 

relatively long (considerably longer than the fin of the BOX
®

 tibial component, but slightly shorter 

than the Mobility
®

 stem) connecting fin (Figure 2.12). Similarly to the Mobility
®

 tibial component, 

it is inserted through an anterior ‘window’ (Tornier, 2009b). The distal-to-proximal length of this 

post contributes to achieving stability against tilting in the sagittal and coronal planes (similarly to 

the Mobility
®

 tibial design; Section  2.7.1.4), while its antero-posterior length can provide stability 

against internal/external rotation (similarly to the BOX
®

 tibial design; Section  2.7.1.5). The design 

of the keel involving both a connecting fin with a constant rectangular cross section and a slightly 

wider cylinder at the top possibly contributes to the grip of the component into the bone (an effect 

similar to that of a hook). Additionally, the cavity and holes located along this cylinder ‘invite’ the 

bone to grow into them, thereby contributing to the establishment of a solid cementless fixation 

between the bone and prosthetic device. 

The talar component replicates the anatomy of the talar dome, where the medial radius of 

curvature is smaller than the lateral one, but as opposed to other designs also covers the lateral facet 

of the talus (after bone resection) to articulate with the distal fibula (Figure 2.12). Fixation to the 

bone is achieved through a hollow cylindrical peg. It is likely that the length of the fixation peg can 

provide stability against tilting in the sagittal and coronal planes, and the cavity and holes located 

along this peg further contribute to fixation. The lateral part of the component covering the resected 

lateral talus contributes to rotational stability in the axial plane, but compromises the stiffness of the 

talus when considered as a whole (as opposed to other talar-component designs, for example the 

BOX
®

 and Mobility
®

, which preserve considerably more of the lateral cortical sidewall of the talus; 

Sections  2.7.1.4 and  2.7.1.5). The groove on the proximal surface of the talar component forces 

ancillary internal-external rotation of the foot/ankle with flexion. The meniscal component, made of 

PE, is nearly fully congruent with the other components (Cracchiolo and Deorio, 2008). 

The Salto
®

 has a twin design, Salto Talaris
®

, which is a semi-fixed-bearing device, where the 

meniscal PE component is inserted into a tray in the tibial metallic component (Cracchiolo and 

Deorio, 2008; Figure  2.12). 

The mobile version of Salto
®

 has been the most commonly used TAR device in Australia 

(AUJR, 2015) and New Zealand (NZJR, 2015) since 2012/13, and is currently becoming more 
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commonly used in the UK (UKJR, 2015) (Table  2.7). Salto Talaris
®

 was the most predominant 

TAR design in Norway in 2014 (NOJR, 2015). 

 

  

Figure 2.12: The Salto® / Salto Talaris® TAR prosthesis (shown in Cracchiolo and Deorio, 2008, courtesy of Tornier, 

Saint Ismier, France; removed owing to copyright issues). 

 

To conclude, with the exception of the Agility
®

 TAR prosthesis, all contemporary TAR designs 

have three components that form mobile-bearing, minimally constrained prostheses (the PE mobile-

bearing component was first introduced in the Buechel-Pappas
®

). All of them rely on cementless 

fixation formed by bone ingrowth into porous metallic surfaces. These have shown promising 

results and are, therefore, currently in exclusive use in the UK and other Western countries. 

Interestingly, the least anatomically designed prosthesis (BOX
®

) is allegedly the one to reproduce 

physiological ligament strains most accurately (Giannini et al., 2011), which is in disagreement with 

previous research suggesting that the more anatomical the design of the ankle prosthesis is, the 

more it is able to replicate the kinematics and ligament tensions of the natural joint (Valderrabano et 

al., 2003). Most changes in TAR design currently focus on the fixation of the device, which is 

regarded as the main indication for implant failure (Vickerstaff et al., 2007). 

As stated above, some TAR devices rely on similar design features to achieve fixation. Some 

studies have suggested certain design features to be superior in terms of implant fixation and 

transfer of loads to the adjacent bone tissues. It has been suggested, for example, that stem-style 

tibial-component designs (e.g. Buechel-Pappas
®
, Mobility

®
 and Salto

®
), which insertion into the 

tibia requires creating an anterior ‘window’ during arthroplasty, weakens the anterior tibia, thereby 

hampering bone-implant fixation (Lever and Robinson, 2015). Arguments regarding the potential 

increased support allegedly provided by resurfacing the sides of the talus (as in Salto
®

, for example) 

on the expense of bone mass preservation have also been raised (Lever and Robinson, 2015). Such 

assumptions, however, currently lack solid clinical or biomechanical evidence (Lever and 

Robinson, 2015) 

 

Tibial component 

Meniscal component 

(bearing) 

Talar component 

 

The image is not shown for copyright issues. 

To view it please refer to Cracchiolo and 

Deorio (2008), Figure 1a. 
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 Total-ankle-replacement procedures and designs in various countries 2.7.2.

 

As briefly discussed above, different brands and designs of TAR prostheses are more commonly 

used in different countries, as reflected in national joint registries (as well as systematic reviews 

dealing with specific countries). These provide data not only of brands used in TAR, but also of 

numbers and incidence of TAR performed in each country, indication for TAR and TAR revision, 

survival rates and patient demography. A summary of the national registries that the author found 

most informative (the few to address ankle arthroplasty) is provided in Table  2.8. Data has been 

collected since the mid-1990s in Scandinavia, since the early 2000s in Australia and New Zealand 

and only since 2010 in the UK. In Scandinavia, mean age of TAR primary or revision procedure has 

been 58-59 y, and the majority (56-61%) of patients have been females. In Australia, New Zealand 

and the UK, TAR patients have been older (mean age 66-68 y) and consisted mostly of males (58-

62%). The main indication for primary TAR is arthritis (50-99%; OA or RA), while the most 

common indication for TAR revision is loosening of the tibial or talar component (30-50%), 

followed by pain, instability and infection (Table  2.8). Revision rates are considerably larger in 

Scandinavia (22-30%, as opposed to 9-14% in Australia and New Zealand and only 2% in the UK), 

which can be attributed to the longer Scandinavian follow-up durations. Five-year survival rates 

range between 81-90%. As of the most-commonly used brands of TAR prostheses, Mobility
®

 used 

to be the most popular TAR design in Australia (42%), New Zealand (61%), Sweden (66%) and the 

UK (62%) in 2010, and fairly prevalent in Norway as well (33%), but usage is in rapid decline in all 

countries, resulting in 9%, 1%, 16% and 0% shares in 2014 in Australia, New Zealand., the UK and 

Norway, respectively. Salto
®

 / Salto Talaris
®

, on the other hand, is rapidly gaining popularity; 

shares increased from 15%, 39%, 0%, and 6% in 2010 to 51%, 94%, 84% and 10% in Australia, 

New Zealand, Norway and the UK, respectively (Table 2.7 and Table  2.8). 

  



 

 

Table  2.8: Data of national joint registries (or systematic reviews of equivalent data) discussing TAR designs and clinical outcomes of TAR procedures in different Western countries (listed by 

alphabetical order). OA – osteoarthritis, RA – rheumatoid arthritis. 

 
Reference Total no. of 

primary TARs 

in the registry 

Date of primary 

or revision 

operation 

Age of procedure 

(years): 

mean/range 

Sex 

(% 

males) 

Indications for TAR Top 4 brands used 

in 2010 (by 

alphabetical order) 

Top 4 brands used in 

2014 (by 

alphabetical order) 

Revision 

rate since 

data collection 

started 

Indications for revision 

(% from no. of revision procedures) 

Survival 

rate 

Australia 
AUJR, 

2015 

1,504 2006-2014 66 / 20-94 60% OA: 93%; 

RA: 6%; 

Other type of arthritis: <1%; 

Instability: <1%; 

Fracture/dislocation: <1%; 

Osteonecrosis: <1%; 

Other: <1% 

BOX: 12%; 

HINTEGRA: 26%; 

Mobility: 42%; 

Salto: 15% 

BOX: 4%; 

HINTEGRA: 25%; 

Mobility: 9%; 

Salto: 51% 

 

9% Loosening/osteolysis: 34%; 

Instability: 11%; 

Pain: 9%; 

Infection: 8%; 

Meniscal failure: 6%; 

Fracture: 6%; 

Prosthesis dislocation: 5%; 

Arthrofibrosis: 2%; 

Heterotopic bone: 2%; 

Incorrect sizing: 2% 

Metal-related pathology: <1% 

Meniscal wear: <1% 

Wear of the tibial component: <1% 

Others: 14% 

N/A 

New Zealand 
Hosman et 

al., 2007; 

NZJR, 

2015 

1,160 2000-2014 66 / 32-96 62% OA: 73%; 

RA: 9%; 

Trauma: 17%; 

Other types of inflammation: 2%; 

Necrosis: <1% 

Mobility: 61%; 

Salto: 39% 

HINTEGRA: 3%; 

Mobility: 1%; 

Salto: 94%; 

Zimmer: 2% 

14% Loosening: 50% (talar: 29%, tibial: 21%); 

Pain: 23%; 

Infection: 6% 

5-year: 

90%; 

9-year: 

83% 

Norway 
Fevang et 

al., 2007; 

NOJR, 

2015 

958 1994-2014 59 44% Fracture: 28%; 

RA: 25%; 

OA: 25%; 

Ligament injury: 8%; 

Ankylosing spondylitis: <1%; 

Infection: <1%; 

Other: 5% 

CCI: 16%; 

Mobility: 33%; 

STAR: 51% 

CCI: 12%; 

Salto Talaris: 84%; 

TM: 4% 

30% Loosening: 30% (talar: 12%, tibial: 17%); 

Pain: 25%; 

Meniscal failure: 14%; 

Misalignment: 11%; 

Joint instability: 8%; 

Infection: 5%; 

Implant fracture: 2%; 

Dislocation: <1%; 

Other: 5% 

5-year: 

89%; 

10-year: 

76% 

Sweden 
Henricson 

et al., 2011 

780 1993-2010 58 / 18-86 39% RA: 36%; 

Posttraumatic arthritis: 34%; 

OA: 24%; 

Others: 6% 

CCI: 34%; 

Mobility: 66% 

N/A 22% Loosening: 40%; 

Instability: 13%; 

Technical error (misalignment, sizing): 11%; 

Joint infection: 11%; 

Meniscal failure: 10%; 

Pain: 7%; 

Varus alignment: 5%; 

Implant fracture: 3% 

5-year: 

81%; 

8-year: 

73%; 

10-year: 

69% 

UK 
UKJR, 

2015 

2,554 2010-2014 68 / 17-91 58% N/A BOX: 6%; 

Mobility: 62%; 

Salto: 6%; 

Zenith: 19% 

BOX: 16%; 

Mobility: 16%; 

Salto: 10%; 

Zenith: 28% 

 

2% Loosening: 43% (talar: 22%, tibial: 20%); 

Pain: 33%; 

Joint infection: 27%; 

Stiffness: 18%; 

Misalignment: 14%; 

Soft tissue impingement: 14%; 

Osteolysis: 10%; 

Component migration: 6%; 

Implant fracture: 4% (all talar); 

Meniscal wear: 2%; 

Meniscal dislocation: 2%; 

Other: 24% 

3-year: 

97% 
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 Clinical outcomes of different total-ankle-replacement designs 2.7.3.

 

Different TAR designs have demonstrated different clinical outcomes. For the most-commonly used 

devices, the key findings of clinical studies – each exploring a certain design – are listed in 

Table  2.9, together with the indications for arthroplasty. All studies confirm than the main 

indication (88-100%) of TAR is arthritis. AOFAS (American Orthopaedic Foot and Ankle Society) 

ankle-hindfoot scores, used to quantify the success of the procedure according to levels of pain 

experienced by the patient, patient function and ankle/foot alignment (Kitaoka et al., 1994), indicate 

a major improvement in the clinical status of the ankle after arthroplasty for all designs (without 

considerable differences in post-operative scores between them). The RoM of the ankle seems to 

improve as well. The most common complications of the surgery or negative outcomes of 

arthroplasty are loosening, mainly of the tibial component, and bone fractures during or after 

surgery. Other complications include migration or subsidence, misalignment, PE wear, 

impingement, limited RoM and pain (Table  2.9). 

It would be inevitable to try using the data presented in Table  2.9 to compare the performance of 

different TAR designs. However, extra caution should be taken when doing that for several reasons. 

Particularly, the data listed in the table were collected from several studies conducted by different 

researchers, some of them may have conflict of interests (manifested in the follow-up study being 

conducted by the developers of the device). Follow-up times also differ between studies (Table  2.9). 

Nonetheless, it can be observed that most devices demonstrate 5-year survival rates larger than 

90%; additionally, a larger proportion of patients treated with Mobility
®

 appear to report high levels 

of satisfaction compared with BOX
®

 and Salto
®
. 

 



 

 

Table  2.9: Summary of clinical literature discussing indications and outcomes of several TAR designs (listed by alphabetical order). DF – dorsiflexion, OA – osteoarthritis, PF – 

plantarflexion, RoM – range of motion, RA – rheumatoid arthritis. 

 
Reference No. of 

patients/ 

ankles 

Age 

(years): 

mean/ 

range 

Date of 

surgery 

Follow-

up 

duration 

(months): 

mean / 

range 

Indications for surgery AOFAS scores: 

mean / range on 

0-100 scale (or 

other clinical 

scores) 

RoM (from 

radiographs): 

DF-PF preoperative  

DF-PF postoperative 

Cumulative 

survival: 

follow-up 

(years) / 

rate 

Satisfaction 

rate:  

follow-up 

(years) /  

satisfied or 

very 

satisfied 

Implant- or surgery- related complications 

Agility
® 

Knecht et al., 

2004 

126 / 132 61 /  

27-83 

1984-

1994 

86 /  

24-192 

Posttraumatic OA: 46%; 

Primary OA: 29%; 

RA: 24%; 

Other: 2% 

N/A (N/A-N/A)   

(N/A-19°) 

14 / 63% 5 / 92% Component subsidence: 12%; 

Loosening and/or migration (tibial/talar): 3%; 

Tibial component fracture: 2%; 

Misalignment: 1% 

BOX
® 

Giannini et 

al., 2011vi 

156 / 158 61 /  

30-83 

2003-

2007 

18 /  

6-48 

Posttraumatic OA: 80%; 

Primary OA: 11%; 

RA: 6%; 

Other types of arthritis: 2% 

Preoperatively: 

36 / 0-74; 

Postoperatively: 

79 / 76-82 

(0°-16°)  

(6°-19°) 

5 / 96% N/A Malleolar fractures: 2%; 

Malleolar stress fractures: 1%; 

Talar component malpositioning: <1% 

Bianchi et 

al., 2012 

60 / 62 57 /  

26-76 

2004-

2008 

43 /  

24-71 

Posttraumatic OA: 89%; 

RA: 8%; 

Primary OA: 2%;, 

Chondrocalcinosis: 2% 

Preoperatively: 

35 / 4-73; 

Postoperatively: 

78 / 57-100 

(4°-14°)  

(8°-17°) 

6 / 92% 6 / 78% Loosening of the tibial component: 3%; 

Loosening of the talar component: 2%; 

Collapse of the talar component: <1%; 

Talar cavitation: <1% 

Buechel-Pappas
®

 
Ali et al., 

2007 

34 / 35 69 /  

58-84 

1990-

2005 

60 /  

3-150 

Posttraumatic OA: 70%; 

Primary OA: 30% 

Preoperatively: 

35 / 20-56; 

Postoperatively: 

76 / 54-100 

Total RoM: 

Preoperative: N/A, 

Postoperative: 44° 

5 / 97% 97% Intra-operative malleolar fractures:6%; 

Asymptotic talar misalignment: 3% 

Buechel et 

al., 2003vii 

49 / 50 49 /  

26-71 

1991-

1998 

60 /  

24-120 

Posttraumatic OA: 66%; 

Primary OA: 16%; 

RA: 16%; 

Others: 2% 

Clinical scores: 

Excellent: 48%; 

Good: 40% 

Total RoM: 

Preoperatively: 27°, 

Postoperatively: 28° 

10 / 94% N/A Postoperative malleolar fractures: 6%; 

Talar component subsidence: 2%; 

Meniscal wear: 2% 

HINTEGRA
®
 

Hintermann 

et al., 2004viii 

116 / 122 56 /  

22-85 

2000-

2002 

19 /  

12-36 

Posttraumatic OA: 75%; 

Primary OA: 13%; 

Other types of arthritis: 8%; 

Other: 4% 

Preoperatively: 

40; 

Postoperatively: 

85 

Total RoM: 

Preoperative: N/A, 

Postoperative: 38° 

3 / 95% 3 / 84% Loosening (tibial/talar): 5%; 

Impingement: 2%; 

Dislocation of meniscal component: <1%  

Mobility
®
 

Wood et al., 

2010 

96 / 100 66 /  

41-95 

2003-

2005 

43 /  

4-63 

OA: 73%; 

RA: 27% 

Preoperatively: 

35 / 12-72; 

Postoperatively: 

79 / 15-100 

(N/A-8°)   

(N/A-14°) 

5 / 94% 5 / 97% Post-operative malleolar fractures: 4%; 

Intra-operative malleolar fractures: 2% 

                                                 
vi Study was conducted by the developers of the device. 
vii Ibid. 
viii Ibid. 



 

 

Salto
®
 

Bonnin et al., 

2004ix 

96 / 98 56 /  

26-81 

1997-

2000 

35 /  

24-68 

Posttraumatic OA: 44%; 

Primary OA: 14%; 

RA: 27%; 

Secondary chronic laxity: 8%; 

Sequelae of septic arthritis: 4% 

preoperatively: 

32; 

Postoperatively: 

83 

(-1°-16°)   

(12°-16°) 

5½ / 98% 

(97% for 

OA and 

100% for 

RA) 

5½ / 92% Loosening of the tibial component: 1%; 

Loosening of the talar component: 1%; 

Talar component migration: 1% 

Reuver et al., 

2010  

55 / 59 57 /  

34-77 

2003-

2007 

36 /  

12-65 

Posttraumatic OA: 40%; 

RA: 32%; 

Primary OA: 27%; 

Preoperatively: 

N/A, 

Postoperatively: 

75 

(N/A-N/A)   

(10°-11°) 

3 / 88% 3 / 83% Loosening (tibial/talar): 9%; 

Malleolar fractures: 5% 

Schweitzer et 

al., 2013 – 

Salto-

Talaris® 

67 / 67 63 /  

34-86 

2007-

2009 

34 /  

24-54 

Posttraumatic arthritis: 76%; 

OA: 16%; 

RA: 4%; 

Psoriatic arthritis: 1%; 

Hemochromatosis: 1% 

Preoperatively: 

39 / 8-69; 

Postoperatively: 

79 / 49-100 

N/A 2-4½ / 96% N/A Impingement: 6%; 

Loosening of the tibial component: 4%; 

Limited RoM: 4%; 

Delayed wound healing: 4%; 

Painful hardware: 3%; 

Intra-operative fracture: 3%; 

Post-operative fracture: 1% 

STAR
®
 (cemented/uncemented) 

Kofoed, 2004 

- cemented 

33 ankles 60 /  

31-78 

1986-

1989 

112 /  

12-144 

OA: 61%; 

RA: 49% 

Preoperatively: 

29; 

Postoperatively: 

74  

N/A 12 / 70% N/A Tibial component loosening: 18%; 

Tibial component subsidence after trauma: 3%; 

Ligament raptures: 3% 

Kofoed, 2004 

- uncemented 

25 ankles 58 /  

31-78 

1990-

1995 

114 /  

12-144 

OA: 88%; 

RA: 12% 

Preoperatively: 

30; 

Postoperatively: 

92 

N/A 12 / 95% N/A N/A 

Wood et al., 

2008b - 

uncemented 

184 / 200 60 /  

18-83 

1993-

2000 

88 /  

60-156 

for 

71.5% of 

the 

patients; 

43 /  

4-111 for 

17% of 

the 

patients; 

For 12% 

of 

patients: 

N/A 

Inflammatory arthritis: 60%; 

OA: 40% 

Preoperatively: 

N/A; 

Postoperatively: 

75 / 20-94 

N/A 11 / 80% N/A Loosening (tibial/talar): 13%; 

Edge loading: 5%; 

Intraoperative malleolar fractures: 5%; 

Post-operative fractures: 5%; 

Fractured meniscal insert: <1% 

Valderrabano 

et al., 2004 - 

uncemented 

65 / 68 56 /  

22-85 

1996-

1999 

44 /  

29-74 

Posttraumatic OA: 71%; 

Primary OA: 16%; 

Other types of arthritis: 13% 

Preoperatively: 

25 / 3-44; 

Postoperatively: 

84 / 44-100 

(N/A-N/A)   

(5°-23°) 

87% 97% Progressive restriction of RoM: 16%; 

Tibial loosening + meniscal wear: 4%; 

Tibial loosening: 3%; 

Overlength of the fibula after talar subsidence: 2%; 

Overlength of the fibula with lateral subluxation of 

the inlay: 2% 

 

                                                 
ix Ibid. 
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2.8. Positioning and malpositioning of total-ankle-replacement components 

 

Manufacturers of TAR prostheses provide very detailed guidelines for the positioning and 

orientation of both implant components during arthroplasty surgery (DePuy, 2005; Finsbury, 2010; 

Tornier, 2009b, a). Proper implant positioning is regarded as necessary for achieving good clinical 

results (Saltzman et al., 2004; Schuberth et al., 2006). Deviation from the manufacturer’s 

recommended positioning has been identified in clinical studies as a possible cause of poor 

outcomes (Saltzman et al., 2004), including pain and premature wear of the PE meniscal component 

(Conti and Wong, 2001; Pyevich et al., 1998), which may lead to osteolysis. As a result of the large 

loads acting in the ankle joint, even a slight degree of implant malpositioning has been claimed to 

result in a higher rate of failure (Stamatis and Myerson, 2002). 

Valgus malpositioning (Figure 2.13a,b) of the tibial component of Agility
®

, for example, has 

been associated with migration towards greater malpositioning, as well as a higher risk of stress 

fractures (Jung et al., 2004). It has been further suggested that varus/valgus positioning of any of the 

TAR components can also result in foot arch discomfort, gutter pain due to impingement or lateral 

foot pain due to excessive lateral weight-bearing (Conti and Wong, 2001). It may also lead to 

elevated loads acting on the PE component along an edge of the tibial/talar metal component, which 

accelerates PE wear (Conti and Wong, 2001; Stamatis and Myerson, 2002).  

Espinosa et al. (2010) developed an experimentally validated finite-element (FE) model to 

explore the distributions of contact pressures occurring on the PE meniscal component of the 

Agility
®

 (semi-fixed-bearing design) and Mobility
®

 (mobile-bearing design; Section  2.7.1) TAR 

designs as a potentially important factor in premature wear. They were particularly interested in 

how these are affected by malpositioning. The study included up to 10° of varus/valgus- and 5° of 

internal/external-rotation- malpositioning of the tibial and talar components. Varus/valgus 

malpositioning of both designs resulted in elevated contact pressures (similar effects for varus- and 

valgus- malpositioning), but the sensitivity of Mobility
®

 to deviations from the standard position 

was shown to be smaller, which was explained by the mobility of its PE insert. It was therefore 

concluded that such malpositioning of both designs should be avoided in order to minimise risk of 

premature PE wear. On the contrary, internal/external rotation of the tibial/talar component was 

shown to affect contact pressures acting on the PE insert only to a minor extent. Further details 

about this study are available in Section  2.10.2. 

Varus/valgus malpositioning of the tibial component has been characterised to adversely affect 

ligament function as well. Saltzman et al. (2004) used a cadaveric model to investigate the effect of 
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malpositioned Agility
®

 tibial component on peri-ankle ligament lengths during the stance phase of 

gait; among the types malpositioning explored was 10° of varus/valgus. It was found that extension 

of the tibiocalcaneal ligament was considerably increased by such malpositioning. 

It seems that 5-10° varus/valgus malpositioning (measured with respect to the long axis of the 

tibia; Figure 2.13a,b), especially of the tibial component, is among the most common types of TAR 

malpositioning during surgery, which has been confirmed by an orthopaedic consultant specialised 

in foot and ankle surgery (James Calder). Among other types of TAR malpositioning recorded in 

the literature are dorsiflexed positioning of the tibial component (Figure 2.13c) and dorsi- or 

plantar- flexed positioning of the talar component of a similar magnitude (5°-10°; Doets et al., 

2006). These may lead to a gap between the implant and the bone, often seen clinically on post-

operative x-ray scans (Figure 2.13d), and are likely to result in increased micromotion. Indeed, the 

surgeon involved in this study considered gap-related malpositioning, along with the other types of 

malpositioning modelled herein, among the most worrying radiographic findings; however, no data 

exist to report their impact on the fixation and primary stability of TAR. A study exploring the 

effects of malpositioning manifested in a small gap between bone and implant has been recently 

published by the author’s group for the glenoid component in the shoulder, and this gap was related 

to increased micromotion (Sukjamsri et al., 2015). 

 

      
 

(a) (b) (c)  (d) 

    
Figure  2.13: Radiographs demonstrating several types of malpositioning of the tibial TAR component: (a) anterior 

radiograph of a varus-malpositioned Buechel-Pappas® tibial component, as measured with respect to the long axis of the 

tibia (shown in Doets et al., 2006; copyright holder: with Wolters Kluwer; removed owing to copyright issues); (b) 

anterior radiographs of a valgus-malpositioned Agility® tibial component (shown in Jung et al., 2004; copyright holder: 

Wolters Kluwer; removed owing to copyright issues); (c) sagittal radiograph of a dorsiflexed-malpositioned Buechel-

Pappas® tibial component, as measured with respect to the long axis of the tibia (shown in Doets et al., 2006; copyright 

holder: Wolters Kluwer; removed owing to copyright issues); (d) sagittal radiograph of STAR® component implanted 

into the tibia, but with a posterior gap at the fixation interface (indicated with a red arrow; Mayo Clinic, 2012, used 

with permission of Mayo Foundation for Medical Education and Research, all rights reserved). 

 

The image is not shown for 

copyright issues. To view it please 

refer to Jung et al. (2004), Figure 4. 

The image is not 

shown for 

copyright issues. 

To view it please 

refer to Doets et al. 

(2006), Figure 2a. 

The image is not 

shown for 

copyright issues. 

To view it please 

refer to Doets et al. 

(2006), Figure 2b. 



 Chapter 2  Literature review 

 

 

 

  42  

2.9. Implant micromotion, primary cementless fixation and loosening 

 

Adequate primary fixation of joint arthroplasty devices is strongly associated with good short- and 

long- term clinical results (Viceconti et al., 2000). Much like other joint replacement prostheses, 

poor primary stability of the TAR device may impede bone ingrowth into the prosthesis fixation 

surface (osseointegration; Pilliar et al., 1986), thereby hampering implant fixation; this may 

eventually result in implant loosening (Abdul-Kadir et al., 2008; Mont and Hungerford, 1997; 

Soballe, 1993; Szmukler-Moncler et al., 2000; Szmukler-Moncler et al., 1998). The instability of a 

prosthesis is commonly quantified as the relative motion occurring between the bone and implant at 

the fixation interface when subjected to physiological loads (Abdul-Kadir et al., 2008). Large 

movements are likely to impede prosthesis fixation and instead lead to the formation of fibrous 

tissue at the bone-implant interface (Pilliar et al., 1986; Soballe, 1993; Szmukler-Moncler et al., 

2000; Szmukler-Moncler et al., 1998), which may culminate in implant aseptic loosening – 

currently regarded as the primary indication for TAR revision (Section 2.7.2). 

The level of micro-movements (commonly referred to as ‘micromotion’) above which 

osseointegration is less likely to occur has been studied in animal models and humans. A systematic 

review of mechanical and histological studies in dogs by Soballe (1993) concluded that this critical 

micromotion level is smaller than 150 µm. Another in vivo study conducted in dogs (Bragdon et al., 

1996) found that implant oscillations of 20 µm resulted in high interference stiffness indicating 

stable bone ingrowth; oscillations of 150 µm culminated in the implant being stabilised only by 

fibrous tissue; oscillations of 40 µm led to the formation of a mixture of bone and fibrous tissue at 

the bone—porous coating interface. In a review of studies exploring the fixation of dental implant 

in animals, Szmukler-Moncler et al. (1998) identified this critical value to lie within the 50-150 µm 

range. Studies in humans identified the micromotion threshold to be of similar magnitude. For 

example, a study examining femoral stem prostheses retrieved from patients (Engh et al., 1992) 

found that micromotion larger than 150 µm led to the formation of a fibrous membrane at the bone-

implant interface, while micromotion smaller than 40 µm culminated in osseointegration. 

The only previously published work to explore micromotion of TAR prostheses is an 

experimental study in cadaveric specimens conducted by McInnes et al., 2014. This study found 

increased (> 1000 µm) loading-induced implant-bone micromotion for the Agility
®

 compared with 

the STAR
®

 device, which the authors associated with the better clinical outcomes reported in the 

literature for the STAR
®

 prosthesis. 
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2.10. Finite-element modelling to explore fixation of joint replacement devices 

 

 The power of finite-element modelling in biomechanical research 2.10.1.

 

Computational biomechanical modelling, particularly FE modelling, has been employed in the past 

few decades as a fast, economic, powerful and therefore efficient tool for exploring the 

biomechanical causes and consequences, in terms of tissue strains/stresses, of physiological and 

pathological conditions. Most importantly, in silico research, as opposed to epidemiological or 

clinical research, allows close examination of a single factor that could affect the physiological or 

pathological condition of interest. It then facilitates the investigation of the direct effect of this 

factor on tissue strains/stresses that have previously been linked with causes or consequences of this 

condition. Crucially, this factor is isolated from any co-exiting factors potentially affecting them, 

such as subject variability present in patient and cadaveric studies (Sopher and Gefen, 2011). 

Computational modelling also allows large-scale multi-factorial studies to be carried out, which is 

not feasible in the in vitro or in vivo research approaches (Clarke et al., 2012). Furthermore, as 

opposed to experimental testing, the in silico approach facilitates the creation of detailed models of 

tissue strains/stresses, thereby providing a more comprehensive view of the mechanisms behind the 

physiological/pathological scenario investigated. Computational research is also limited by ethical 

and practical considerations to a much smaller extent compared with animal, human cadaveric or 

patient studies. 

Despite its advantages, the use of the FE approach in biomechanical research is limited by the 

assumptions made to simplify the physiological scenario so to allow its translation into in silico 

simulation. These assumptions, which relate to boundary and loading conditions, interface 

properties and tissue mechanical properties, directly affect the accuracy of the simulation outcomes 

(Sukjamsri et al., 2015), which should be carefully considered when interpreting the model outputs. 

Experimental validation of the FE model is therefore of great importance. 

Yet, given the above-mentioned and other limitations of clinical/patient research and the use of 

cadaveric material, FE simulations have been extensively used as an effective research approach in 

the field of orthopaedics, including the design and performance review of total joint replacement 

devices and the aetiology of their failure, which is within the main focus of this thesis. 
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 Finite-element modelling in ankle-replacement biomechanics research 2.10.2.

 

Not many studies have employed FE modelling to explore physiological and pathological 

conditions in the AJC, and very few of them explored the performance of currently used TAR 

devices. 

Terrier et al. (Terrier et al., 2015; Terrier et al., 2013, 2014) developed a FE model of the Salto
®
 

tibial component implanted to the tibia to explore the bone strains/stresses occurring at the implant 

vicinity. The mobile PE meniscal component was modelled by adjusting the position of loading 

applied to the tibial component (centred, anterior, posterior). They found that strains were 

particularly elevated around the cylindrical part of the keel and immediately to the component tray 

(Figure 2.14a); differences between the three loading cases in peak strains and volumetric exposures 

to elevated strains were minor. The model was implemented to compare the performance of the 

mobile- (Salto
®

) and fixed- (Salto-Talaris
®

) bearing versions of the implant, and concluded that 

there was not any significant difference between the two in terms of strains/stresses occurring at the 

bone-implant interface. The model was validated using a specifically developed experimental setup 

applied on eight cadaveric tibiae, where strains were measured on the bone surface using digital-

image-correlation (DIC) technique; these strains were compared against those predicted by the FE 

model for the purpose of validation.  

Espinosa et al. (2010) introduced a FE model to explore the magnitudes and distributions of 

contact pressures occurring in the PE meniscal component of the Agility
®

 (‘2
nd

 generation’) and 

Mobility
®

 (‘3
rd

 generation’; Section  2.7.1) TAR designs as a potentially important factor in 

premature wear. They were particularly interested in how these are affected by implant 

malpositioning during arthroplasty surgery. The malpositioned model variants included up to 10° of 

varus/valgus- and 5° of internal/external-rotation- malpositioning of the tibial and talar components. 

Four segments of the gait cycle (initial contact, mid-stance, heel rise and toe-off; Section  2.4) were 

simulated by adjusting the component positioning and axial load applied to the joint model, which 

included an explicit representation of all components (metal and PE). It was found that contact 

pressures were considerably (approximately 3-fold) larger for the optimally positioned Agility
®

 

compared with the Mobility
®

 design, which was attributed by the researchers to the congruency and 

minimal kinematic constraint of Mobility
®

. Varus/valgus malpositioning of both designs resulted in 

elevated contact pressures, but the sensitivity of Mobility
®

 to deviations from the ‘standard’ 

position was shown to be smaller (Figure 2.14b), which was explained by the mobility of its PE 

insert (Section  2.7.1). It was therefore concluded that such malpositioning of both designs should be 

avoided in order to minimise risk of premature PE wear. On the other hand, internal/external 
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rotation of the tibial/talar component was shown to affect contact pressures acting on the PE insert 

only to a minor extent. The model was validated through experimental testing of the two implant 

designs with use of contact-pressure measurement sensors. 

Reggiani et al. (2006) designed a FE model (Figure 2.14c) to investigate the performance of the 

BOX
®

 TAR device. Model geometry included an explicit representation of all three components 

(metal tibial and talar components modelled as rigid bodies, and meniscal PE component), as well 

as the main AJC ligaments, each modelled as an array of fibres linking the rigid tibial and talar 

segments. Axial and anterior-posterior forces, as well as internal-external rotation and dorsiflexion-

plantarflexion torques, were dynamically applied to the tibial and talar components to simulate 

loads acting on the device during the stance phase of gait. The kinematics (relative motions of the 

implant components) and contact pressures (magnitudes and distributions on the PE component) 

occurring in the device during simulated stance were analysed. 

None of these studies addressed the micromotion at the bone-implant interface, which is within 

the focus of this thesis. 

 

  
(a) (b) 

  

 
(c) 

 
Figure  2.14: Examples finite-element models exploring the performance of currently used TAR devices: (a) Terrier et 

al., 2013: shear strain distribution on a sagittal cut view of the tibia into which the Salto® design was implanted 

(reproduced with permission from Taylor & Francis, http://www.tandfonline.com/loi/gcmb20); (b) Espinosa et al., 

2010: example two model variants simulating malpositioning of the Mobility® implant, and corresponding pressure 

distribution (reproduced with permission from Rockwater Inc.); (c) Reggiani et al., 2006: sagittal view of the BOX® 

components modelled, along with the main ligaments contained in the AJC (reprinted with permission from Elsevier, 

http://www.sciencedirect.com/science/journal/00219290). 
 

http://www.tandfonline.com/loi/gcmb20
http://www.sciencedirect.com/science/journal/00219290
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 The use of finite-element modelling for osseous implant optimisation 2.10.3.

 

Finite-element modelling is a well-established approach utilised in the research and development of 

osseous implants – including total joint replacement prostheses – to optimise implant design. The 

geometry of the prosthesis fixation features is of particular interest in design optimisation. 

Examples are numerous, and include dental implants (e.g. mandibular fixtures or distraction 

prostheses, Gao et al., 2012; Kong et al., 2009; Lu et al., 2013; Shi et al., 2007; mandibular-

reconstruction fixation plates, Qin et al., 2015; orthodontic anchorage implants, Shen et al., 2015), 

vertebral fixators (e.g. pedicle-screw-based dynamic implant inserted into the posterior lumbar 

spine, Rohlmann et al., 2012; anterior lumbar plate implant used in spinal fusion, Lee et al., 2014), 

fracture fixation devices (e.g. femoral/hip fracture fixation, Elkholy, 1995; Nobari et al., 2010), as 

well as arthroplasty or hemi-arthroplasty prostheses. Particularly, extensive research has been 

dedicated to the optimisation of hip-replacement implant designs. Lengths, curvatures, diameters 

and cross sections of femoral stems used in total hip replacements were adjusted to minimise bone 

stresses or strains occurring at the vicinity of the bone/cement-implant interface, or to reduce bone 

remodelling signal and/or implant-bone micromotion (Chanda et al., 2015; Chang et al., 2001; 

Chang et al., 1999; Fernandes et al., 2004; Katoozian and Davy, 2000; Kowalczyk, 2001). Femoral 

resurfacing prosthetics were also optimised implementing the FE approach (Dickinson et al., 2010; 

Vena et al., 2000). Acetabular cup diameter and eccentricity were adjusted to maximise bone-

implant contact area and minimise implant displacements during gait (Ong et al., 2006), and the 

geometry of a metal backing shell used in cemented acetabular replacement was fine-tuned to 

minimise stresses in the cement-bone and cement-implant interfaces and maximise those occurring 

in the bone (Hedia et al., 2000). Other studies focused on optimising the geometry of the acetabular 

cup and femoral head so to reduce contact pressures occurring at the implant bearing surfaces and 

minimise polyethylene (PE) wear (Matsoukas and Kim, 2009; Yew et al., 2003). Some research has 

been dedicated to reducing PE wear in knee replacements as well (Dargahi et al., 2003). 

The author is not aware of similar studies published for ankle replacement devices. 
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(a) (b) (c) 

   
Figure  2.15: Examples of the finite-element models developed for osseous implant optimisation: (a) Lu et al., 2013: 

distraction implant inserted into a posterior mandible (reprinted with permission from Elsevier, 

http://www.sciencedirect.com/science/journal/00219290); (b) Matsoukas and Kim, 2009: metal-on-polyethylene total 

hip replacement prosthesis (reproduced with permission of ASME); (c) Rohlmann et al., 2012: pedicle-screw-based 

implant inserted into posterior lumbar vertebrae (reproduced with permission of Springer). 

 

 Finite-element modelling to study micromotion of joint replacement devices 2.10.4.

 

Experimental evaluation of implant-bone relative micro-movements caused by physiological 

loading has been attempted (including TAR implant-bone micromotion, McInnes et al., 2014) but 

this research approach is affected by the inherent limitations of cadaveric studies and limited 

accuracy and/or spatial resolution of current measurement techniques. During the past few decades, 

FE modelling has been established as a valid research approach to study load-induced micromotion 

of uncemented orthopaedic devices (Viceconti et al., 2000), including joint replacements. This 

economical and powerful research approach also facilitates the creation of detailed models of 

implant-bone micromotion (rather than measuring it in only few specific locations at the interface). 

It should be noted, however, that despite its advantages, the use of the FE approach for investigating 

implant-bone micromotion is limited by the assumptions made in order to translate the 

physiological scenario into in silico simulation (Section  2.10.1). 

Some of the FE models developed to assess implant-bone micromotion are discussed in 

Section  2.10.3 or elsewhere, and are briefly discussed below for completeness, together with other 

landmark studies in the field. The author is not aware of similar studies published for ankle 

replacement prostheses. Accordingly, the study presented in this thesis attempts to implement some 

of the techniques and strategies described below to explore micromotion of current TAR implants 

when subjected to physiological loading, and how these are affected by various factors, including 

implant design and positioning. 

 

http://www.sciencedirect.com/science/journal/00219290
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2.10.4.1. Hip replacement 

 

a) Femoral stem 

 

Chang et al. (Chang et al., 2001; Chang et al., 1999) developed a model of a femoral stem implant 

used to optimise mid-stem diameter and bullet tip length so to achieve fair implant stability – 

predicted according to tangential motion occurring at the bone-implant interface. Similarly, 

Fernandes et al. (2004) established a computational approach for cross-section optimisation of 

uncemented femoral stems, aimed at minimising bone-implant displacements using a multi-criteria 

objective function. Reggiani et al. (2007) developed and experimentally validated a computational 

model of an uncemented femoral stem prosthesis implanted into the femur, with the purpose of 

establishing a patient-specific modelling approach allowing the surgeon to estimate the primary 

stability of the device prior to arthroplasty from a pre-operative CT scan of the patient, and possibly 

to identify the stem size and position ideal for achieving implant fixation. In a study conducted in 

the author’s group a few years ago (Abdul-Kadir et al., 2008), a FE model was developed (and 

validated experimentally) in order to identify the range of implant-bone interference-fit optimal to 

ensure primary stability of a femoral stem prosthesis subjected to stair-climbing loads, while 

avoiding bone fractures (Figure 2.16a). The researchers concluded that modelling interference-fit 

can be important for making accurate predictions of micromotion in computational setting. 

 

b) Acetabular cup 

 

Ong et al. (2006) developed a FE acetabular cup-pelvis model to determine the cup diameter and 

eccentricity optimal for minimising bone-implant displacements during gait. More recently, Clarke 

et al. (2012) developed a similar model of an acetabular cup prosthesis implanted into a hemi-pelvis 

phantom; press-fit implantation of the uncemented cup was simulated by displacement-driving it 

into the slightly smaller socket prior to applying load to the cup. The model was validated by 

replicating it in vitro / in situ; strain gauges were used to measure cortical strains, while 

micromotion was assessed using a digitising arm. It was found that the FE model did not accurately 

predict smaller bone strains, and slightly under-predicted implant-bone micromotion; this was 

attributed to the bone-implant interface description, particularly the level of press-fit, which is 

difficult to quantify, and has been shown in previous research to greatly affect implant-bone 

micromotion. Despite the less-accurate estimation of micromotion magnitude, the model accurately 

predicted the direction (normal/tangential) of micro-movements and cup rotation. The researchers 
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concluded that FE modelling can be used to assess relative differences between modelling scenarios 

(which was implemented in this thesis), though caution must be taken when using such research 

approach for predicting explicit numerical values. 

 

2.10.4.2. Shoulder replacement 

 

Suarez et al. (2009) developed a FE model of an uncemented glenoid component implanted into a 

human scapula, which they employed to explore the effects of variations in implant positioning and 

orientation on implant-bone micromotion. It was found that mild (of up to 10°) inclinations affected 

micromotion only marginally when the device was implanted with an optimal depth into a healthy 

bone. The same research group more recently utilised a FE model – which they developed and 

validated experimentally – of an uncemented glenoid component implanted into a trabecular bone 

phantom to assess the effect of the level of joint conformity on implant-bone micromotion (Suarez 

et al., 2012). Micromotion was shown to increase due to radial mismatch between the glenoid and 

humeral head components, thereby demonstrating that conformity can increase the primary stability 

of uncemented joint replacement prostheses. A study recently conducted in the author’s group 

(Sukjamsri et al., 2015) introduced a novel approach of measuring micromotion by applying micro-

CT imaging combined with the digital-volume-correlation (DVC) technique. This technique was 

used to validate a clinically realistic FE model simulating a glenoid component implanted into a 

porcine scapula and being subjected to physiological loads (Figure 2.16b). 

 

  
(a) (b) 

  
Figure  2.16: Example finite-element models to study micromotion of joint replacement devices: (a) Abdul-Kadir et 

al., 2008: total micromotion over the surface of a femoral stem under stair-climbing loads and with interference fits of 

0, 5, 25 and 50 μm (reprinted with permission from Elsevier, http://www.sciencedirect.com/science/journal/00219290); 

(b) Sukjamsri et al., 2015: total micromotion experienced by a malpositioned glenoid component as measured by the 

micro-CT and digital-volume-correlation technique (top) and predicted by the finite-element model (bottom) (reprinted 

with permission from Elsevier, http://www.sciencedirect.com/science/journal/00219290). 

 

http://www.sciencedirect.com/science/journal/00219290
http://www.sciencedirect.com/science/journal/00219290
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The aim of this study is to explore how implant design and positioning, and bone mechanical 

properties determine the stability of the total-ankle-replacement (TAR) device and success of 

procedure. Considering that the fixation of the device remains the main concern in ensuring implant 

longevity, to quantify these I will specifically investigate the implant-bone micromotion prior to 

bone ingrowth, which is indicative of the primary stability of the device and potential of 

osseointegration-induced fixation. Strains/stresses occurring in the bone tissue at the implant 

vicinity are also examined as a measure of the risk of bone fracture onset. In silico finite-element 

(FE) modelling will be utilised to predict these outcomes for both tibial and talar implant 

components when subjected to physiological loads during gait. A more detailed description of the 

objectives of this study and applications of the model developed is below: 

 

3.1. Implant design 

 

I will compare implant-bone micromotion and peri-prosthetic bone strains of the tibial and talar 

components of three of the most commonly implanted TAR devices according to the national 

registries: BOX
®

, Mobility
®

 and Salto
®

. As a first step, these will be modelled when positioned 

according to the manufacturers’ guidelines. 

To the best of the author’s knowledge, this would be the first study to compare implant-bone 

micromotion between these TAR designs. 

 

3.2. Implant malpositioning 

 

The FE model will be utilised to investigate the effects of TAR malpositioning on implant-bone 

micromotion and peri-implant bone strains. The types of malpositioning explored will be 

varus/valgus- and dorsiflexion- malpositioning of the tibial component, as well as the specific case 

where there is a small gap between the bone and implant component at the posterior (tibial and talar 

model variants) or anterior (talar only) of the component. These types of malpositioning are often 

observed clinically. 

To the author’s knowledge this will be the first study that considers this interface-gap 

misalignment for the ankle, as well as the effect of malpositioning on TAR implant-bone 

micromotion and peri-implant strains. 
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3.3. Optimisation of implant design 

 

Studies employing FE modelling to optimise the design of joint replacement prostheses are 

available for the hip and knee, but to the author’s knowledge are not available for TAR. The FE 

model will be used to explore the effects of geometrical modifications to the TAR implants on 

implant-bone micromotion and peri-prosthetic bone strains, so to investigate whether the 

commercially available designs are optimised for early fixation. 

 

3.4. Pilot osteoporosis study 

 

Previous FE studies demonstrated that joint replacement prostheses are more prone to failure and 

general decreased performance when implanted into osteoporotic bone tissue. Such investigation 

has not been undertaken for ankle replacement implants. The model developed will be hence 

employed also in a pilot investigation into the effects of osteoporosis on implant-bone micromotion 

and peri-implant bone strains. 

 

3.5. Contact forces acting in the ankle, as affected by the muscle architecture 

 

The loading applied to the implant articular surfaces is one of the most important inputs of the 

model. Experimental data of joint reaction forces acting in the talocrural joint are unavailable; the 

data available in the literature are based on musculoskeletal models that are now over 30 years old, 

which did not consider the muscle architecture. A contemporary open-source musculoskeletal 

modelling software (OpenSim) was therefore utilised to assess the reaction forces occurring at the 

talocrural joint to be used in the subsequent FE analyses. Since the joint reaction forces are largely 

determined by muscle forces, which are thought to be greatly affected by muscle architectural 

properties, the architecture of the muscles acting over the ankle was measured through dissection of 

human cadaveric specimens and applied to the musculoskeletal model. 

 

This study could shed light on the effects of the aforementioned factors on implant fixation, with 

the purpose of ultimately assisting implant designers and orthopaedic surgeons in improving current 

TAR designs and surgical techniques. 
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3.6. Dissertation structure 

 

The structure of this dissertation is as follows: 

Chapter 1 – Introduction: This chapter gives a short overview of the benefits and limitations of 

TAR, particularly in comparison with other total joint replacements; it then discusses the aim of this 

thesis. 

Chapter 2 – Literature review: This chapter reviews previous literature about the anatomy, 

physiology and biomechanics of the ankle joint complex; arthritis and osteoporosis; current TAR 

designs and their clinical outcomes; orthopaedic implant fixation, primary stability and 

micromotion; the use of FE modelling to explore the ankle biomechanics and the fixation of 

orthopaedic implants. 

Chapter 3 – Aims and objectives: The current chapter discusses the aims and objectives of the 

work presented in this dissertation, and reviews its structure. 

Chapter 4 – Contact forces acting in the ankle, as affected by the muscle architecture: This is a 

‘stand-alone’ chapter discussing dissection work conducted to investigate the architecture of the 

muscles acting over the ankle. It also discusses a musculoskeletal model which utilised the findings 

of this work to derive the joint reaction force acting in the ankle – to be used as input into the FE 

model described in the next chapters. 

Chapter 5 – Model construction: This chapter discusses the construction of the FE model used to 

explore the effects of TAR implant design and positioning on the stability of the device and success 

of procedure. This model forms the main work presented in this thesis. 

Chapter 6 – Results: This chapter presents the results of the FE model within the focus of this 

dissertation. 

Chapter 7 – Discussion: This chapter reviews the key findings of the model, compares them with 

those of previous studies, discusses the limitations of the FE work and concludes with its clinical 

relevance. 

Chapter 8 – Conclusions and future work: This chapter presents the conclusions of the entire 

work (dissections, musculoskeletal modelling and FE analyses) included in this thesis, as well as 

recommendations for future work. 
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Chapter 4  

Contact forces acting in the 

ankle, as affected by the 

muscle architecture 

 

 

 

 

Please note: 

This is a stand-alone chapter that will produce the loading conditions required for the finite-element 

(FE) modelling study described in the next chapters, which forms the main work presented in this 

thesis. As the work described in this chapter included cadaver dissections and musculoskeletal 

modelling – both are methods unrelated to the main body of the thesis – the introduction, methods, 

results and discussion are all contained within the chapter. In addition to providing the forces for the 

FE model, the work discussed in this chapter investigates the architecture of the muscle acting over 

the ankle joint complex, and how inter-specimen variability can affect musculoskeletal-modelling 

calculations of muscle and joint reaction forces. 
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4.1. Introduction 

 

As outlined above, an important part of the research described in this chapter is dedicated to 

determine the loading to be applied to the finite-element (FE) model of the talocrural joint. This was 

generated from an openly available, previously validated musculoskeletal model. In order to 

generate this estimate, the architecture of the muscles acting over the ankle must be first known. 

 

 The importance of muscle architecture in musculoskeletal modelling 4.1.1.

 

A muscle’s architecture – particularly its physiological cross-sectional area (PCSA), fibre pennation 

angle (PA) and fibre length – is an established predictor of its force generation and excursion 

(Lieber and Friden, 2000), used in both musculotendon-actuator- (Delp et al., 1990; Zajac, 1989) 

and electromyography (EMG)-activation data-based- (Perry and Burnfield, 2010) force prediction 

models. Some models of musculoskeletal function (both experimental, Hamel et al., 2004; 

Hurschler et al., 2003; Jackson et al., 2011; Kim et al., 2001; Sharkey and Hamel, 1998; Whittaker 

et al., 2011, and computational, Carbone et al., 2015; Delp et al., 2007; Delp et al., 1990; Modenese 

et al., 2011) apply the aforementioned models to calculate the distribution of load between different 

muscles (which is the input of the experimental and output of the computational models), 

demonstrating that knowledge of muscle architecture can contribute to the understanding of muscle 

roles during activity and thus have implications in biomechanical research and clinical practice, 

therefore highlighting the importance of reliable muscle-architecture data. 

Descriptions of the architectural characteristics of skeletal muscles and their effects on the forces 

that the muscles can generate are provided in Appendix 1. An example of a muscle force estimation 

model relying on muscle-architecture and EMG-activation data is provided in Appendix 2. 

 

 Previous research in the area of the architecture of the muscle acting over the ankle 4.1.2.

 

Human muscle architecture has been investigated using ultrasound (Kawakami et al., 1998; Lai et 

al., 2015; Maganaris et al., 1998; Maganaris et al., 2001; Manal et al., 2006; Narici, 1999; Narici et 

al., 1996; Tomlinson et al., 2014) and magnetic resonance imaging (MRI) (Fukunaga et al., 1992; 

Narici, 1999; Rosenfeld et al., 2005), but conventional machines lack the resolution to measure 

individual muscle fibres. Given the limitations of current-generation medical imaging, the gold 

standard for obtaining muscle-architecture data remains dissection of cadavers (Lieber and Friden, 
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2000). Few studies have used cadaveric material to measure the architecture of the dorsiflexor, 

plantarflexor and peroneal muscles acting across the ankle joint (Friederich and Brand, 1990; Klein 

Horsman et al., 2007; Spoor et al., 1991; Ward et al., 2009; Wickiewicz et al., 1983) and the two 

most cited studies (Friederich and Brand, 1990; Wickiewicz et al., 1983) investigated only two and 

three specimens, respectively. More recently, Ward et al. (2009) published a study providing data of 

muscle architecture of the lower limb derived from 21 lower limb specimens. This work 

investigated the variability in muscle architecture for the first time, but similarly to the 

aforementioned studies (Friederich and Brand, 1990; Wickiewicz et al., 1983), only surface 

measurements of muscle PAs were performed.  

There is evidence to suggest that there may be a difference between the PA measured at the 

surface and that measured in the interior of a muscle (Infantolino and Challis, 2014), particularly for 

bi- or multi- pennate muscles with large PCSAs (e.g. soleus and gastrocnemius, which are the 

strongest muscles acting over the ankle joint). Musculoskeletal models (Carbone et al., 2015; Klein 

Horsman et al., 2007) use a number of elements to simulate the forces exerted by some muscles 

(particularly larger muscles), which implies that it would be advantageous to use different 

architectural parameters, including PA, for each of these elements. This emphasises the potential 

benefit of having separate PA data for the muscle surface and bulk. 

 

 Musculoskeletal models to estimate muscle and joint-reaction loads 4.1.3.

 

Musculoskeletal modelling is a crucial research approach in biomechanics, since ethical and 

practical considerations limit the collection of data in vivo. Particularly, musculoskeletal models can 

be used for estimating forces applied by skeletal muscles, as well as loads occurring at the synovial 

joints contained in the model (joint contact or reaction forces), during any task or activity, given 

experimental kinematic and/or kinetic data (e.g. hip, Modenese and Phillips, 2012; Modenese et al., 

2011; shoulder, Nikooyan et al., 2010; knee, Richards and Higginson, 2010; Walter et al., 2014 and 

ankle, Procter and Paul, 1982; Seireg and Arvikar, 1975; Stauffer et al., 1977). These models are 

commonly used in disparate areas of biomechanical research, e.g. to investigate orthopaedic implant 

designs (Delp et al., 1994; Mellon et al., 2015) and when making operative decisions, for example 

those related to tendon transfer (Delp et al., 1990; Koh and Herzog, 1998; Rosenfeld et al., 2005; 

Zajac, 1992). 
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 The effects of variability in muscle architecture on model-predicted muscle and joint-4.1.4.

reaction loads  

 

Inter-subject variability in muscle architecture is a source of uncertainty in biomechanical models 

(musculoskeletal, finite-element or other) involving application of simulated muscle forces or other 

parameters affected by muscle architecture. Such variability has been addressed in many studies 

within the framework of parametric sensitivity analyses, and its application is currently gaining 

popularity for use in probabilistic biomechanical modelling. Studies in the field attempt to predict 

the outputs of interest while addressing the uncertainty of the input parameters by representing each 

input as a distribution rather than a single value and reporting outcomes as distributions (Laz and 

Browne, 2010). Scovil and Ronsky (2006), for example, found that muscle forces estimated in 

forward-dynamics simulations based on Hill’s model (Hill, 1938) were highly sensitive to tendon 

length, muscle maximal isometric force and force-length curve of the contractile units. Flieg et al. 

(2008) developed a probabilistic musculoskeletal model of the glenohumeral joint, implementing 

uncertainty in muscle forces to explore the likelihood of joint forces resulting in migration of the 

humeral head. Langenderfer et al. (2006) applied the Monte Carlo method to explore variations in 

muscle architecture (including moment arm, fibre and sarcomere lengths, fibre PA and muscle 

volume and PCSA) and their effects on glenohumeral external rotation strength. 

 

 Current methods in musculoskeletal modelling 4.1.5.

 

A large proportion of the recently published musculoskeletal-modelling- based dynamic simulations 

of human movement (e.g. Modenese and Phillips, 2012; Modenese et al., 2011; Richards and 

Higginson, 2010; van der Krogt et al., 2012; Walter et al., 2014) has been implemented in one of 

the currently available graphical-user-interface modelling platforms (e.g. OpenSim, AnyBody
®

 or 

LifeModeler
®

). Simulations implemented in these platforms model the musculotendon complexes 

as actuators inserted onto rigid bone segments, and incorporate the musculotendon architectural 

properties into the calculation of muscle forces (Delp et al., 1990; Zajac, 1989). A single actuator is 

normally used to represent most muscles, but more than one can be used to more accurately 

represent those muscles with larger attachment sites. Experimentally measured ground-reaction 

(GR) forces and kinematic data are used to predict muscle forces under quasi-static assumptions and 

applying static optimisation algorithms, and contact forces occurring at the joints can then be 

estimated by applying dynamic analysis. 
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Further details about musculoskeletal modelling implemented in OpenSim are available in 

Appendix 3. 

 

 Musculoskeletal modelling of the ankle joint complex 4.1.6.

 

Musculoskeletal models were developed in the past to estimate contact loads occurring in the 

talocrural joint (Procter and Paul, 1982; Rouhani et al., 2011; Seireg and Arvikar, 1975; Stauffer et 

al., 1977). These studies involve several limitations (detailed in Appendix 3); in particular, neither 

of these considered the architecture of the muscles and tendons acting over the joint, which may 

affect predictions of muscle forces and joint contact loads (Arnold et al., 2010). 

 

 Aims and objectives 4.1.7.

 

Our hypothesis was that the PA measured at the surface of a muscle is not the same as that 

measured deep within it (Section 4.1.2). This discrepancy could lead to different estimates of force 

exerted by the muscle along its line(s) of action, which would in turn impact upon the 

biomechanical modelling outlined above. Therefore, the first aim of the work described in this 

chapter is manifested in the following objectives: (a) to investigate potential differences between 

superficial and deep PAs within the muscles acting across the ankle; (b) to provide further data on 

the architecture of the muscles controlling the ankle joint; (c) to explore the relationships between 

the architectural parameters of these muscles, and between the muscles’ architecture and functional 

roles. These will be explored through dissections of human cadavers. The second aim of this work 

is to implement these data in an open-source, generic, previously validated state-of-the-art 

musculoskeletal model to predict the reaction force occurring in the talocrural joint. This force will 

act as the loading condition of the finite-element (FE) model developed in this thesis to explore 

fixation of total-ankle-replacement devices. The manner in which the measured variability in 

muscle architecture influences the estimated ankle-joint contact forces is also investigated. 
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4.2. Methods 

 

 Measurements of muscle architecture 4.2.1.

 

4.2.1.1. Human cadaveric specimens 

 

Eight formalin-embalmed cadaveric lower limbs from eight adult males (4 right and 4 left; mean ± 

standard deviation (SD) age of donors: 80±14 years; height: 173±4 cm; no known leg anatomical 

abnormalities
x
; Table  4.1) were investigated in this study. All cadavers were donated and the study 

was performed at the Human Anatomy Unit at Charing Cross Campus of Imperial College London, 

in compliance with the provisions of the United Kingdom Human Tissue Act (2004). 

 

Table  4.1: Details of the 8 cadaveric specimens used in this study. 

 

Specimen ID Right(R)/Left(L) leg Age of death (y) Height (cm) 
    

287 L 86 173 

319 R 49 176 

331 L 89 170 

358 R 73 171 

360 L 89 178 

370 R 82 177 

372 L 84 175 

373 R 89 167 
    

Mean±SD 4 R, 4 L 80±14 173±4 

 

4.2.1.2. Dissection work 

 

The lower limbs were dissected to excise all muscles acting across the ankle joint (Section  2.1.4): 

gastrocnemius, soleus, plantaris
xi

 (superficial flexors/plantarflexors, also known as triceps surae); 

flexor hallucis longus (FHL), flexor digitorum longus (FDL), tibialis posterior (TP) (deep 

flexors/plantarflexors); extensor hallucis longus (EHL), extensor digitorum longus (EDL), tibialis 

anterior (TA) (extensors or dorsiflexors); peroneus longus (PL) and peroneus brevis (PB) 

(peroneals) (Figure  4.1). For the purposes of this study, the peroneus tertius (PT) was regarded as a 

part of the EDL (Standring, 2008; Section  2.1.4). 

                                                 
x Another two cadaveric legs were dissected but were not included in the study due to muscle abnormalities – severe fat 

infiltration, muscle atrophy and accessory soleus muscle (Reis et al., 2007). 
xi The plantaris was not present in two of the dissected specimens, which is in agreement with the literature reporting 

that it is not present as an independent muscle in ~10% of the population (Standring, 2008) 
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(a) (b) (c) (d) 

    
Figure  4.1: Anatomical representations of the muscles acting across the right ankle (adapted from Anatomy.TV, 2014) 

are included for clarification: (a) superficial plantarflexors (posterior view); (b) deep plantarflexors (posterior view); (c) 

dorsiflexors (anterior view); (d) peroneals (right lateral view) (adapted from Anatomy.TV, 2014). FDL – flexor 

digitorum longus, FHL – flexor hallucis longus, TP – tibialis posterior, EDL – extensor digitorum longus, EHL – 

extensor hallucis longus, TA – tibialis anterior, PB – peroneus brevis, PL – peroneus longus. 

 

Individual muscle bellies were dissected from their tendons at the musculotendinous junction. 

Fat, nerves, blood vessels and fascia were removed from each muscle and care was taken to avoid 

cutting or stretching its fibres. Muscle body volumes were then measured using water displacement 

(±1 ml accuracy for the smallest muscles, to ±5 ml for the largest). 

 

4.2.1.3. Muscle length measurements 

 

The muscle length, defined as the distance between the most proximal point of the muscle to the 

centre of musculotendinous junction (Ward et al., 2009; Wickiewicz et al., 1983), was measured by 

applying an image-analysis script I coded in MATLAB
®

 to digital images (version R2013a, 

MathWorks Inc., Natick, MA, USA; Appendix 10). 

 

4.2.1.4. Surface pennation angle measurements 

 

To measure surface PA, bundles of superficial muscle fibres were gently separated from each other 

using fine forceps and a scalpel, to allow better visualisation of their orientations. Digital images of 

the muscle surface together with a millimetre scale were then taken from directly above using a 
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photo-copy stand (Figure  4.2). The PAs of superficial muscle fibres with an approximately even 

distribution along the muscle length were subsequently measured in situ using an image-analysis 

script I had coded in MATLAB
®

 (Appendix  10), and recorded to the nearest degree. This method of 

using photographs for PA measurement – rather than measuring the PA directly using a 

protractor/palpator (as done in previous studies reporting PAs of all muscles controlling the ankle; 

Friederich and Brand, 1990; Klein Horsman et al., 2007; Spoor et al., 1991; Ward et al., 2009; 

Wickiewicz et al., 1983) – assisted us in stabilising the measurement. The PA was defined as the 

angle between the line connecting the tendinous insertion and end points of the fibre, and the 

tangent to the tendon or aponeurosis at the fibre attachment point (Figure  4.2a) (Alexander and 

Vernon, 1975; Narici, 1999). 

It should be noted that before taking measurements by applying the aforementioned technique, 

the first few sets of images were tested, using a script I coded in MATLAB
®

, for barrel and 

pincushion lens distortion, which was found to have negligible effects on the measurement 

outcomes. 

 

4.2.1.5. Deep pennation angle measurements 

 

To measure PAs deep within a muscle, it was then cut lengthwise along its tendon axis, into two or 

three pieces in such a way that the muscle fibres were visualised in the plane of the cut (Farahmand 

et al., 1998). Groups of fibres distributed approximately evenly within the muscle were gently 

separated from each other and digital images were taken (Figure  4.2b,c) to allow measurement of 

PAs of deep muscle fibres as above. Measurements of the deep PAs were not possible in the 

plantaris because it was too small and thin to be cut as described above. 

Mean combined PA for each individual muscle was calculated as the average of its mean surface 

and deep PAs. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure  4.2: Photographs of example excised muscles (soleus (a and b) and tibialis anterior (c)). Fibre pennation angles 

(PAs) were measured on the muscle surfaces (a) before they were dissected to allow a clear visualisation of the fibres 

deep within the muscle (b and c). The images were used to estimate PA as the angle (black arc) between the muscle 

fibre (blue line) and tendon/aponeurosis (dark red line). The tibialis anterior (c) is an example for a muscle with long 

fibres and small PA, whereas the soleus (a) is the muscle with the shortest fibres and the largest PA. The difference in 

architecture between the soleus surface (a) and deep within it (b) is also demonstrated. 

 

4.2.1.6. Fibre length measurement and normal fibre length calculation 

 

To determine fibre length, muscle fascicles were dissected from each muscle with an approximately 

even distribution along its length (Friederich and Brand, 1990; Spoor et al., 1991; Wickiewicz et al., 

1983). The fascicles were immersed in 20% w/w nitric acid for 48-96 hours to digest the fascia, to 

allow separation of approximately 0.1mm-thick bundles (the thinnest bundles I was able to isolate 

intact) from the two tendinous intersections or aponeurotic fascia bands between which they 
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extended (Friederich and Brand, 1990), with the aid of a dissecting microscope. Fibre lengths were 

estimated by directly measuring bundle lengths using a millimetre scale, while holding the bundles 

laid down straight without stretching. 

Mean normalised fibre length was calculated as the mean fibre length divided by the length of 

the whole muscle (Friederich and Brand, 1990; Wickiewicz et al., 1983) to give an indication of a 

muscle’s excursion design (longer fibres imply higher velocity of contraction; Lieber and Friden, 

2000; Narici, 1999; Wickiewicz et al., 1983; Appendix  1); this outcome is also less affected by the 

shrinkage possibly caused by embalming or maceration of fibre bundles in nitric acid (Cutts, 1988; 

Friederich and Brand, 1990; Section  4.4.3.1), and therefore allows consistent comparisons between 

all muscles and cadaveric legs. 

 

4.2.1.7. Estimation of physiological and anatomical cross-sectional areas 

 

The PCSA (cm
2
) of each muscle was estimated as reported previously (Friederich and Brand, 1990; 

Klein Horsman et al., 2007; Narici, 1999; Spoor et al., 1991; Thom et al., 2007): 

𝑃𝐶𝑆𝐴 =
𝑉

𝑙
 

Equation 4.1: The muscle’s physiological cross-sectional area (PCSA) is calculated as its volume divided by its mean 

fibre length. 

 

where V is the muscle volume and l is the mean fibre length. Normalised PCSA was calculated by 

dividing the muscle PCSA by the sum of PCSAs of all muscles of that leg (Friederich and Brand, 

1990). Normalised PCSAs may be used to estimate absolute PCSAs based on other anthropometric 

characteristics (e.g. height, weight and shin circumference), as well as the force distribution within 

the distal-leg musculature; it may also allow consistent comparison between subjects. Reduced 

PCSA was calculated as the product of the PCSA and the cosine of the mean combined PA of an 

individual muscle (Fukunaga et al., 1992; Haxton, 1944; Ward et al., 2009; Wickiewicz et al., 

1983), which is indicative of the force it can apply along its line of action. The anatomical cross-

sectional area (ACSA) of each muscle was calculated by dividing its volume by its measured length 

(Haxton, 1944). 

 

4.2.1.8. Data analysis 

 

Data were tested for normality (Shapiro-Wilk). Two-way analysis of variance (ANOVA) with 

Bonferroni correction for post hoc analysis was used to explore the interaction between different 
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muscles, the location of PA measurement (surface or deep) and the mean PA value. One-way 

ANOVA and Kruskal-Wallis one-way analysis of variance tests were used to investigate differences 

in mean fibre length, mean surface PA, mean deep PA, mean combined PA, volume and PCSA 

between different muscles. Mann-Whitney tests were used to identify significant differences 

between groups of muscles. Significance was set at P<0.05. 

Correlations between pairs of muscle architectural properties were explored. 

After visually identifying three clusters of data points in a three-dimensional (3D) scatter 

diagram of the volumes, mean fibre lengths and mean combined PAs of all muscles examined, the 

k-means clustering method (Hartigan and Wong, 1979) was used to group data, with the number of 

clusters set to 3. 

All the aforementioned techniques were applied using SPSS
®

 Statistics (Version 21; IBM Corp., 

NY, USA) and MATLAB
®

 (Appendix 10). The plantaris muscle was excluded from the statistical 

analysis due the difficulty of acquiring deep PA measurements (Section 4.2.1.5), as well as its small 

size, minor role in controlling ankle movement and the fact that it is not present as an independent 

muscle in all individuals (Standring, 2008). 

 

4.2.1.9. Test-retest reliability 

 

To determine the test-retest reliability of the mean surface and deep PA measurement method, the 

procedure described above was repeated five times over five consecutive days using a soleus 

muscle from a randomly selected cadaver (331L). The measurements were then analysed using the 

Fisher original intraclass correlation coefficient (ICC). Analysis revealed high reliability, with a 

mean difference smaller than 3° and ICCs of .91 and .80 for the surface PA and deep PA, 

respectively. 

 

The data acquired through the dissection work outlined above was implemented in a 

musculoskeletal model used to assess reaction forces occurring in the talocrural joint, as follows: 

 

 Musculoskeletal modelling 4.2.2.

 

4.2.2.1. The musculoskeletal model 

 

A previously validated generic OpenSim (Delp et al., 2007; Figure 4.3) model (Gait 2392, available 

for free download as part of a tutorial package from the SimTK Project website; https://simtk.org, 

https://simtk.org/
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Au and Dunne, 2013) was used to estimate ankle muscle forces and contact loads. The 

musculoskeletal model, which is based on the pioneering work by Delp et al. (1990), has 13 rigid 

segments, 23 degree of freedom and 92 muscle-tendon actuators (with adjustable architectural 

parameters) to simulate the kinematics and dynamics of the two lower limbs, pelvis and torso. 

Specifically, focusing on the foot and ankle complex (Figure 4.3b), separate segments are assigned 

to the following four rigid bodies onto which muscles are attached: (1) tibia and fibula, (2) talus, (3) 

calcaneus, navicular, cuboid, cuneiforms and metatarsals, and (4) phalanges. The talocrural and 

subtalar joints are both modelled as revolute joints allowing only flexion and version, respectively. 

Muscles modelled include those dissected (Section  4.2.1.2) (apart from the plantaris for the reasons 

described in Section  4.2.1.8): gastrocnemius (2 elements), soleus, FHL, FDL, TP, EHL, EDL, PT, 

TA, PB and PL (Figure  4.4). Muscle paths are adjusted using via points and wrapping surfaces 

where such are necessary to simulate the physiological scenario and prevent muscle lines of action 

from passing through bone as the joint moves. Muscle isometric strength is considered in the model 

to be proportional to the PCSA (Arnold et al., 2010; Delp et al., 1990), assuming specific tension 

(also known as muscle tensile stress, which is the force exerted by the muscle per unit of PCSA) of 

61 N/cm
2
 
xii

(Arnold et al., 2010; Au and Dunne, 2013; Delp, 1990; Delp et al., 1990). 

 

                                                 
xii The specific tension can be rescaled according to the subject’s clinical condition (Arnold et al., 2010; van der Krogt 

et al., 2012); it was chosen by the developers of the OpenSim model used here to be 61 N/cm2. 
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(a) 

 
(b) 

 
Figure  4.3: The OpenSim (Delp et al., 2007) model used in the current part of the study to estimate contact loads 

occurring in the talocrural joint. The optical markers used to track movements are indicated as pink dots; muscle 

elements are indicated as red bands. (a) The whole-body model shown within the OpenSim interface; (b) zoom into the 

foot and ankle complex, demonstrating the geometry of the bones and locations of markers. The bones were divided 

into four rigid bodies: (1) tibia and fibula, (2) talus, (3) calcaneus, navicular, cuboid, cuneiforms and metatarsals, and 

(4) phalanges. Images are reproduced with the permission of the OpenSim developers. 
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(a)  

 
(b) (c)  (d)  

Figure  4.4: The muscle elements used in the OpenSim (Delp et al., 2007) model applied in the current part of the study: 

(a) superficial plantarflexors (posterior view); (b) deep plantarflexors (posterior view); (c) dorsiflexors (anterior view); 

(d) peroneals (right lateral view). FDL – flexor digitorum longus, FHL – flexor hallucis longus, TP – tibialis posterior, 

EDL – extensor digitorum longus, EHL – extensor hallucis longus, TA – tibialis anterior, PB – peroneus brevis, PL – 

peroneus longus, PT – peroneus tertius. Images are reproduced with the permission of the OpenSim developers. 
 

4.2.2.2. Inverse kinematics and inverse dynamics 

 

In order to use the available OpenSim model to estimate the talocrural joint reaction force, the 

simulation was defined based on reported kinematics and GR forces occurring during normal level 

walking of young adult healthy males. The height and body mass of the specific subject considered 

herein were 1.80 m and 72.6 kg, respectively (Au and Dunne, 2013; John et al., 2013). 

Translations and rotations of the model rigid segments were derived from the aforementioned 

data by applying an inverse kinematics analysis, in which an optimisation routine minimised the 

sum of the squares of the differences between simulation-predicted and experimentally acquired 

marker positions. An inverse dynamics analysis was then conducted to estimate inter-segmental 

loads acting in the joints, where force and moment equations were solved at each time frame under 

quasi-static assumptions (Delp et al., 2007; DeMers, 2011). 

Model-estimated angles of ankle flexion and moments occurring about the ankle joint 

(normalised according to the subject’s height and body mass) were evaluated against data available 

in the literature (Perry and Burnfield, 2010). 

 

TA 
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4.2.2.3. Muscle force estimations 

 

The forces generated by the muscles acting over the ankle largely determine the joint reaction force 

at the talocrural joint. These were therefore calculated in the OpenSim environment applying the 

static optimisation approach discussed below, while implementing the muscle-architecture data 

from each of the eight specimens dissected, as well as the ‘default’ architecture values used in the 

software’s tutorial package (from Friederich and Brand, 1990; Wickiewicz et al., 1983). 

In detail, since the system describing joint equilibrium is indeterminate (i.e. an infinite number of 

combinations of muscle forces can satisfy the joint equilibrium described in Section  4.2.2.2) some 

assumptions had to be made in order to find a unique solution to the muscle-load-sharing problem. 

Under the assumption that locomotion is energy-efficient (“no more than the total muscular force is 

used than is both necessary and sufficient for the task to be performed”; MacConaill, 1966), this 

optimisation is manifested in the minimisation of the sum of exponentiated muscle forces or 

normalised forces, stresses, activations, etc. Based on previous studies (e.g. Modenese et al., 2011), 

the objective here was to minimise the following function at each discrete time step separately 

(assuming that the problem was static at each frame; Delp et al., 2007; DeMers, 2011; Hicks and 

Dembia, 2014):  

𝐽(𝐹𝑖) =  ∑(
𝐹𝑖

𝐹𝑖,𝑚𝑎𝑥
)

𝑝𝑛

𝑖=1

 

Equation  4.2: The objective function of muscle forces to be minimised at all time frames as part of the static 

optimisation procedure designed to find a unique solution to the muscle-load-sharing problem. 
 

where Fi is the magnitude of i
th

 muscle force, Fi,max is the value of the maximal force that the i
th

 

muscle can exert (considered in this simulation to be the maximal isometric force), n is the total 

number of musculotendon actuators and p is the power of the objective function (considered in this 

simulation to be equal 2 based on previous studies, e.g. Modenese and Phillips, 2012; Modenese et 

al., 2011).  

This was performed in the OpenSim environment. Model outputs were calculated for the 

‘default’ PA and PCSA values used in the OpenSim tutorial package, which are the mean values 

extracted from Friederich and Brand (1990) and Wickiewicz et al. (1983). Additionally, the results 

of the muscle-architecture work (Appendix 4) were utilised to refine the current musculoskeletal 

OpenSim model and to create subject-specific model variants. Specifically, model outcomes were 

calculated for each of the eight cadaveric specimens I dissected by adjusting the PA and PCSA 
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parameters of the model
xiii

 according to the PCSA and mean combined PA found for the respective 

specimen (provided in Appendix 4).  

 

4.2.2.4. Joint reaction forces 

 

Contact loads occurring in the talocrural joint were calculated in the OpenSim environment 

applying the muscle-architecture data from each of the eight specimens dissected, as well as the 

‘default’ architecture values used in the software’s tutorial package (Friederich and Brand, 1990; 

Wickiewicz et al., 1983). During this procedure, kinematic data (Section  4.2.2.2), together with all 

external forces and estimated muscle forces (Section  4.2.2.3), are used to calculate the resultant load 

at the joint though dynamic analysis (Newton-Euler equations of motion) (DeMers, 2011). 

 

4.3. Results 

 

 Measurements of muscle architecture 4.3.1.

 

4.3.1.1. General 

 

As expected, in all cadaveric legs the soleus was identified as a multi-pennate muscle (fibres 

arranged in a ventral-proximal to dorsal-distal orientation within the bulk and in a central to 

peripheral orientation in the vicinity of the ventral muscle surface; Wickiewicz et al., 1983); the 

gastrocnemius, FHL, FDL, TP, TA, PB and PL were identified as bi-pennate muscles; the EHL and 

EDL were identified as uni-pennate muscles. 

Sample means and SDs of muscle volumes, lengths, mean fibre lengths, mean normalised fibre 

lengths, mean fibre surface PAs, mean fibre deep PAs, mean fibre combined PAs, ACSAs, PCSAs, 

reduced PCSAs and normalised PCSAs are listed in Table  4.2. 

 PA: The soleus had the numerically largest combined PA (mean: 32°), while the 

dorsiflexors (EHL, EDL, and TA) had the smallest PAs (10-11°; Table  4.2). 

  Fibre length: The ankle dorsiflexors had the longest fibres (66-75 mm, normalised: 0.20-

0.28), while the soleus and TP, both ankle plantarflexors, had the shortest (23 and 28 mm, 

respectively; normalised: 0.07 and 0.10). 

                                                 
xiii Fibre length was not adjusted explicitly as it is already included in the calculation of PCSA (Section 4.2.1.7). 
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 PCSA: The soleus and gastrocnemius had the largest PCSAs (98 and 36 cm
2
, respectively; 

normalised: 47% and 17%), volumes and ACSAs, which was expected, because they are the 

two largest muscles crossing the ankle joint. The plantaris had the smallest PCSAs, followed 

by the EHL, EDL, FDL and PB (3-7 cm
2
; normalised: 1-3%; Table  4.2). 

Muscle volume, mean fibre deep PA, ACSA, PCSA and reduced PCSA were the outcome 

measures most affected by inter-specimen variability, as demonstrated by the relatively large SDs 

(30-36%); mean fibre length, mean surface and combined PAs and normalised PCSA also showed 

large variability (relative SDs of approximately 25%). Muscle total and fibre lengths were least 

affected by inter-specimen variability (relative SDs of 9-14%). 
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Table 4.2: Mean outcome measures (muscle volumes, lengths, mean fibre lengths, mean normalised fibre lengths, mean fibre surface PAs, mean fibre deep PAs, mean fibre 

combined PAs, ACSAs, PCSAs, reduced PCSAs and normalised PCSAs) for all muscles investigated. Values represent sample means ± standard deviations. The asterisk (*) 

indicates significant difference between the surface and deep PA for the soleus. ACSA – anatomical cross-sectional area, PA – pennation angle, PCSA – physiological cross-

sectional area. 

Results from all specimens are available in Appendix  4. 

 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

P value for 

the 

difference 

between 

surface and 

deep PA
xiv

 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA 

[cm
2
] 

Normalised 

PCSA 

 

Superficial plantarflexors: 

          

 

 

Gastrocnemius 145±51 252±24 40±6 0.16±0.02 20±10 18±4 1 18±5 5.8±2.0 36±14 34±12 17±3.5% 

Soleus 224±70 307±26 23±4 0.07±0.01 40±8 26±8 0.006* 32±9 7.5±2.9 98±26 82±22 47±3.0% 

Plantaris 4±2 106±30 42±9 0.41±0.07 9±2 N/A N/A N/A 0.3±0.1 0.9±0.4 0.9±0.4 0.4±0.2% 

 

Deep plantarflexors: 

            

Flexor hallucis longus 36±9 228±26 34±4 0.15±0.03 20±4 18±5 1 19±4 1.6±0.5 11±3 10±3 5±1.4% 

Flexor digitorum longus 18±6 260±22 35±2 0.13±0.01 15±2 15±7 1 16±5 0.7±0.2 5±2 5±2 2±0.6% 

Tibialis posterior 56±15 289±18 28±4 0.10±0.01 17±4 16±3 1 17±2 1.9±0.4 20±4 19±4 10±2.4% 

 

Dorsiflexors: 

          

 

 

Extensor hallucis longus 18±6 263±15 75±11 0.28±0.04 10±2 8±3 1 10±2 0.7±0.2 3±1 2±1 1±0.4% 

Extensor digitorum longus 42±13 350±18 69±11 0.20±0.03 12±4 8±2 0.755 11±4 1.2±0.4 6±2 6±2 3±0.7% 

Tibialis anterior 65±15 282±34 66±6 0.24±0.03 13±2 10±3 0.430 11±2 2.3±0.5 10±2 10±2 5±0.6% 

 

Peroneals: 

          

 

 

Peroneus brevis 22±9 232±27 34±6 0.15±0.03 18±2 13±4 0.387 16±3 0.9±0.4 7±4 7±4 3±1.0% 

Peroneus longus 44±13 265±20 37±7 0.14±0.02 19±8 12±4 0.104 16±5 1.7±0.4 13±6 12±5 6±1.4% 

             

 

                                                 
xiv After applying Bonferroni correction (multiplying the P value by the number of comparisons, i.e. 10). 
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4.3.1.2. The effect of muscle type and the location of pennation angle measurement on pennation 

angle 

 

There was a significant interaction between muscle type, location of PA (surface or deep) and mean 

PA (P=0.090). Bonferroni post hoc analysis revealed that for the soleus, mean surface PA was 

significantly greater than mean deep PA (40±8° compared with 26±8°, with P=0.006 after 

Bonferroni correction; Table  4.2). Looking at the specimens individually (Appendix  4), the minimal 

difference between soleus surface (49°) and deep PA (43°) was 13%; the maximal difference was 

58% (40° and 22°, respectively). There was no significant difference between mean surface PA and 

mean deep PA for any of the other muscles investigated (P>0.05 for all muscles). 

 

4.3.1.3. Correlations between pairs of muscle architectural properties 

 

There was a moderate inverse correlation (R
2
=0.50 when using logarithmic curve fitting) between 

muscle mean combined fibre PA and length, and also between PCSA and mean fibre length 

(R
2
=0.48 when using exponential curve fitting). A positive linear relationship was observed 

between PCSA and mean combined PA (R
2
=0.52 when using linear curve fitting). There was also a 

strong linear correlation (0.7≤R
2
≤1) between PCSA and ACSA for the gastrocnemius, FDL, TP, 

EHL, PB and PL and a moderate linear correlation (0.4≤R
2
<0.7) for the soleus, FHL, EDL and TA 

(Table  4.3). A positive linear relationship was observed between the mean deep and surface PAs of 

the soleus (R
2
=0.60, Equation  4.3). 

 

Table 4.3: Linear curve fitting coefficients describing the relationship between PCSA and ACSA for each muscle 

(PCSA=a*ACSA, where a is the coefficient). R2 values, along with ranges of ACSA and PCSA for which the 

relationship was derived, are also indicated. 

 

Muscle Linear curve fitting coefficient (a) ACSA range [cm
2
] PCSA range [cm

2
] R

2
 

     

Gastrocnemius 6.3 3.1-9.1 22.0-65.5 0.85 

Soleus 12.5 4.6-13.6 75.1-152.2 0.44 

Flexor hallucis longus 6.6 1.2-2.6 7.3-15.7 0.48 

Flexor digitorum longus 7.5 0.5-1.1 3.2-8.4 0.98 

Tibialis posterior 10.3 1.4-2.9 13.1-27.4 0.83 

Extensor hallucis longus 3.6 0.5-1.0 1.4-4.1 0.83 

Extensor digitorum longus 5.0 0.8-1.8 4.1-8.8 0.53 

Tibialis anterior 4.2 1.8-3.2 6.6-13.6 0.63 

Peroneus brevis 7.6 0.6-1.5 3.9-14.0 0.86 

Peroneus longus 8.0 1.2-2.4 9.0-22.7 0.70 
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𝑃𝐴𝑑 [𝑑𝑒𝑔] = 0.679 ∗ 𝑃𝐴𝑠 [𝑑𝑒𝑔] 

21° < 𝑃𝐴𝑑< 43°, 34° < 𝑃𝐴𝑠< 54° (R2=0.60) 

Equation 4.3: A mathematical description of the relationship between deep (𝑷𝑨𝒅) and surface PA (𝑷𝑨𝒔) for the soleus, 

for which the difference between the two was found significant. 

 

4.3.1.4. Cluster analysis 

 

Three clusters of data points were identified in analysis of a scatter diagram of the volumes, mean 

fibre lengths and mean combined PAs of all 80 muscles examined, utilising the k-means clustering 

method (Figure  4.5): 1) superficial plantarflexors (gastrocnemius, soleus); 2) dorsiflexors (EDL, 

EHL, TA); and 3) deep plantarflexors (FDL, FHL, TP) and peroneals (PB, PL) (with the exception 

of 4/80 points). Significant differences in combined PA, fibre length, volume and PCSA were found 

between the three muscle groups (Mann-Whitney test P<0.05; Figure  4.6). 
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Figure 4.5: A scatter diagram showing volume, mean fibre length and mean PA (combined) from all 80 muscles 

examined in the study, with data points visually classified into 3 clusters (black ovals) identified as: 1) superficial 

plantarflexors (gastrocnemius, soleus); 2) dorsiflexors (EDL – extensor digitorum longus, EHL – extensor hallucis 

longus, TA – tibialis anterior); 3) deep plantarflexors (FDL – flexor digitorum longus, FHL – flexor hallucis longus, TP 

– tibialis posterior) and peroneals (PB – peroneus brevis, PL – peroneus longus). The grey labels indicate the outcome 

of a single iteration of the k-means clustering algorithm, which in this iteration was in agreement with the visual 

observations in 76 of the 80 data points. Anatomical representations of the muscles acting across the right ankle are 

provided in Figure 4.1. 
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Figure 4.6: Box-and-whisker plots comparing medians (red bands), means (black ‘+’ signs) and ranges (interquartile 

ranges, blue boxes; most extreme data points not considered outliers, black whiskers; outliers, red ‘+’ signs) of data 

(mean fibre length, mean combined PA, volume and PCSA) collected from all 80 muscle specimens examined in the 

study and classified into 3 clusters (deep flexors/plantarflexors + peroneals, superficial flexors/plantarflexors and 

extensors/dorsiflexors, as visualised in Figure 4.5). Asterisks indicate significant differences between clusters according 

to the Mann-Whitney test (P<0.05). 

 

 Musculoskeletal modelling 4.3.2.

 

4.3.2.1. Kinematics 

 

The kinematics of the ankle joint complex (AJC) as predicted by the OpenSim model
xv

 is shown in 

Figure 4.7 and Figure 4.8. Maximal dorsiflexion and plantarflexion were approximately 15° and 

10°, respectively, and occurred just before and at toe-off (approximately 60% through the gait 

cycle, GC). Peak plantarflexor moment (normalised according to the subject’s height and body 

mass) also occurred just before toe-off, and was estimated to be 0.8 N·m/kg·m. 

                                                 
xv The values of architectural muscle parameters (PA and PCSA) used as model inputs do not affect the kinematics 

outputs, which are calculated based on motion and GR-force data used as inputs, independently of muscle force 

estimations (Section 4.2.2.2). 
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Figure  4.7: Angle of ankle flexion (dorsiflexion (+), plantarflexion (-)) through the gait cycle (GC), as estimated using 

the OpenSim simulation (solid line) and compared with data from the literature (dashed line; Perry and Burnfield, 2010; 

Section 2.2). 0%GC indicates the heel strike (the start of the stance phase); 62%GC indicates the toe-off (the start of the 

swing phase). 

 

 

Figure  4.8: Moments (dorsiflexor moment (+), plantarflexor moment (-)) occurring about the ankle joint (normalised 

according to the subject’s height in m and body mass in kg) through the GC, as estimated using the OpenSim simulation 

(solid line) and compared with data from the literature (dashed line; Perry and Burnfield, 2010). 0%GC indicates the 

heel strike; 62%GC indicates the toe-off. 
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4.3.2.2. Muscle forces 

 

Plots showing estimates of muscle forces acting during the stance phase of gait (normalised 

according to the subject’s bodyweight, BW), as obtained by using the OpenSim optimisation 

algorithm (while implementing the PA and PCSA values acquired through dissections and those 

extracted from Friederich and Brand, 1990 and Wickiewicz et al., 1983; Section  4.2.2.3) are 

provided in Figure 4.9. 

The triceps surae were the two muscles generating the largest forces, with peak values occurring 

before toe-off (~45%GC for the gastrocnemius, ~55%GC for the soleus), each exceeding 2-times 

BW (Figure 4.9a). The TP generated relatively large forces as well, starting just when mid-stance 

begins (~10%GC) with a peak value approximately equivalent to the subject’s BW and slowly 

decreasing through the stance phase. The FHL and FDL made very minor contributions towards the 

total force generated by all plantarflexors, which peaked before toe-off (~50%GC) at 4-4.5-times 

BW (Figure 4.9a). 

The musculoskeletal model predicted the forces exerted by the dorsiflexors and peroneals to be 

considerably smaller. The total force generated by the dorsiflexors was estimated to peak just when 

mid-stance starts (~10%GC; Section  2.4) at 0.7-0.9 BW (depending on the architectural properties 

applied; Figure 4.9b), with the TA accounting for at least 75% of that force. Forces generated by the 

dorsiflexors declined quickly after this peak. The forces exerted by the peroneals were even smaller 

(Figure 4.9c). These were active only during the initial contact segment of gait (0-10%GC) and 

produced peak total force equivalent to or smaller than 0.25 BW at heel strike (0%GC). The PL was 

responsible for approximately 80% of this force. 

Differences between muscle forces calculated assuming different architectural properties were 

minor (both magnitude- and profile- wise), as demonstrated in Figure 4.9. Interestingly, the smallest 

difference (approximately 2% at peak force) was calculated for the total force generated by the 

plantarflexors, which formed the muscle group predicted to exert the largest forces (Figure 4.9a). 
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(a) 

 
(b) 

 
(c) 

  
Figure  4.9: Plots showing estimates of muscle forces (normalised according to the subject’s bodyweight, BW) exerted 

during the stance phase of gait. Data were derived from the OpenSim simulation, implementing the ‘default’ PA and 

PCSA values used in the software’s tutorial package (Au and Dunne, 2013; Friederich and Brand, 1990; Wickiewicz et 

al., 1983; thick lines) and those obtained from dissections of eight cadaveric specimens (mean forces across all 

specimens: dashed lines, ± 1 standard deviation: shaded area). Forces produced by the ankle (a) plantarflexors (flexors), 

(b) dorsiflexors (extensors), and (c) peroneals are plotted separately. EDL – extensor digitorum longus, EHL – extensor 

hallucis longus, FDL – flexor digitorum longus, FHL – flexor hallucis longus, PB – peroneus brevis, PL – peroneus 

longus, PT – peroneus tertius, TA – tibialis anterior, TP – tibialis posterior. 0%GC indicates the heel strike; 62%GC 

indicates the toe-off. 
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4.3.2.3. Joint reaction forces 

 

Plots of the reaction forces acting at the talocrural joint during the stance phase of gait (normalised 

according to the subject’s BW), as derived from the OpenSim model implementing the ‘default’ PA 

and PCSA values used in the software’s tutorial package (Friederich and Brand, 1990; Wickiewicz 

et al., 1983), are shown in Figure 4.10. The model predicted peak total force to occur before toe-off 

(45-50%GC), with magnitude greater than 5-times BW (Figure 4.10a). The vertical (downwards-

upwards) component of the force was considerably (at least 2-fold) larger than all other 

components, with peak just above 5-times BW (Figure 4.10b). Forces in the anterior-posterior 

direction peaked just before toe-off (~55%GC) at approximately 2.5-times BW (i.e. anterior and 

posterior forces of magnitude equivalent to 2.5-times BW are exerted to the distal tibia and 

proximal talus, respectively; Figure 4.10c). Small forces (< 0.1 BW) were calculated in the medio-

lateral direction (Figure 4.10d). Moments acting in the ankle were negligible and are therefore not 

reported. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

  
Figure  4.10: Plots showing estimates of contact forces (normalised according to the subject’s BW) acting on the tibia 

during the stance phase of gait, derived from the OpenSim simulation (thick red lines) or obtained from the literature 

(Seireg and Arvikar, 1975, blue; Stauffer et al., 1977, black or green; Procter and Paul, 1982, cyan). Total contact force 

(a) and forces acting in the (b) downwards(–)-upwards(+), (c) anterior(-)-posterior(+), and (d) medial(-)-lateral(+) 

directions are plotted separately. Forces acting on the talus are equal in magnitude but opposite in direction. 0%GC 

indicates the heel strike; 62%GC indicates the toe-off. 

It should be noted that Stauffer et al. (1977) did not calculate downwards-upwards, anterior-posterior and medial-lateral 

forces (according to the global coordinate system, as in Seireg and Arvikar, 1975 and as done in the current study), but 

normal (compressive) and tangential (shear) forces. Since tibial angle was not reported, it was not possible to translate 

the results reported in that study to the global coordinate system. Also, Procter and Paul (1982) reported only total 

contact force. The model by Rouhani et al. (2011) is not included here as it completely disregarded the muscle forces 

acting over the ankle despite their major contribution to the contact forces acting in the joint. 

 

0 10 20 30 40 50 60 70
0

1

2

3

4

5

6

% gait cycle

Fo
rc

e 
[/

B
W

]

 

 

OpenSim

Seireg and Arvikar, 1975

Stauffer et al., 1977 - slow walking

Stauffer et al., 1977 - fast walking

Procter and Paul, 1982

0 10 20 30 40 50 60 70
-1

0

1

2

3

4

5

6

% gait cycle

Fo
rc

e 
[/

B
W

]

 

 

OpenSim

Seireg and Arvikar, 1975

Stauffer et al., 1977 - slow walking

Stauffer et al., 1977 - fast walking

0 10 20 30 40 50 60 70
-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

% gait cycle

Fo
rc

e 
[/

B
W

]

 

 

OpenSim

Seireg and Arvikar, 1975

Stauffer et al., 1977

0 10 20 30 40 50 60 70
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

% gait cycle

Fo
rc

e 
[/

B
W

]

 

 

OpenSim

Seireg and Arvikar, 1975



 Chapter 4  Muscle architecture and contact forces in the ankle 

 

 
 

81  

Plots of the reaction forces acting in the ankle during the stance phase of gait (normalised 

according to the subject’s BW), as derived from the OpenSim model implementing the ‘default’ PA 

and PCSA values used in the software’s tutorial package and those obtained from dissections of 

cadaveric specimens (Appendix  4), are shown in Figure 4.11. Differences between contact forces 

calculated assuming different architectural properties were minor (both magnitude- and profile- 

wise), as demonstrated in Table 4.4 for six segments of the stance phase. Particularly, for all 

specimens, peak force occurred before toe-off (45-50%GC), with a magnitude of approximately 5-

times BW (at 45%GC, mean inter-specimen contact force: 5.0, standard deviation: 0.1, range: 4.9-

5.1 BW; Table 4.4). During the earlier stance phase, however, when predicted contact forces were 

smaller, differences between outputs obtained for different architectural properties were larger 

(almost 2-fold difference between the largest and smallest estimates; Table 4.4). 

 

 

Figure  4.11: Plots showing estimates of the total contact force (normalised according to the subject’s BW) acting in the 

talocrural joint during the stance phase of gait. Data were derived from the OpenSim simulation, implementing the 

‘default’ PA and PCSA values used in the software’s tutorial package (Au and Dunne, 2013; Friederich and Brand, 

1990; Wickiewicz et al., 1983; thick red line) and those obtained from dissections of eight cadaveric specimens (dashed 

lines in various colours; labels in the horizontal axis indicate the specimens as listed in Table 4.1). 0%GC indicates the 

heel strike; 62%GC indicates the toe-off. 
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Table  4.4: Estimates of the total contact force (normalised according to the subject’s bodyweight, BW) acting in the 

talocrural joint at six segments of the stance phase of gait (Section 2.4). Data were derived from the OpenSim 

simulation, implementing the ‘default’ PA and PCSA values used in the software’s tutorial package (Au and Dunne, 

2013; Friederich and Brand, 1990; Wickiewicz et al., 1983) and those obtained from dissections of eight cadaveric 

specimens (Appendix 4). 0% gait cycle indicates heel strike; 62% gait cycle indicates the toe-off. 

 

Segment of the gait cycle Contact force calculated 

for the OpenSim default 

muscle architecture 

[/BW] 

Contact force calculated 

for the dissection-obtained 

muscle architecture [/BW] 

(mean (range)) 
   

2% 0.7 0.6 (0.5-0.9) 

12% 2.2 2.2 (1.4-2.6) 

31% 3.9 3.7 (3.5-3.9) 

45% 5.2 5.0 (4.9-5.1) 

50% 5.5 5.5 (5.3-5.6) 

55% 4.9 5.0 (4.9-5.2) 
   

 

4.4. Discussion 

 

 Key findings 4.4.1.

 

4.4.1.1. Measurements of muscle architecture 

 

Knowledge of a muscle’s architecture can contribute to the understanding of muscle function during 

activity, and is important for predicting the forces that it generates, which is crucial in experimental 

and computational biomechanical modelling, including musculoskeletal models (Arnold et al., 

2010; Ward et al., 2009). Separate PA data of the muscle’s surface and its interior can contribute to 

more accurate force prediction if implemented in the musculoskeletal model used to estimate these 

forces. The results of the current study revealed a significant difference between the mean surface 

and deep fibre PAs of the soleus, which may affect muscle force estimates. The results also 

indicated that the muscles acting over the ankle form three clusters according to volume, fibre 

length and PA parameters, which may relate to their functionality, e.g. in load bearing and the 

velocity of shortening. 

The mean surface PA of the soleus was significantly greater (by 54%) than the mean deep PA 

(Table 4.2). This would result in a 15%-underestimation of the force exerted by the soleus (which is 

one of the strongest muscles acting over the ankle joint) when calculated using surface rather than 

deep PA measurements and assuming that the muscle force is proportional to the cosine of the PA 

(as in the muscle force estimation model described in Appendix 2). This significant difference 

between mean surface and deep PA can be attributed to the thickness of the muscle and its complex 
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architecture, which showed a great variation between its surface and interior (Figure 4.2a,b). In 

view of the fact that the deep fibres of the soleus form the majority of its mass and power 

generating capacity, it is suggested that the mean deep PA be employed for the majority of elements 

used to simulate the soleus in musculoskeletal models (Carbone et al., 2015; Klein Horsman et al., 

2007). For all other muscles investigated in the current study, there were no significant differences 

between mean surface and deep PAs. The potential importance of taking deep fibre measurements 

has not been investigated previously, and potentially has significant implications for researchers 

undertaking biomechanical modelling. 

Few studies of those mentioned above (Section 4.1.2) have measured the plantaris (Klein 

Horsman et al., 2007; Spoor et al., 1991; Wickiewicz et al., 1983), and accordingly the data of 

plantaris muscle architecture available in the literature is comprised of only 7 subjects. The current 

study thus doubles the data available in the literature in terms of number of specimens. Despite the 

fact that the plantaris plays only a minor role in controlling the ankle movement (Standring, 2008), 

its involvement in Achilles tendinopathy (van Sterkenburg et al., 2011) has resulted in the clinical 

literature currently showing a growing interest in the wide variation in its insertion point (Daseler 

and Anson, 1943; Nayak et al., 2010; van Sterkenburg et al., 2011), as well as its tendon’s material 

properties (Helms et al., 1995; Lintz et al., 2011) and interaction with the Achilles tendon (Pollock 

et al., 2014). Musculoskeletal modelling incorporating the plantaris can be applied to research in 

this field as well. Hence, the data provided in this study is of particular interest. 

In the current study, the PCSAs of the muscles acting over the ankle joint were 3.7-12.3- fold 

greater than their ACSAs (Table 4.3), in agreement with previous findings (Fukunaga et al., 1992; 

Haxton, 1944). The values derived for individual muscles can be useful for estimating muscle 

PCSA from its ACSA, which can be measured easily in vivo using imaging techniques, including 

ultrasound and MRI. 

The results of the current study reveal that for the muscles acting over the ankle, architecture is 

strongly related to the function of the muscle, with three distinct groups of muscles being identified: 

the dorsiflexors, the deep plantarflexors and peroneals, and the superficial plantarflexors 

(Figure 4.5). The dorsiflexors (group 2) are active mainly during the swing phase of gait (Perry and 

Burnfield, 2010) and generate low forces, and accordingly, have small PCSAs. They are required to 

contract rapidly to position the foot for heel strike and therefore have long fibres and small PAs 

(Table 4.2), which allow high shortening velocity (large excursion; Lieber and Friden, 2000) along 

the muscle line of action. The deep plantarflexors and peroneals (group 3) are active only during 

the long stance phase (Perry and Burnfield, 2010), and also produce low forces, reflected by their 

small PCSAs. They have relatively large PAs and short fibres (Table 4.2), indicating a slower 
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velocity of contraction. The superficial plantarflexors (group 1) have the largest PCSAs. The 

soleus, which has the largest PCSA and PA and shortest fibres (Table 4.2), is designed for force 

production at the expense of excursion (Lieber and Friden, 2000; Wickiewicz et al., 1983), in line 

with its role as a stabiliser during standing and locomotion (Perry and Burnfield, 2010). Meanwhile, 

the gastrocnemius acts principally as a mobiliser for rapid flexion (Ellis et al., 2014; Perry and 

Burnfield, 2010) as reflected by its longer fibres and smaller PAs (Table 4.2). Interestingly, while 

the majority of data points for gastrocnemius in Figure 4.5 lie within the same cluster as soleus 

(stabiliser), approximately a third of them lie within the same cluster as the deep plantarflexors 

(mobilisers), which may be indicative of its dual role. Comparing the PCSA, fibre length and PA 

data from the three muscle groups (Table 4.2) to the muscle moment arms (Hoy et al., 1990; Rugg 

et al., 1990; Spoor et al., 1990; Wickiewicz et al., 1984) supports the observation that these 

parameters are related to the muscles’ functional roles. 

 

4.4.1.2. Musculoskeletal modelling 

 

A reaction force of approximately 5-times BW was calculated for the talocrural joint between the 

heel rise and toe-off phases of the GC (Figure 4.11). Adjustment of muscle architectural properties 

– namely PA and PCSA – according to the findings of the dissection work, affected ankle contact 

forces, including those acting between the heel rise and toe-off, only marginally (at 45-50%GC, SD 

of only 2% around the mean of approximately 5-times BW; Section  4.3.2.3). The muscle forces that 

generated this joint reaction force also peaked at this point of the GC. These were affected by 

adjustments of muscle architecture to a somewhat more considerable extent compared with the joint 

reaction forces. Yet, the total force generated by the plantarflexors – which formed the muscle 

group exerting the largest forces acting over the ankle joint – was affected by only 2% 

(Section  4.3.2.2). This can explain the minor effect that variation in muscle architecture had on peak 

contact force. 

To the best of the author’s knowledge, this is the first time the joint contact forces occurring in 

the ankle have been reported after being calculated using a contemporary musculoskeletal 

modelling platform (such as OpenSim, AnyBody
®

 or LifeModeler
®

) and when taking into account 

muscle architecture. 
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 Comparison with previous studies 4.4.2.

 

4.4.2.1. Measurements of muscle architecture 

 

The muscle-architecture data (Table 4.2) are generally in good agreement with those in the 

literature (Table 4.5; Friederich and Brand, 1990; Klein Horsman et al., 2007; Spoor et al., 1991; 

Ward et al., 2009; Wickiewicz et al., 1983). Specifically, trends in the current data are consistent 

with data from previous studies, showing that the soleus has the largest combined PA while the 

plantaris, followed by the dorsiflexors, has the smallest. The dorsiflexors have the longest fibres and 

the soleus, followed by the gastrocnemius, have the largest volumes and PCSAs. However, for all 

muscles investigated, mean fibre lengths and mean normalised fibre lengths recorded in the current 

study were up to 40% and 27% shorter than the means of the equivalent outcomes reported in 

previous studies, respectively. This apparent difference may be due to fibre lengths being 

normalised according to sarcomere lengths in two of the aforementioned previous studies (Spoor et 

al., 1991; Ward et al., 2009; Section 4.4.3.1). In the current study, combined PAs were consistently 

found to be larger (by up to 53% if disregarding the plantaris) than these reported in the literature, 

which may also be linked to differences in measurement techniques (Section 4.2.1.3). Differences 

between the outcomes of this study to those of previous studies may also be attributed to the 

specimens themselves and the natural variability between subjects, which is not at all uncommon in 

anatomical research. 
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Table 4.5: The main outcomes of this study (mean fibre length, mean normalised fibre length, mean PA, muscle volume, PCSA and normalised PCSA) compared with those of 

previous studies (Friederich and Brand, 1990; Klein Horsman et al., 2007; Spoor et al., 1991; Ward et al., 2009; Wickiewicz et al., 1983). Differences (percentage-wise) are also 

provided. EDL – extensor digitorum longus, EHL – extensor hallucis longus, FDL – flexor digitorum longus, FHL – flexor hallucis longus, Gast – gastrocnemius, PB – peroneus 

brevis, PL – peroneus longus, TA – tibialis anterior, TP – tibialis posterior. 

 

    Gast. Soleus Plantaris
xvi

 FHL FDL TP EHL EDL TA PB PL 

             

Literature 

(28 ≤ n ≤ 30) 

Fibre length [mm] 53 38 44 48 41 34 76 72 70 43 47 

Normalised fibre length 0.22 0.10 0.48 0.19 0.15 0.11 0.31 0.24 0.26 0.18 0.17 

Pennation angle [deg] 12 30 4 17 13 14 9 10 9 11 13 

Volume [ml] 181 269 6 39 19 56 20 39 79 25 55 

PCSA [cm2] 35 71 1.4 9 5 18 3 6 12 6 12 

Normalised PCSA 20% 40% 1% 5% 3% 10% 2% 3% 7% 4% 7% 
             

             

This study 

(n = 8) 

Fibre length [mm] 40 23 42 34 35 28 75 69 66 34 37 

Normalised fibre length 0.16 0.07 0.41 0.15 0.13 0.10 0.29 0.20 0.23 0.15 0.14 

Pennation angle [deg] 18 32 9 19 16 17 10 11 11 16 16 

Volume [ml] 145 224 4 36 18 56 18 42 65 22 44 

PCSA [cm2] 36 98 0.9 11 5 20 3 6 10 7 13 

Normalised PCSA 17% 47% 0.4% 5% 2% 10% 1% 3% 5% 3% 6% 
             

             

% Difference 

Fibre length -24% -40% -4% -29% -15% -17% -1% -5% -6% -20% -22% 

Normalised fibre length -27% -26% -16% -20% -12% -14% -9% -19% -10% -20% -20% 

Pennation anglexvii +53% +7% 115% +11% +26% +18% +10% +5% +23% +48% +24% 

Volume -20% -17% -35% -9% -6% 0% -9% +7% -18% -12% -20% 

PCSA +3% +38% -36% +28% +4% +14% +5% +5% -15% +11% +8% 

Normalised PCSA -15% +16% -44% +2% -27% 0% -39% -8% -25% -16% -13% 
             

  

                                                 
xvi Not all studies report data of the plantaris (only Klein Horsman et al., 2007; Spoor et al., 1991; Wickiewicz et al., 1983 do), and thus n=7. 
xvii Mean PA combining surface and deep PA. 
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4.4.2.2. Musculoskeletal modelling 

 

a) Kinematics 

 

Plots comparing the kinematics of the AJC obtained from the OpenSim model to data available in 

the literature (Perry and Burnfield, 2010) are provided in Figure 4.7 and Figure 4.8. The OpenSim 

data matched the clinically measured ankle flexion data throughout the GC with the exception of an 

approximately 5° overestimation of the dorsiflexion just before toe-off (occurring at 62%GC; 

Section  2.4), and an approximately 5° underestimation of the plantarflexion at toe-off (Figure 4.7). 

Moments calculated about the ankle centre also show good agreement throughout the GC, but the 

OpenSim model underestimated the peak plantarflexor moment during the stance phase by 

approximately 0.5 N·m/kg·m (Figure 4.8). The OpenSim data also appeared to be slightly out of 

phase with the clinical measurements (5-10%GC behind data from the literature). This may be due 

to the current OpenSim model relying on kinematic data acquired for a single subject (for whom 

kinematic data was openly available to be used as inputs for the simulation; Au and Dunne, 2013; 

John et al., 2013; Section  4.2.2.2), but as the magnitudes and directions of the loads occurring at the 

joint were the data of interest – not in which exact %GC they occur – this phase difference was not 

considered relevant. 

 

b) Muscle forces 

 

The triceps surae are the strongest muscles acting over the ankle (with PCSAs accounting for 64% 

of the total PCSA of the muscles acting over the ankle; Table 4.2), and all plantarflexors together 

comprise the most active muscle group during the stance phase of gait (Perry and Burnfield, 2010), 

with PCSAs accounting for 81% of the total PCSA. For these muscles there was good agreement 

between the force generation estimates calculated in the OpenSim environment (Figure 4.9) and 

EMG-activation data available in the literature (as acquired on the skin surface; Perry and 

Burnfield, 2010) (again with the exception of a 5-10%GC phase difference). For the other muscle 

groups, however, the force generation estimates through the stance phase of gait did not concur with 

similar EMG data. For example, the current OpenSim model predicted that the TA remains active 

during the stance phase, whereas EMG data does not; the model did not activate any of the 

peroneals from the mid-stance to toe-off phases of gait (Figure 4.9), while the EMG data record 

peak activity at this time in the GC, during terminal stance (Perry and Burnfield, 2010). However, 

considering the good agreement of the current OpenSim model with the clinical EMG data for the 
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strongest and most active group of muscles controlling the ankle, and taking into account the 

limited reliability of surface-EMG data of smaller muscles in predicting muscle forces and 

particularly passive musculotendon forces (those applied by taut tendons) (Perry and Burnfield, 

2010; Staudenmann et al., 2006), the author found the outcomes of this comparison sufficient for 

justifying the use of the current OpenSim simulation to calculate joint reaction forces to be 

implemented in the subsequent FE modelling. 

 

c) Joint reaction forces 

 

The joint reaction forces calculated in the current study are largely similar to those in the literature 

(Procter and Paul, 1982; Seireg and Arvikar, 1975; Stauffer et al., 1977), as demonstrated in 

Figure 4.10. Particularly, current estimates of both the total and vertical (downwards-upwards) 

component of the reaction forces acting in the talocrural joint through the stance phase of gait 

(Figure 4.10a,b), were consistent with those of the aforementioned studies, both in trend and 

magnitude. Of special interest is that for all studies, peak force occurred before toe-off, with 

magnitude greater than 5-times BW. The exception for this is the study by Procter and Paul (1982), 

which estimated the total talocrural contact force to be smaller (peak force of approximately 3.5 

BW); this lower finding could be due to their model disregarding the inertial contributions of the 

bony segments to the joint reaction forces, and assuming that antagonist muscle groups do not act 

simultaneously, which may not be the physiological scenario (as demonstrated in Section  4.3.2.2). 

Our data also indicate that just before toe-off (~55%GC) an anterior force 60%-greater than that 

predicted by Seireg and Arvikar (1975) is exerted to the distal tibia (a greater posterior force is 

exerted to the proximal talus). The small forces (< 0.1 BW) calculated in the medio-lateral direction 

are also contrary to the data of Seireg and Arvikar (1975), where a lateral force of ~0.7 BW 

followed by a medial force of ~0.4 BW were calculated just before toe-off (Figure 4.10d). These 

could be due to the current OpenSim simulation being based on a single, young, healthy subject (Au 

and Dunne, 2013; John et al., 2013), who may have had increased plantarflexion at this point in the 

GC than in the study by Seireg and Arvikar (1975). 

The OpenSim simulation conducted in the present study estimated contact forces occurring in 

other joints as well, including the hip joint. The latter were in good agreement with hip contact 

forces calculated in a previous experimentally validated study (Modenese and Phillips, 2012). 

 



 Chapter 4   Muscle architecture and contact forces in the ankle 

 

 

 

  89  

The current findings regarding muscle force estimations being considerably more sensitive to 

variations in muscle PCSAs compared with joint contact forces, concurs with the results of a 

previous study employing musculoskeletal modelling of the hip joint(Brand et al., 1986). 

 

 Limitations 4.4.3.

 

4.4.3.1. Measurements of muscle architecture 

 

A limitation of the current study may be the use of formalin-fixed specimens considering that 

embalming may have affected muscle architecture. However, Cutts (1988) reported that embalming 

caused only ~2% shrinkage of excised leg muscles, indicating that the effect of fixation on 

architecture is marginal, particularly when considering the large sample variability (Table 4.2). 

Shrinkage may occur during maceration in nitric acid as well. 

Measurements of muscle PCSA, fibre length and PA are affected by joint position (during 

plantarflexion the PAs of the triceps surae, for example, increase and the fibre lengths decrease, 

thereby increasing the PCSAs) and muscle activity (fibre lengths and PAs decrease during muscle 

contraction; Kawakami et al., 1998; Maganaris et al., 1998; Narici, 1999; Narici et al., 1996), giving 

an inherent limitation to the use of cadaveric material. 

The specimens investigated in the current study were from elderly donors, in whom muscle 

architectural characteristics could be different to those in a younger population (Morse et al., 2005; 

Narici et al., 2003; Thom et al., 2007; Tomlinson et al., 2014). Young et al. (1985), for example, 

found that muscle cross-sectional areas are approximately 25% smaller in older populations 

compared with young adults, which can be used to re-scale the data reported here. Additionally, 

degenerative processes in skeletal muscles are common mainly among older people (Weijs and 

Hillen, 1985), which might have affected the reported outcomes; however, cadaveric legs which 

exhibited a pathological nature (severe fat infiltration and/or muscle atrophy) were excluded from 

this study. 

All cadavers investigated were from male donors, despite the fact that muscle mass and strength 

differ between the two sexes to a significant extent (Frontera et al., 1991; Janssen et al., 2000). 

However, since only eight cadaveric legs were available for the investigation, it was decided to 

focus on one sex in order to maximise the statistical power of the study. Moreover, differences in 

muscle mass between males and females have been shown to be significantly smaller in the lower 

than in the upper limbs (Janssen et al., 2000). 
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Sarcomere lengths were not measured in the current study despite the fact that they may 

contribute to the accuracy of the fibre length measurement (Lieber and Friden, 2000; Ward et al., 

2009). However, data of sarcomere length available in the literature are of high accuracy and 

demonstrate that these are fairly consistent for the musculature acting over the ankle (2.12-3.24 µm, 

Ward et al., 2009, or 1.89-3.16 µm, Spoor et al., 1991). The architectural properties of the muscle 

tendons (e.g. slack and taut lengths and cross-sectional areas, or length of the entire musculotendon 

unit) and muscle moment arms were also not measured despite the fact that they can contribute to 

the accuracy of musculoskeletal modelling (Arnold et al., 2010; Delp et al., 1990; Modenese et al., 

2015). However, high-fidelity datasets of tendon architecture and muscle moment arms are already 

available in the literature (Hoy et al., 1990; Rugg et al., 1990; Spoor et al., 1990; Wickiewicz et al., 

1984). 

Other sources of error may involve the fact that some fibres might have broken or been stretched 

while being teased, difficulties to clean the muscles from all excessive connective tissues before 

measuring their volumes and measurement errors. 

Despite these, the author believes that the fact that the presented data is generally in good 

agreement with previous studies (Section 4.4.2.1) may strengthen its validity. 

 

4.4.3.2. Musculoskeletal modelling 

 

The main limitations of this study are associated with the use of kinematic data from a single 

subject (as opposed to the utilisation of subject-specific architectural properties). However, since 

one of the aims of this study was to explore the effect of muscle architectural properties on the 

reaction forces in the talocrural joint, it was more expedient to adjust these properties according to 

the experimental data acquired by the author, while keeping all other model inputs constant. 

Small differences were detected between the kinematic data generated by the OpenSim model 

used herein and those reported in the literature (Figure  4.7 and Figure 4.8). Considerable differences 

were found between dorsiflexor and peroneal muscle activations as predicted by the current model 

and clinical EMG data available in the literature (Section  4.3.2.2). These differences can be 

attributed to the EMG data being unable to predict passive musculotendon forces (those applied by 

taut tendons), which are accounted for in the current musculoskeletal model. Additionally, these 

differences may be related to the OpenSim model utilising kinematic data from a single healthy 

subject (for whom kinematic data was openly available to be used as input for the simulation; Au 

and Dunne, 2013; John et al., 2013). Yet, in view of the fact that the simulation was scaled 

according to the subject’s height and BW (Section  4.2.2.2) and its joint reaction force outcomes 
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were normalised according to these (Section  4.3.2.3), which is a common practice in 

musculoskeletal-modelling-based biomechanical research; and considering that the data used as 

inputs for the current OpenSim simulation are characteristic of normal level walking of young adult 

healthy males (Au and Dunne, 2013; John et al., 2013) – the author regards the joint reaction load 

estimations produced by the simulation to be representative of the ‘normal’ physiological condition. 

Another limitation of the current contact-load estimation is the lack of experimental data to 

verify the outcomes obtained by computational modelling. The OpenSim model employed in the 

current study, however, has been previously used to derive hip contact loads and has been validated 

against experimental data for this purpose (Modenese et al., 2011), supporting its utilisation to 

calculate ankle contact loads. 

 

4.5. Conclusions, clinical relevance and future work 

 

 Conclusions and clinical relevance 4.5.1.

 

Computational and experimental modelling are crucial research approaches in musculoskeletal 

research, since ethical and practical considerations limit the collection of data in vivo. The muscle-

architecture data reported here may be used to estimate muscle forces for musculoskeletal 

modelling, which can contribute to the understanding of the roles of the leg muscles and assist in 

surgical decision making (e.g. in tendon transfer, to allow architectural matching between the donor 

and host muscles; Ward et al., 2009) and ankle-prosthesis design. In addition, this study is the first 

to demonstrate a difference between surface and deep PAs and provide evidence to group the 

muscles acting over the ankle joint according to their architecture, thus identifying links with their 

functional roles. The current study is also the first to demonstrate that joint reaction forces 

calculated in a musculoskeletal model are relatively insensitive to subject-specific muscle 

architecture parameters; greater variation was found in the soleus muscle force calculated for 

surface/deep PA. 

Despite its limitations, using a contemporary, open-source musculoskeletal modelling platform 

generated muscle force predictions concurring with EMG data for the strongest muscles acting over 

the ankle. Additionally, data of contact forces occurring in the ankle compared well with equivalent 

data available in previous studies. These support the use of the ankle-joint reaction forces calculated 

herein as an input into the subsequent FE model to study fixation and performance of total ankle 

replacement. 
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 Directions for future work 4.5.2.

 

Future investigations of muscle architecture should be expanded to include data from female and 

younger subjects to strengthen the power of the study and further increase the number of datasets 

available in the literature. Application of the aforementioned methods to explore the architecture of 

muscles controlling other joints, particularly weight-bearing ones (e.g. knee and hip), can also be of 

great benefit. Also, since the muscle architectural properties assessed in this study are affected by 

joint position and muscle activity, measurement of muscle architecture in vivo by applying 

advanced imaging techniques (high resolution ultrasound and/or MRI) can provide data to further 

improve future musculoskeletal models. 

Future work could also include a multi-subject study in which the musculoskeletal model 

described herein would utilise subject-specific kinematic data (not only subject-specific architecture 

data) to more accurately predict contact forces occurring in the AJC. 

 

 Practical outcome 4.5.3.

 

Based on the work presented in this chapter, the ankle contact force to be used in the FE model 

presented in the next chapters is 5.2-times BW. 

 

 



 Chapter 5  Model construction 

 

 

 

  93  

Chapter 5  

Model construction 

  



 Chapter 5  Model construction 

 

 

 

  94  

5.1. Finite-element model generation 

 

 Geometrical modelling 5.1.1.

 

5.1.1.1. Prosthetic devices 

 

The geometries of the tibial and talar components of the total-ankle-replacement (TAR) devices 

investigated were reverse engineered from production specimens using a digital Vernier Calliper, 

micrometer and digital photography, by means of computer-aided-design (CAD) commercial 

software (SolidWorks
®

, Education Edition, 2011-12; Dassault Systèmes SolidWorks Corp., 

France). 

 

5.1.1.2. Bones 

 

A cadaveric leg cut below the knee joint (female, age 79 years, height 170 cm, weight 59 kg, no 

known bone or leg anatomical abnormalities) was axially CT-scanned in a ‘neutral’ position (i.e. 0° 

flexion or 90° between the posterior calf and the sole of the foot) using a Definition AS
®

 Computed 

Tomography (CT) scanner (Siemens Healthcare, Erlangen, Germany); axial voxel sizes were set to 

approximately 0.56 mm and slice thicknesses were 0.6 mm. The CT scanner was phantom-

calibrated against air and water approximately 6 hours before acquiring the scan, so that the 

greyscale values of air and water, expressed in Hounsfield Units (HU), were approximately -1000 

HU and 0 HU, respectively (Tuncer et al., 2013). Separate models of the tibia, talus and fibula were 

then generated by semi-automatically segmenting the CT data using MIMICS
®

 (version 16.0; 

Materialise NV, Leuven, Belgium). 

Coordinate systems were in agreement with the International Society of Biomechanics 

convention (Wu et al., 2002) based on identifiable anatomical landmarks. 

 

5.1.1.3. Virtual ‘perfect-fit’ implantations 

 

Virtual osteotomies were performed using Rhinoceros
®

 (version 4.0; Robert McNeel & Associates, 

Seattle, WA, USA) by flat resections according to the surgical guidelines provided by the 

manufacturers (DePuy, 2005; Finsbury, 2010; Tornier, 2009b, a). The tibial or talar implant 

component was then rescaled and positioned with respect to the tibia or talus according to these 
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guidelines. These ‘virtual implantations’ (Figure  5.2) were supervised by an orthopaedic consultant 

specialised in foot and ankle surgery (James Calder). 

Figures demonstrating some of the operative technique of TAR implantation – as elaborated in 

the surgical guidelines provided by the manufacturers (DePuy, 2005; Finsbury, 2010; Tornier, 

2009b, a) – are included in Figure 5.1. Another set of figures demonstrating the position of the 

implant components in the geometrical models is included in Figure 5.2. 

 



 Chapter 5  Model construction 

 

 

 

  96  

 
 

(a) (b) 

  

  

(c) (d) 

  
Figure  5.1: Images demonstrating the operative technique of total-ankle-replacement (TAR) implantation, as elaborated 

in the surgical guidelines provided by the manufacturers: (a) holes are drilled into the tibia before placing the BOX® 

tibial component, while “taking care not to drill too far” (Finsbury, 2010, downloaded from 

http://www.artro.it/Repository/File/Box%20Ankle%20Optec%20Jun%202005.pdf; with permission of MatOrtho) (b) 

implantation of the BOX® talar component by impacting the pegs into pre-drilled holes (Finsbury, 2010; with 

permission of MatOrtho); (c) the stem of the Mobility® tibial component is slid into the bone after a ‘tibial window’ had 

been created (DePuy, 2005, downloaded from http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-

8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx; permissions applied for); (d) the keel of the Salto® 

tibial component is slid into the bone after a ‘tibial window’ had been created (Tornier, 2009b, downloaded from 

http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx; permissions applied for). 

Images are taken from the surgical technique guidelines provided to surgeons by the manufacturers (downloaded from 

the web pages specified above; permissions applied for; some images are removed owing to copyright issues). 

 

The image is not shown for copyright issues. To view it 

please refer to DePuy (2005) (downloaded from 

http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-

a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-

Technique.aspx). 

The image is not shown for 

copyright issues. To view it please 

refer to Tornier (2009b) 

(downloaded from 

http://www.rpa.spot.pt/getdoc/6065d

9a6-dd01-46cf-b5f9-

f6f73ed785d5/Salto-II-(1).aspx). 

http://www.artro.it/Repository/File/Box%20Ankle%20Optec%20Jun%202005.pdf
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
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Figure  5.2: Tibial and talar components of one of the TAR-prosthesis designs (Mobility® as an example) positioned 

with respect to the bones in Rhinoceros®. 

 

 Material properties 5.1.2.

 

Implants were assigned with an isotropic linear elastic modulus of 210 GPa (corresponding to 

cobalt-chrome; Callister and Rethwisch, 2007) and Poisson’s ratio of 0.3. Bone was also assumed to 

be isotropic with Poisson’s ratio of 0.3, but its mechanical properties were assigned on an element-

by-element basis, in which each element was assigned an individual elastic modulus that depended 

on the mean CT greyscale value (expressed in HU) of all voxels contained within the element 

volume, according to a procedure previously implemented and validated in the author’s group 

(Abdul-Kadir et al., 2008; Sukjamsri et al., 2015). Briefly, the relationship between bone apparent 

dry density and HU was assumed to be linear based on previous studies (Ciarelli et al., 1991; 

McBroom et al., 1985; Rho et al., 1995). The findings of a previous experimental study (McBroom 

et al., 1985), together with the average peak density and HU of cortical bone (1860 HU, 1.75 g/cm
3
) 

and bone marrow (40 HU, ~0 g/cm
3
) as identified in a previous study conducted in the author’s 

group (Tuncer et al., 2014), were used to derive the empirical relationship: 

 

𝜌 = 0.0405 + (9.18 × 10−4) 𝐻𝑈 

Equation  5.1: An empirical relationship between bone density (g/cm3) and radiographic greyscale (Hounsfield Units, 

HU) used in this study, as derived from McBroom et al. (1985) and Tuncer et al. (2014). 
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where ρ is the apparent dry density (g/cm
3
) of the bone area of interest and HU is the radiographic 

greyscale of this area in HU. The density-to-elastic-modulus relationship was described using a 

four-part continuous but not continuously differentiable (‘smooth’) function detailed in 

Equation  5.2, which is based on empirical equations derived from previous studies (Keyak et al., 

1994; Morgan et al., 2003; Snyder and Schneider, 1991) and linear interpolations (Tuncer et al., 

2013). 

 

𝐸 =  

{
 

 
3.60𝜌 − 0.14            0 < 𝜌 ≤ 0.1 

18.49 𝜌1.93              1 < 𝜌 ≤ 0.37
8.87𝜌 − 0.57        0.37 < 𝜌 ≤ 1.5

4.83 𝜌2.39                           𝜌 > 1.5

 

Equation 5.2: Elastic moduli assigned to the tibia and talus based on empirical relationships derived from Morgan et al. 

(2003), Snyder and Schneider (1991) and Keyak et al. (1994), and linear interpolations. 

 

where E (GPa) is the elastic modulus assigned to the element and ρ (g/cm
3
) is the dry apparent 

density of bone volume contained within the element. Values of HU were assigned values of elastic 

modulus according to Equation 5.1 and Equation  5.2, and all bone elements in the model were 

assigned isotropic elastic moduli according to the average radiographic greyscale of voxels 

contained within the volume of the element. 

It should be noted that the relationships expressed in Equation 5.1 and Equation  5.2 were 

actually derived for the proximal tibia as part of previous research conducted in the author’s group 

to study the fixation of knee replacement prostheses (Tuncer et al., 2013; Tuncer et al., 2014). 

However, to the best of the author’s knowledge, such empirical equations for the talus and distal 

tibia do not exist in the literature. Additionally, as the objective of this study is comparing trends of 

effects of implant design features and implant positioning on implant-bone micromotion and bone 

strains, rather than providing absolute values, the specific parameters of such relationships are not 

expected to affect the conclusions of the current study. The above equations were also chosen in the 

interest of consistency with previous and current research conducted in the group. 

It should be further noted that the relationships expressed in Equation 5.1 and Equation  5.2 were 

derived for trabecular bone tissue (not the compact bone). Moreover, due to the limited resolution 

(minimum voxel size of 0.5-0.6 mm; Section  5.1.1.2) of the CT scans used to derive the model 

geometry and mechanical properties, the thin layer (approximately 0.2-mm thick; Tuncer et al., 

2013) of compact bone enveloping the tibia and talus in the regions of interest was not detected in 

the scan; also, the elements used to mesh the bone geometry in the implant vicinity, which had 

characteristic edge length of approximately 1.5 mm (Section  5.1.6.1), were too large to accurately 

represent the bone cortical shell. This probably resulted in an underestimation of the stiffness of the 
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elements forming the bone surface. Yet, as both implant components are resting almost entirely on 

trabecular bone (implantation requires osteotomy; Section  5.1.1.3), and in the interest of simplicity, 

the equations above were used to derive the elastic moduli of elements containing cortical bone as 

well; this was reflected in the elastic moduli of the elements containing cortical bone (i.e. those on 

the bone surface) being larger than those of the elements consisting of purely trabecular bone (i.e. 

those within the bone bulk; Figure 5.3). 

Images demonstrating the elastic moduli assigned to elements forming the bone surface are 

shown in Figure 5.3. Elastic moduli of elements containing cortical bone in the implant vicinity 

were only slightly larger than those of the elements forming the trabecular bone. 

 

Elastic modulus 

[GPa] 

 

 

 
 

 (a) (b) 

   

  

  

 (c) (d) 

   
Figure  5.3: Image representations of the elastic moduli assigned to elements forming the bone surface (a, c) and bulk 

(b, d) as produced in MIMICS®. Moduli of elements containing cortical bone in the vicinity of the tibial (a, b) or talar 

(c, d) component were only slightly larger than those of the elements forming the trabecular bone. Generally speaking, 

elastic moduli of elements containing cortical bone (i.e. those on the bone surface) were larger than those of elements 

consisting of purely trabecular bone (i.e. those within the bone bulk). Elastic moduli of elements containing tibial 

cortical bone further from the implant (i.e. tibial diaphysis) were particularly large. 
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 Bone-implant contact 5.1.3.

 

5.1.3.1. Contact specifications 

 

A linear isotropic Coulomb friction (0.5 coefficient of friction, CoF; see below) was assumed at the 

bone-implant interface based on an experimental study conducted to measure load-displacement 

friction between trabecular bone and porous-coated metal specimens (Shirazi-Adl et al., 1993). 

‘Hard’ linear contact model with penalty method and automatically calculated contact stiffness 

were used to simulate the normal behaviour at the bone-implant interface. These were selected to 

ensure model convergence. Particularly, the penalty contact algorithm was preferred to the 

Lagrangian approach in the interest of reducing computational cost and in light of the fact that the 

difference between the two was shown by a previous study (Bernakiewicz and Viceconti, 2002) to 

affect model outcomes to a negligible extent. The same study also found that contact stiffness, when 

larger than a certain low-medium value (500-600 N/mm) necessary to achieve acceptably small 

bone-implant penetration (within the range of 7-12 µm, 8 µm on average), affected the accuracy of 

model-predicted implant-bone micromotion to a very minor extent and not necessarily favourably; 

it was further concluded that “there are no methods to pre-determine the contact stiffness value 

maximising the accuracy of the model” (Bernakiewicz and Viceconti, 2002). Accordingly, the high 

computational cost (manifested in the no. of iterations towards model convergence) did not justify 

using higher stiffness values. 

Small-sliding formulation and surface-to-surface discretisation method with minimal tolerance 

were used at the interface to reduce the likelihood of penetration (Abaqus Analysis User's Manual 

(version 6.11), 2011). This was in line with the findings of a previous study designed to compare 

the accuracy of several types of FE contact models in predicting implant-bone micromotion 

measured experimentally (Viceconti et al., 2000). 

 

5.1.3.2. Sensitivity analysis of coefficient of friction 

 

Sensitivity analysis was conducted to explore the effect of bone-implant CoF on the model 

outcomes. The ‘baseline’ FE models of the tibia and talus implanted with the three different TAR 

designs investigated in this thesis (optimally positioned, baseline-geometry model variants; 

Section  5.2.1) were used in this analysis. Loading applied to all models was purely compressive 

loading (Section  5.2.5.1 a) and compressive loading combined with small shear (Section  5.2.5.1 b). 

Each model variant was processed after setting the CoF between the bone and implant to 0.4, 0.5 
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and 0.6. Taking 0.5 as the reference value, peak and mean tibial implant-bone micromotion were 2-

9% (mean: 5%) larger for CoF=0.4 and 2-7% (mean: 5%) smaller for CoF=0.6; peak and mean talar 

micromotions were 2-20% (mean: 10%) larger for CoF=0.4 and 1-14% (mean: 8%) smaller for 

CoF=0.6. Strain outcomes of both tibial and talar model variants were affected by CoF adjustments 

to a negligible (≤1%) extent. It was therefore concluded that the exact value of bone-implant CoF 

does not affect the model outcomes to a considerable effect, and selected 0.5 – which is the middle 

of the range of CoF reported by Shirazi-Adl et al., 1993 (0.4-0.6) – to be implemented in the model. 

 

 Boundary conditions 5.1.4.

 

5.1.4.1. Boundary condition specifications 

 

Boundary conditions (BCs) included fixing the proximal three quarters (by length) of the tibia 

(Figure 5.4a) and the distal quarter of the talus (approximately 7% volume; Figure 5.4b) to all 

motions. These were found to be acceptable in the sensitivity analyses outlined below. 

 

5.1.4.2. Sensitivity analyses of bone fixation length 

 

Boundary conditions were set to fix: (a) the proximal three quarters and (b) the proximal quarter of 

the tibia. Similarly, BCs were set to fix the (a) distal quarter and (b) distal tenth of the talus. In the 

framework of this sensitivity analysis loading conditions (LCs) were also adjusted so that the 

orientation of the loading vector relative to the surface remained the same to counteract any 

difference in deflection of the bone under loading. To investigate the effect of the LC orientation 

(coordinate system) alone, this procedure of adjusting the LC orientation was repeated for one set of 

BCs (a). This was performed on the two TAR components and three different implant designs 

(Section  5.1.1.1), with two combinations of compressive and shear loads (Table 5.2), applied evenly 

across the entire articular surface of the component. 

The distance of the fixation boundary condition from the implant fixation surface altered the 

micromotion by 9-16% on average. For the tibia, strains were less affected (3-7%), but talar strains 

were sensitive to the location of the fixed boundary condition due to the relative proximity of the 

distal part of the talar bone region of interest (ROI, 10-mm offset from the bone-implant interface; 

Section  5.1.6.1) to the fixed nodes located distally. However, it should be noted that fixed elements 

were never included in the ROI (this is valid for both tibial and talar model variants but of particular 

interest in the talar model variants, for which more distal fixation resulted in larger ROI; 
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Section  5.1.6.1), and further reducing the number of fixed elements caused convergence problems. 

Although the talar strain outcomes changed due to BC modifications, all model variants included in 

the analysis were affected to the same magnitude, i.e. the qualitative comparison was not sensitive 

to BC alterations. 

It should be again noted that these BC alterations also included a modification to the LCs to keep 

the load fixed relative to the bearing surface of the implant. To investigate the effect of this LC 

coordinate system modification in isolation, I repeated the sensitivity study, but compared the effect 

of load orientation alone. It was found that for the tibia, the differences discussed above were 

almost entirely explained by the changing loading orientation, i.e. the position of the fixed BC alone 

did not affect the strain or micromotion data. The talar model, however, was considerably affected 

by BC modifications. 

Tables elaborating on the effects of bone fixation length on the outcome measures of interest are 

included in Appendix  7. 

 

 Loading conditions 5.1.5.

 

Loading conditions (LCs) were applied to the distal and proximal surfaces of the tibial and talar 

components, respectively, so to simulate the contact loads acting on the implant articular surfaces 

during the stance phase of gait (Figure 5.4). These loads, applied as point forces evenly distributed 

between the nodes forming the surfaces, were calculated in a separate musculoskeletal model, 

which is fully described in  Chapter 4. Several scenarios of loading were applied to the model as 

described in Section  5.2.5.  
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 (a) (b) 

  
Figure  5.4: Anterior view demonstrating the geometry of tibial (a) and talar (b) model variants (the BOX® design is 

shown as an example) as produced in ABAQUS®. The tibia and talus are shown in green, while the device components 

are shown yellow-grey. The orange/blue dots indicate fixations against all three degrees of freedom; the yellow arrows 

pointing vertically indicate the force applied to the nodes comprising the articular surfaces of the tibial and talar 

components.  

 

 Meshing 5.1.6.

 

5.1.6.1. Meshing specifications 

 

Automatic meshing was applied in 3-matic
®

 (version 8.0; Materialise NV, Leuven, Belgium) using 

solid tetrahedral linear elements (of type C3D4 in ABAQUS; mesh density of maximum triangle 

edge length 5 mm) so that nodes at the bone-implant interfaces were coincident; finer meshing 

(mesh density of maximum triangle edge length 1.5 mm) was applied at the vicinity of the bone-

implant interface to facilitate the highest resolution and accuracy provided the available 

computational resources. The meshes of the tibial and talar model variants comprised 

approximately 180,000-270,000 and 120,000-150,000 non-fixed elements, respectively; 32,000-

48,000 and 21,000-29,000 non-fixed nodes, respectively; and 96,000-144,000 and 63,000-87,000 

degrees of freedom (DoF), respectively. 

 

5.1.6.2. Mesh-refinement study 

 

The mesh density implemented was considered acceptable based on a mesh-refinement study 

conducted as a preliminary investigation into mesh convergence, as outlined below. 

distal 

proximal 

medial lateral 

distal 

proxima

l 
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The ‘baseline’ finite-element (FE) models of the tibia and talus implanted with the three different 

TAR designs investigated in this thesis (optimally positioned, baseline-geometry model variants; 

Section  5.2.1) were used in this preliminary study. Three different mesh densities were 

implemented to each model variant included in the study, as described in Table  5.1.  

 

Table  5.1: Density of meshes created to explore mesh convergence; density is expressed as the characteristic edge 

length of the tetrahedral elements at the vicinity of the bone-implant interface (‘edge length’). DoF – degrees of 

freedom. 

 

Edge length 
Tibia Talus 

No. of elements (x10
3
) No. of 3-DoF nodes (x10

3
) No. of elements (x10

3
) No. of 3-DoF nodes (x10

3
) 

     

1.5 mm 180-270 32-48 120-150 21-29 

2.0 mm 80-125 15-23 55-80 10-16 

3.0 mm 30-50 7-10 23-43 5-10 
     

 

The loads applied to the model variants included in this study are summarised in Table 5.2 (the 

rationale behind applying these loads is explained in Section  5.2.5.1). Each of the two combinations 

of compressive and shear loads in Table 5.2 was applied separately to the anterior and posterior 

sides of the implant component articular surfaces to simulate different positions of the mobile 

polyethylene (PE) component (more details are included in Section  5.2.5.2). 

 

Table  5.2: Loads applied to the model variants included in the mesh-refinement study and boundary condition 

sensitivity analyses. 

 

Load Compressive (axial) load 

(kN) 

Shear (anterior-posterior) load 

(kN) 

Shear (medial-lateral) load 

(kN) 

    

#1 3 1.15 0.03 

#2 2.4 1.45 0.08 
    

 

The outcome measures used to assess mesh convergence were mean and peak (95
th

 percentile) 

bone principal maximum and minimum strains, as well as mean and peak implant-bone 

micromotion. 

The results of the mesh-refinement study demonstrated that differences in outcome measures 

between the 2.0-mm- and 1.5-mm- edge-length meshes were considerably smaller compared with 

the differences between the 3.0-mm- and 1.5-mm- edge-length meshes (examples in Figure 5.5). 

For the tibial component model variants, for example, the average difference in mean and peak 

tibial micromotion (percentage-wise) between the 3-mm- and 1.5-mm- edge-length meshes was 8% 

and 9%, respectively, but this reduced to 4% and 5% for the 2-mm- edge-length mesh. A similar 
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trend was observed for the talar micromotion, as well as for bone strains. This was expected as finer 

mesh results in the integration points of the elements located immediately to the implant fixation 

surface being closer to the bone-implant interface, and are thus better able to capture the strain 

gradient up to the interface. 

 

   
(a) (b) (c) 

   
Figure  5.5: The effects of mesh refinement on the outcome measures of interest for example tibial and talar model 

variants included in the mesh-refinement study (more are included in Appendix 6). The titles specify the model variant 

(by device brand name) and outcome measure contained in the graph; the horizontal axes indicate the mesh density by 

specifying the characteristic edge length (1.5, 2 or 3 mm); the vertical axes indicate magnitudes of the outcome 

measures of interest, normalised according to that of the finest mesh explored (1.5-mm- edge length); various colours 

indicate the different loading conditions specified in Table 5.2, while applied to the anterior or posterior part of the 

component articular surface (blue – loading condition #1 applied to the anterior part of the articular surface; red – #1 

applied posteriorly; green – #2 applied anteriorly; purple – #2 applied posteriorly); solid and dashed line indicate peak 

and mean values of the outcome measures explored, respectively. 

 

The results of this preliminary investigation into mesh convergence demonstrate the necessity of 

implementing the finest mesh possible given the available computational resources (edge length of 

1.5 mm). Unfortunately, implementing a mesh with density larger than that of the 1.5-mm- edge-

length mesh (i.e. characteristic edge length smaller than 1.5 mm) resulted in running times longer 

than 48 hours, which was not computationally affordable. Meshes with characteristic edge length of 

1.5 mm were thus consistently implemented (each model took approximately 1 hour to run on a 

multi-processor server). 

Figures and tables elaborating on the effects of mesh refinement on the outcome measures of 

interest are included in Appendix 6; specific examples are included in Figure 5.5. 

It should be further noted that meshes of equivalent element type and similar density were used 

and experimentally validated in previous studies conducted in the author’s group to assess 

micromotion of a glenoid implant inserted into a porcine scapula (Sukjamsri et al., 2015), and 
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strains occurring at the vicinity of a tibial component used in knee replacement inserted into a 

cadaveric human tibia (Tuncer et al., 2013). 

 

 Numerical method 5.1.7.

 

The ABAQUS
®

 Standard/Implicit FE solver (ABAQUS CAE, ver. 6.11-2, SIMULIA, Providence, 

RI, USA) in its nonlinear analysis mode was used. 

 

 Outcome measures 5.1.8.

 

I coded a script in MATLAB
®

 (version R2013a, MathWorks Inc., Natick, MA, USA) to calculate 

the distribution of total, normal and tangential micromotion at the bone-implant interface, defined 

as the relative motion between coincident nodes located on the bone-implant interface 

(Section  5.1.6.1). These movements are often regarded as a measure of implant primary stability 

and osseointegration-induced fixation potential (Sections  2.9 and  2.10.4). I generated contour plots 

of the micromotion occurring along the bone-implant interface so to allow examination of the 

micromotion of different features of the component fixation surfaces, and determined the peak (95
th

 

percentile) and mean movement occurring on the implant porous fixation surface for each model 

variant. For each model variant I further calculated the bone-implant interface area and percentage 

of interface area subjected to micromotion larger than 100 µm; this has been identified in previous 

studies (e.g. Engh et al., 1992, and animal models reviewed in Szmukler-Moncler et al., 2000; 

Szmukler-Moncler et al., 1998) as a critical micromotion level above which osseointegration is less 

likely to occur, thereby hampering implant fixation (Section  2.9). 

Additionally, I calculated distributions of maximum and minimum principal strains (indicative of 

tensile and compressive strains, respectively) within the bone tissue, generated contour plots of 

these and determined the peak (95
th

 percentiles) and mean strains occurring within a bone volume 

defined by an offset surface of 10-mm from the bone-implant interface (region of interest, ROI). I 

further coded a MATLAB
®

 script to calculate volumetric exposures of bone tissue to strains larger 

than yield strains, as the total volume of elements in the ROI bearing above-critical load values, and 

the ratio of this volume over the total volume of all non-fixed elements in the ROI. Critical load 

values associated with high risk of bone damage were compressive and tensile strains of 0.73% and 

0.65%, respectively. These values were acquired in experimental testing, by applying compressive 

and tensile loads on trabecular bone specimens harvested from human proximal tibiae (Morgan and 

Keaveny, 2001). Equivalent data for the talus and distal tibia was not available in the literature. 
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However, since yield strains were similar for all anatomic sites tested in the aforementioned study 

(compressive yield strain ranged between 0.70% and 0.85%, while tensile yield strain ranged 

between 0.61% and 0.70%, for trabecular bone specimens harvested from the vertebra, proximal 

tibia, femoral greater trochanter and femoral neck), it is assumed that values are likely to be similar 

for the talus and distal tibia as well. It should be further noted that strain (rather than stress or strain 

energy density, for example) was selected as an indicator for loads occurring in the bone following 

previous studies in the area of bone mechanics (e.g. Morgan et al., 2004) which established that 

strain-based failure criteria are more appropriate for bone; specifically, yield strain of trabecular 

bone is only weakly dependent on its density and exhibits a relatively small inter-site variation 

(10%-variation as opposed to 70% for yield stress; Morgan and Keaveny, 2001). 

Tibial and talar model variants were analysed separately. 

The full MATLAB
®

 scripts are available in Appendix  10. 

 

 Clinical comparison with X-ray radiographs 5.1.9.

 

The FE data was compared to radiographs of a series of patients who underwent TAR and were 

followed-up with X-ray analysis in the period between 2009 and 2015. This series included 10 

patients with 11 TARs. The TAR implants in the clinical series included the Mobility
®

, Salto
®
 and 

Zenith
®

 (which, although not included in the FE study, comprises a tibial component similar to the 

Mobility
®

 and a talar component similar to the BOX
®

 designs). The data was provided by the 

orthopaedic consultant supervising this study (James Calder). 

 

5.2. Factors potentially affecting primary stability of total ankle replacement 

to be assessed in the model 

 

 Implant design 5.2.1.

 

The TAR designs investigated in the current study were the BOX
®

 (MatOrtho, Leatherhead, UK), 

Mobility
®

 (DePuy, Warsaw, IN, USA) and Salto
®

 (Tornier, Amsterdam, The Netherlands). These 

are three of the most commonly implanted TAR devices according to the national joint replacement 

registries of Australia (AUJR, 2015), New Zealand (NZJR, 2015), Norway (NOJR, 2015), Sweden 

(Henricson et al., 2011), and England, Wales and Northern Ireland (UKJR, 2015) (Section  2.7.2). 
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All are semi-constrained, uncemented designs with tibial and talar cobalt-chromium components 

and a mobile-bearing PE insert (Section  2.7.1). 

Images showing the geometrical models of the TAR devices investigated are provided in 

Figure 5.6 and Figure 5.7. 

 

Component BOX
®
 Mobility

®
 Salto

®
 

Tibial 
   

   

    

Talar 
   

   

    
Figure  5.6: Geometrical models of the tibial and talar components of the three TAR prostheses explored in the study, as 

generated by means of computer-aided-design software (SolidWorks®, Section  5.1.1.1); the positioning of each design 

with respect to the bone is also shown from a frontal view. Both BOX® components achieve fixation to the bone closest 

to the joint line (fixation features anchored to the dense distal tibial or proximal talar bone) and via two fixation pegs. 

The tibial Mobility® and talar Salto® components achieve fixation to the bone furthest from the joint line (fixation 

features extended deeper into the less dense trabecular bone) and via a single peg each. The Salto® talar component has 

a flange that covers the lateral facet of the talus (after bone resection). Further details about the design of the fixation 

features are provided in Section  2.7.1. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

  
Figure  5.7: Geometrical computer-aided-design models of the tibial and talar components of the three TAR prostheses 

explored in the study, including dimensions of the main features highlighted: (a) BOX® tibial component, (b) BOX® 

talar component, (c) Mobility® tibial component, (d) Mobility® talar component, (e) Salto® tibial component, (f) Salto® 

talar component. 
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 Implant malpositioning 5.2.2.

 

The virtual implantations described in Section 5.1.1.3 were modified so to simulate malpositioning 

of the implant components during surgery, which has been identified in clinical studies as a possible 

cause of poor outcomes (Saltzman et al., 2004) or implant failure (Stamatis and Myerson, 2002). 

The most common types of malpositioning were determined from the literature (Section  2.8) and 

through consultation with an orthopaedic consultant specialised in foot and ankle surgery (James 

Calder). These include varus/valgus and dorsiflexed positioning (mainly of the tibial component) 

while the implant is fully seated on the bone, as well as a small gap between the tibia/talus and 

implant component, and can be attributed to the operative technique and equipment used during 

arthroplasty surgery (DePuy, 2005; Finsbury, 2010; Tornier, 2009b, a). For example, even slight 

malpositioning or shift of the tibia alignment guide used during TAR surgery to direct osteotomy 

(the guide is designed to be aligned with the tibial axis in both the anterior and lateral views; 

Figure 5.8a-c; DePuy, 2005; Finsbury, 2010; Tornier, 2009b, a), may result in varus/valgus or 

dorsiflexed
xviii

 positioning of the tibial component (plantarflexed positioning can be more easily 

visually identified, and thus avoided). Likewise, avoiding any gaps between the tibia and tibial 

component (mainly gaps at the posterior bone-implant interface, which are harder to visualise) 

requires nearly flawless positioning of the BOX
®

 tibial keyhole cutter
xix

 (Figure 5.8d; Finsbury, 

2010), Mobility
®

 tibial window cutting block
xx

 (Figure 5.8e; DePuy, 2005) or Salto
®

 tibial plug or 

base guide (Figure 5.8f; Tornier, 2009b, a) prior to osteotomy, which can be difficult to assure. 

Similarly, malpositioned or inappropriately sized BOX
®

 or Salto
®

 talar chamfer guide
xxi

 (which can 

be the outcome of excessive or insufficient talar osteotomy
xxii

; Figure 5.8g,i; Finsbury, 2010; 

Tornier, 2009b, a) or Mobility
®

 talar drill bits
xxiii

 and pin
xxiv

 (Figure 5.8h; DePuy, 2005) may 

culminate in dorsi- or plantar- flexed malpositioning of the talar component
xxv

. 

 

                                                 
xviii “The tibial cutting block is angled to allow for a 5º slope posteriorly” (DePuy, 2005). 
xix “Care should be taken not to ‘break-out’ the holes by biasing the cutter up or down” (Finsbury, 2010). 
xx “The positioning of the tibial and talar component depends on the correct positioning of the tibial window cutting 

block” (DePuy, 2005). 
xxi “Select the appropriate size of Talar Chamfer Guide and attach the blue handle” (Finsbury, 2010). 
xxii “Trim the anterior talus until the anterior chamfer of the guide fits well” (Finsbury, 2010). 
xxiii “The flexion/extension of the final implanted talar component is determined by the positioning of two drill bits 

inserted into the talus. Take extreme care not to drill greater than the depth mark on the drill bit” (DePuy, 2005). 
xxiv “Confirm visually that the insertion point of the pin is in the centre of the talus medially/laterally” (DePuy, 2005). 
xxv “It is at the discretion of the surgeon to decide if the centre of the talar component should be left posteriorly or if it 

should be moved slightly anteriorly to implant the talar component in relation to the talar anatomy” (DePuy, 2005). 
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(a) (b) (c) 

  

 

(d) (e) (f) 

   

(g) (h) (i) 

   
Figure  5.8: Images demonstrating the operative technique of TAR implantation, as elaborated in the surgical guidelines 

provided by the manufacturers (Finsbury, 2010, downloaded from 

http://www.artro.it/Repository/File/Box%20Ankle%20Optec%20Jun%202005.pdf; DePuy, 2005, downloaded from 

http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-

Technique.aspx; Tornier, 2009b, a, downloaded from http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-

f6f73ed785d5/Salto-II-(1).aspx; permissions applied for); these are shown to explain several types of malpositioning 

prone to occur during TAR arthroplasty surgery: (a-c) malpositioning or shift of the tibia alignment guide used to direct 

osteotomy may result in varus/valgus or dorsiflexed positioning of the BOX® (a, Finsbury, 2010; with permission of 

MatOrtho), Mobility® (b, DePuy, 2005) and Salto® (c, Tornier, 2009b, a) tibial components; (d-f) malpositioning of 

the BOX® tibial keyhole cutter (d, Finsbury, 2010; with permission of MatOrtho), Mobility® tibial window cutting 

block (e, DePuy, 2005) or Salto® tibial plug or base guide (f, Tornier, 2009b, a) may culminate in a gap at the posterior 

part of the interface between the tibia and tibial component; (g-i) malpositioned or inappropriately sized BOX®- (g, 

Finsbury, 2010; with permission of MatOrtho) or Salto®- (i, Tornier, 2009b, a) talar chamfer guide, or Mobility® talar 

drill bits and pin (h, DePuy, 2005), may culminate in dorsi- or plantar- flexed malpositioning of the talar component. 

Images are taken from the surgical technique guidelines provided to surgeons by the manufacturers (downloaded from 

the web pages specified above; permissions obtained or applied for; some images are removed owing to copyright 

issues). 

The images are not shown for 

copyright issues. To view them 

please refer to DePuy (2005) 

(downloaded from 

http://www.rpa.spot.pt/getdoc/52431

02b-0def-4108-a82f-

8b59568ad3b7/Mobility-Total-

Ankle-Surgical-Technique.aspx). 

The images are not shown 

for copyright issues. To 

view them please refer to 

Tornier (2009b) 

(downloaded from 

http://www.rpa.spot.pt/get

doc/6065d9a6-dd01-46cf-

b5f9-f6f73ed785d5/Salto-

II-(1).aspx). 

http://www.artro.it/Repository/File/Box%20Ankle%20Optec%20Jun%202005.pdf
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/5243102b-0def-4108-a82f-8b59568ad3b7/Mobility-Total-Ankle-Surgical-Technique.aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
http://www.rpa.spot.pt/getdoc/6065d9a6-dd01-46cf-b5f9-f6f73ed785d5/Salto-II-(1).aspx
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Accordingly, the specific malpositioning cases considered in this study were as follows: 

a) The tibial component was positioned in 5° and 10° of varus (lateral part is more distal compared 

with the optimally positioned case; http://radiopaedia.org/) and valgus (medial part is more distal 

compared with the optimally positioned case) positioning (Figure  2.13a,b, Figure  5.9a). 

b) The tibial component was positioned in 5° and 10° of dorsiflexion (Figure  2.13c, Figure  5.9b). 

c) A small gap (5°, equivalent to 1-2 mm, manifested in 18-24% of the area of the implant fixation 

surface not being in contact with the bone; Table  5.3) was modelled at the posterior part of the 

interface between the tibia and tibial component (the anterior part of the implant still interfaced 

the bone; Figure  2.13d, Figure  5.9b). 

d) Tibial dorsiflexed malpositioning was also combined with 5° of posterior gap (Figure  2.13d, 

Figure  5.9b). 

e) The talar component was positioned in 5° (BOX
®

, Salto
®

) or 7.5° (Mobility
®

) of dorsi- or 

plantar- flexion, so to create an anterior or posterior gap, respectively, between the bone and 

implant component (the implant is tilted in the sagittal plane about its anterior or posterior edge, 

which remained interfacing the bone, so that 31-81% of the area of the implant fixation surface 

was not in contact with the bone; Figure  5.9c; Table  5.3). 

 

http://radiopaedia.org/
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Varus 10° Varus 5° Optimally positioned Valgus 5° Valgus 10° 

     
(a) 

 
Optimally positioned DF 5° DF 10° Gap DF 5° + gap DF 10° + gap 

      
(b) 

 

DF 5° / 7.5° Optimally positioned PF 5° / 7.5° 

   
(c) 

 
Figure  5.9: Geometrical models simulating tibial and talar component ‘optimal’ positioning and malpositioning 

(Mobility® as an example): (a) the tibial optimally positioned and varus/valgus-malpositioned (5° and 10°) model 

variants from a frontal view; (b) the tibial optimally positioned, dorsiflexed-malpositioned (DF; 5° and 10°) and DF 

combined with a posterior-gap- malpositioning model variants from a lateral view; (c) the talar optimally positioned, 

dorsiflexed-malpositioned (DF; 5° for BOX® and Salto® or 7.5° for Mobility®) and plantarflexed-malpositioned (PF; 5° 

or 7.5°) model variants from a lateral view. 

 

Table  5.3: Percentage of the area of implant fixation surface not being in contact with the bone for the tibial dorsiflexed 

and talar dorsi- (DF) and plantar- flexed (PF) malpositioning model variants. 

 

 Tibial component Talar component 

DF PF 
    

BOX
®
 23-24% 81% 80% 

Mobility
®
 21-23% 45% 31% 

Salto
®
 18% 65% 69% 

    

 

medial lateral 

posterior anterior 

posterior anterior 
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 Optimisation of implant design 5.2.3.

 

The fixation features of the tibial and talar components of the BOX
®

, Mobility
®

 and Salto
®

, which 

were reverse-engineered as described in Sections  5.1.1.1 and  5.2.1, were slightly modified as 

outlined in Table 5.4, Figure 5.10 and Figure  5.11 (normally by 30%; when 30% change manifested 

in less than 2 mm, larger change was applied instead). The aim of this was to employ the model to 

investigate whether these implant designs were optimised by the manufacturers during the design 

process to minimise implant-bone micromotion and peri-implant bone strains, and whether design 

modifications could reduce these. 
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Table  5.4: Details of modifications to the geometrical features of the total-ankle-replacement (TAR) devices explored 

in this study. Reference geometrical features are highlighted in grey. 

 

 Tibial component Talar component 
   

BOX
®
 

Cylindrical bars 

(cylinder and short connecting fin): 

Cylinder outer diameter: 5.0mm 

Cylinder inner diameter: 3.0mm 

Short connecting fin length: 1.5mm 

Pegs: 

Diameter: 5.2 mm 

Anterior peg length: 7.9-8.8mm 

Posterior peg length: 8.6-10.1mm 

Thinner cylinders: 

outer diameter: 3.0mm 

inner diameter: 1.8mm 

Thinner pegs: 3.1mm 

 

Thicker cylinders: 

outer diameter: 7.0mm 

inner diameter: 3.9mm 

Thicker pegs: 7.3mm 

Shorter fins: 0.5mm Shorter pegs: 

anterior peg: 4.8-5.8mm 

posterior peg: 5.3-6.6mm 

Longer fins: 2.8mm Longer pegs: 

anterior peg: 10.7-11.7mm 

posterior peg: 12.0-13.0mm 
   

   

Mobility
®
 

Stem: 

Upper diameter: 8.5mm 

Lower diameter: 11.2-13.2mm 

Length: 22.3mm 

Pegs: 

Upper thickness: 2.1-4.1mm 

Lower thickness: 5-7.1mm 

Length: 7.3-10.7mm 

Thinner stem: 

upper diameter: 6.0mm, 

lower diameter: 7.8-9.8mm 

Thinner pegs: 

upper thickness: 2.1mm 

lower thickness: 2.8-4.9mm 

Thicker stem: 

upper diameter: 11.1 mm, 

lower diameter: 14.5-16.5mm 

Thicker pegs: 

upper thickness: 4.1-6.1mm 

lower thickness: 7.0-9.0mm 

Shorter stem: 16.3 mm Shorter pegs: 4.3-7.7mm 

Longer stem: 27.7mm Longer pegs: 10.4-13.7mm 
   

   

Salto
®
 

Keel 

(cylinder and long connecting fin): 

Cylinder outer diameter: 7.1mm 

Cylinder inner diameter: 4.0mm 

Long connecting fin thickness: 3.6mm 

Long connecting fin length: 8.1mm 

Peg: 

Outer diameter: 7.2mm 

Inner diameter: 4.6mm 

Length: 7.4-9.1mm 

Thinner cylinder: 

cylinder outer diameter: 5.0mm 

cylinder inner diameter: 2.8mm 

fin thickness: 2.5mm 

Thinner peg: 

outer diameter: 5.0mm 

inner diameter: 3.2mm 

Thicker cylinder: 

cylinder outer diameter: 9.0mm 

cylinder inner diameter: 5.2mm 

fin thickness: 4.6mm 

Thicker peg: 

outer diameter: 9.4mm 

inner diameter: 6.0mm 

Shorter fin: 5.7mm Shorter peg: 4.5-6.0mm 

Longer fin: 10.6mm Longer peg: 11.0-12.6mm 
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BOX
®
 

Reference 

 

Thinner cylinders 

 

Thicker cylinders 

 

Shorter fins 

 

Longer fins 

 

     
 

Mobility
®
 

Reference 

 

Thinner stem 

 

Thicker stem 

 

Shorter stem 

 

Longer stem 

 

     
 

Salto
®

 

Reference 

 

Thinner cylinder 

 

Thicker cylinder 

 

Shorter fin 

 

Longer fin 

 

     
 

Figure  5.10: Geometrical representations of the modifications to the design features of the TAR tibial components 

explored in this study, as produced by SolidWorks®. 
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BOX
®
 

Reference 

 

Thinner pegs 

 

Thicker pegs 

 

Shorter pegs 

 

Longer pegs 

 

     
 

Mobility
®
 

Reference 

 

Thinner pegs 

 

Thicker pegs 

 

Shorter pegs 

 

Longer pegs 

 

     
 

Salto
®

 

Reference 

 

Thinner peg 

 

Thicker peg 

 

Shorter peg 

 

Longer peg 

 

     
 

Figure  5.11: Geometrical representations of the modifications to the design features of the TAR talar components 

explored in this study, as produced by SolidWorks®. 

 

 Pilot osteoporosis study 5.2.4.

 

In order to simulate the mechanical manifestation of osteoporotic bone degradation, elastic moduli 

of all bone elements were uniformly reduced by 25% (Li and Aspden, 1997a, b) while leaving all 

other model parameters at their nominal values. This approach of artificially applying homogeneous 

decrease in bone stiffness in order to analyse the influence of poor bone quality on implant stability 

has been implemented in several FE-modelling- based studies (Wirth et al., 2010). It is applied here 

in this pilot investigation into the effects of osteoarthritis on the implant-bone micromotion and 

peri-implant bone strains experienced by the TAR designs modelled in this study. 

 

 Loading scenarios 5.2.5.

 

The LCs applied to the component articular surfaces to simulate the contact forces acting during the 

stance phase of gait were estimated in the musculoskeletal model described in Chapter 4 and were 

applied to the implant articulation surfaces. After conducting a preliminary study in which the 
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forces acting in the talocrural joint at six segments of the stance phase of gait (2%, 12%, 31%, 45%, 

50%, 55% gait cycle, GC; Table 4.4) were applied to model, it was decided to focus on 45%GC 

(terminal stance, just after heel rise), where the compression/axial loading acting on the articular 

surfaces is approaching peak at approximately 5-times bodyweight (BW) (Figure 4.10 in  Chapter 4) 

or 3 kN for the subject considered here (Section  5.1.1.2). This concurs with the ASTM−F2665-09 

(2014) standard protocol. All moments acting in the joint were neglected as these were estimated in 

previous studies, as well as in the musculoskeletal model described in  Chapter 4, to be considerably 

smaller than the axial force. To address uncertainty in how these loads could be applied to the 

bearing surfaces of the implants, several loading scenarios were considered as follows: 

 

5.2.5.1. Directions of loading (inclusion of shear loading) 

 

The direction of force applied to the model was adjusted as follows: 

a) Purely compressive loading: Purely compressive force was applied in all tibial and talar model 

variants, while neglecting all shear forces, which were estimated in the musculoskeletal model to 

be considerably smaller than the axial load ( Chapter 4). This concurs with the low friction 

coefficient acting between the cobalt-chromium and PE components (0.06-0.08; Revell, 2008, as 

opposed to 0.5 at the bone-implant interface), and is also in agreement with previous FE studies 

of TAR devices in which pure axial loading was applied (Espinosa et al., 2010; Terrier et al., 

2013, 2014). This loading case was used as the ‘reference’ or ‘baseline’ to allow consistent 

comparisons between implant designs, positioning scenarios and other factors considered in this 

study potentially affecting TAR primary stability. 

b) Compressive loading combined with small shear: Posterior shear forces acting on the articular 

surfaces of the tibial and talar components as a result of contact with the PE bearing were applied 

to the optimally positioned, baseline-geometry model variants together with the same 

compressive force discussed above. The magnitude of the force was estimated as the product of 

the axial compressive force and the estimated cobalt-chromium – PE friction coefficient, 0.07 

(Revell, 2008). The anterior-to-posterior direction was derived from knowledge of the ankle 

dorsiflexion occurring during the segment of gait of interest, and a previous computational study 

predicting that the BOX
®

 PE component would move posteriorly during stance phase (Reggiani 

et al., 2006). 

c) Compressive loading combined with considerable shear: Larger anterior and posterior shear 

forces (of magnitude equal to 0.35-0.40 of that of the compressive force above) were applied to 

the tibial and talar components, respectively, together with the same compressive force, in all 
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model variants. The inclusion of such forces modelled a situation where the mobile PE insert 

was able to transfer considerable shear forces to the implant fixation, which could be the case if 

damage had been caused to the bearing surfaces or there was soft tissue entrapment or extra-

articular impingement (as demonstrated for mobile-bearing uni-condylar knee replacement in 

Kendrick et al., 2010, for example). 

The forces applied to the model as described in the loading scenarios above are detailed in 

Table 5.5. 

 

Table  5.5: Three loading scenarios applied to the model variants included in this study. 

 

Load Compressive (axial) load 

(kN / bodyweight) 

Shear (anterior-posterior) load 

(kN / bodyweight) 

Shear (medial-lateral) load 

(kN / bodyweight) 
    

(a) 3.00 / 5.20 0 / 0 0 / 0 

(b) 3.00 / 5.20 0.21 / 0.36 0 / 0 

(c) 3.00 / 5.20 1.15 / 2.00 0.03 / 0.05 
    

 

5.2.5.2. Positions of the polyethylene bearing (areas of loading) 

 

Since all the implants considered have mobile PE bearings, the exact point of load application is not 

certain. For this reason, four cases of loading were considered in order to represent a few possible 

antero-posterior positions of the mobile PE bearing. This was implemented by applying forces to 

the: (1) anterior half (representing an anteriorly positioned bearing), (2) posterior half (representing 

posteriorly positioned bearing), (3) central portion (representing a neutrally positioned bearing) of 

the articular surface of the component, and also (4) evenly across the entire implant articulation 

surface (to allow consistent comparisons between all investigated designs). Positions (1)-(3) cover 

the positions of the PE bearing during the stance phase of gait as predicted in a prior computational 

model of TAR kinematics (Reggiani et al., 2006). This approach is also in line with previous 

analyses (experimental and computational) of TAR (Espinosa et al., 2010; Terrier et al., 2015; 

Terrier et al., 2013, 2014). 
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Chapter 6  

Results 
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Please note: 

 Unless otherwise stated (as in Section  6.5.1), the discussed results are for the purely compressive 

loading case (Section  5.2.5.1 a), which was used as the ‘reference’ or ‘baseline’ to allow 

consistent comparisons between implant designs, positioning scenarios and other factors 

considered in this study potentially affecting TAR primary stability (as detailed in Section  5.2).  

 ‘Peak’ values refer to 95
th

 percentile (Section  5.1.6.1). 

 

6.1. Implant design 

 

 Tibial models 6.1.1.

 

6.1.1.1. Micromotion 

 

When optimally positioned and subjected to pure compression, BOX
®

 and Salto
®

 demonstrated 

smaller tibial micromotion compared with Mobility
®

, which manifested in all micromotion outcome 

measures calculated (Section  5.1.6.1) and loading areas (anterior, posterior , centred and evenly 

distributed loading; Section  5.2.5.2) considered. No design demonstrated micromotion exceeding 

the critical threshold of 100 µm. Taking the purely compressive-, evenly distributed- loading model 

variants as an example, mean and peak micromotions were 12 µm and 50 µm, respectively, for 

Mobility
®

, 7 µm and 22 µm for Salto
®

, and 3 µm and 9 µm for BOX
®

 (Figure  6.1). The peak 

micromotion in the Mobility
®

 was found at the proximal, postero-medial part of the fixation stem, 

with tangential movement being considerably larger than normal movement; micromotion occurring 

at the flat tray of the component was negligible (Figure  6.2d-f). The peak micromotion of the Salto
®

 

occurred at the anterior and posterior of the proximal keel, and also along the medial part flange 

where the implant interfaced the sagittal cut plane of the tibia (note that the BOX
®

 and Mobility
®

 do 

not have this design feature), while micromotion occurring at the flat tray of the component was 

marginal in this design as well (Figure  6.2g-i). The largest micromotion on the BOX
®

 tibial 

component occurred at the posterior of the cylindrical keels and the flat fixation surface, with 

roughly equal tangential and normal movement, while micromotion occurring elsewhere on the 

component fixation surface was negligible (Figure  6.2a-c). 

Note that the area of component articular surface to which loading was applied (representing 

different positions of the polyethylene insert; Section  5.2.5.2) did not influence the trends or clinical 

relevance of the micromotion outcomes, therefore only the results of the evenly distributed load are 
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reported here (others are reported in Section  6.5.2.1 a). Yet, the distribution of micromotion was 

affected to some extent by the loading area, demonstrating a small increase in normal micromotion 

near the posterior or anterior edge of the component when load was applied to the anterior or 

posterior part of the articular surface, respectively. This can be intuitively explained by the ‘rocking 

horse’ mechanism (the eccentric force created an elevated moment arm about the centre of the 

bone-implant interface with a tendency for proximal displacement on one side and a corresponding 

lift-off on the other side; Stamatis and Myerson, 2002; Suarez et al., 2012). 

  

 
 

Figure  6.1: Micromotion occurring at the tibia – tibial component interface at 45% gait cycle (GC) for all total-ankle-

replacement (TAR) designs (BOX®, Mobility® and Salto®) considered in this study (only purely compressive-, evenly 

distributed- loading model variants are shown here). Outcomes shown include mean (bars) and peak (dots) implant-

bone micromotion (in µm) for each model variant. Micromotion did not exceed the threshold value of 100 µm. 
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Figure  6.2: Total (a, d, g), normal (b, e, h) and tangential (c, f, i) micromotion occurring at the tibia – tibial component 

interface at 45%GC for all TAR designs (BOX® (a-c), Mobility® (d-f) and Salto® (g-i)) considered in this study (only 

purely compressive-, evenly distributed- loading model variants are shown here). 

 

6.1.1.2. Strains 

 

Strains calculated in the bone region of interest (ROI, Section  5.1.6.1) are plotted in Figure  6.3. 

Taking the purely compressive-, evenly distributed- loading model variants as an example again, 

peak and mean maximum principal strains were in the ranges of 0.37-0.45% and 0.13-0.15%, 

respectively, for all designs, with the Mobility
®

 demonstrating the higher values and Salto
®
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revealed that 1.6 cm
3
 (7%) of the peri-Mobility

®
 bone experienced strains greater than yield, 

compared to 1.1 cm
3
 (7%) and 1.0 cm

3
 (4%) for BOX

®
 and Salto

®
, respectively (Figure  6.3c).  

In all designs, peak strains were recorded around the implant fixation features as well as around 

the perimeter of the flat face of the implant (Figure  6.4). Strains peaked at the tip of the component 

stem for Mobility
®

 (Figure  6.4c,d), proximally to the antero-medial part of the medial cylindrical 

bar of the tibial component for BOX
®

 (Figure  6.4a,b) and around the cylinder at the top of the keel 

for Salto
®

 (Figure  6.4e,f). The volume of bone subjected to above-yield strains was visually greater 

for the Mobility
®

 design, concentrated proximally to the fixation peg. This is in agreement with the 

data plotted in Figure  6.3c. 

Maximum and minimum (absolute values) principal strains occurring on the surface of the distal 

tibia (elements containing cortical bone) were predicted by the model to peak at approximately 

0.25% and 0.30%, respectively, for all implant designs (slightly elevated values for Mobility
®

). 

These did not occur immediately to the bone-implant interface. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure  6.3: Strains occurring in the tibial region of interest (ROI, 10-mm offset from the bone-implant interface) at 

45%GC for all TAR designs (BOX®, Mobility® and Salto®) considered in this study (only purely compressive-, evenly 

distributed- loading model variants are shown here). Various outcomes are shown: (a) mean (bars) and peak (dots) 

maximum principal strains; (b) mean (bars) and peak (dots) minimum principal strains; (c) % ROI bone volume (bars) 

and bone volume in mm3 (dots) subjected to strains larger than yield strain (0.73% and 0.65% compressive and tensile 

strains, respectively) for each model variant. 
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Figure  6.4: Maximum (a, c, e) and minimum (b, d, f; absolute values) principal strains occurring in the tibial bone 

tissue at the implant vicinity at 45%GC for all implant designs (BOX®, (a, b); Mobility®, (c, d) and Salto®, (e, f)) 

considered in this study (only purely compressive-, evenly distributed- loading model variants are shown here). 
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 Talar models 6.1.2.

 

6.1.2.1. Micromotion 

 

Talar micromotion was generally smaller than tibial micromotion (Section  6.1.1.1) when 

considering all implant designs and positions of the polyethylene (PE) bearing. Particularly, no 

optimally positioned talar component demonstrated micromotion larger than the threshold value of 

100 µm. Salto
®

 demonstrated the largest micromotion (mean approximately 9 µm, peak 19 µm for 

purely compressive, evenly distributed loading) and BOX
®

 demonstrated the smallest micromotion 

(mean 2 µm, peak 4 µm), which was similar to that demonstrated by Mobility
®

 (mean 3 µm, peak 6 

µm; Figure  6.5). For the Salto
®

, peak micromotion occurred at and in the proximity of the lateral 

implant-talus flange; tangential and normal movements of that flange with respect to the bone were 

roughly equal, but the micromotion occurring at the superior bone-implant interface in the vicinity 

of the flange was mainly normal (Figure  6.6g-i). The peak micromotion of the Mobility
®

 was found 

at the medial peg; micromotion was elevated also at the lateral peg and at the posterior edge of the 

component, with roughly equal sliding and separation movements (Figure  6.6d-f). Micromotion 

occurring on the BOX
®

 fixation surface was purely tangential; it peaked at the anterior and postero-

medial edges of the talar component, and was negligible elsewhere (Figure  6.6a-c).  

 

 
 

Figure  6.5: Micromotion occurring at the talus – talar component interface at 45%GC for all TAR designs (BOX®, 

Mobility® and Salto®) considered in this study (only purely compressive-, evenly distributed- loading model variants 

are shown here). Outcomes shown include mean (bars) and peak (dots) implant-bone micromotion (in µm). 

Micromotion did not exceed the threshold value of 100 µm. 
 

0

2

4

6

8

10

12

14

16

18

20

0

1

2

3

4

5

6

7

8

9

10

BOX Mobility Salto

P
e

ak
 m

ic
ro

m
o

ti
o

n
 [

µ
m

] 

M
e

an
 m

ic
ro

m
o

ti
o

n
 [

µ
m

] 



 Chapter 6  Results 

 

 

 

  128  

B
O

X
®
 

Total 

micromotion 

[µm] 

 

 

Normal 

micromotion 

[µm] 

 

 

Tangential 

micromotion 

[µm] 

 

 

  (a)  (b)  (c) 

       

M
o

b
il

it
y

®
 

Total 

micromotion 

[µm] 

 

 

Normal 

micromotion 

[µm] 

 

 

Tangential 

micromotion 

[µm] 

 

 

  (d)  (e)  (f) 

       

S
al

to
®
 

Total 

micromotion 

[µm] 

 

 

Normal 

micromotion 

[µm] 

 

 

Tangential 

micromotion 

[µm] 

 

 

  (g)  (h)  (i) 

       
Figure  6.6: Total (a, d, g), normal (b, e, h) and tangential (c, f, i) micromotion occurring at the talus – talar component 

interface at 45%GC for all TAR designs (BOX® (a-c), Mobility® (d-f) and Salto® (g-i)) considered in this study (only 

purely compressive-, evenly distributed- loading model variants are shown here). 
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principal strain (absolute value) was 0.54% for Mobility
®

, 0.37% for BOX
®

 and 0.43% for Salto
®

 

(Figure  6.7b). ROI bone volumes and percentage of ROI bone volumes subjected to strains larger 

than yield strains were approximately 2-times larger for Mobility
®

 (0.34 cm
3
 / 1.3%) compared with 

BOX
®

 (0.16 cm
3
 / 0.5%), and also larger than for Salto

®
 (0.20 cm

3
 / 0.8%) (Figure  6.7c). 

Strains occurring in the bone ROI peaked around the centre of the talus, distally to the fixation 

peg(s), for all designs (Figure  6.8), which is where the average trabecular bone density was smaller 

(as reflected by the HU scale in the CT images). It should be noted, however, that the elevated 

strains may also be attributed to the boundary condition of fixing the distal quarter of the talus 

(Section  5.1.4), though strain concentrations where shown to be located quite far from the fixation 

(Figure  6.8). 

Maximum and minimum (absolute values) principal strains occurring on the surface of the 

proximal talus (elements containing cortical bone) were predicted by the model to peak at 

approximately 0.25% and 0.50%, respectively, for all implant designs (slightly elevated values for 

BOX
®

); these occurred immediately to the bone-implant interface. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure  6.7: Strains occurring in the talar ROI (10-mm offset from the bone-implant interface) at 45%GC for all TAR 

designs (BOX®, Mobility® and Salto®) considered in this study (only purely compressive-, evenly distributed- loading 

model variants are shown here). Various outcomes are shown: (a) mean (bars) and peak (dots) maximum principal 

strains; (b) mean (bars) and peak (dots) minimum principal strains; (c) % ROI bone volume (bars) and bone volume in 

mm3 (dots) subjected to strains larger than yield strain (0.73% and 0.65% compressive and tensile strains, respectively) 

for each model variant. 
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Figure  6.8: Maximum (a, c, e) and minimum (b, d, f; absolute values) principal strains occurring in the talar bone tissue 

at the implant vicinity at 45%GC, for all implant designs (BOX®, (a, b); Mobility®, (c, d) and Salto®, (e, f)) considered 

in this study (only purely compressive-, evenly distributed- loading model variants are shown here). Nodes below the 

black dashed line were fixed for all motions. 
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 Clinical comparison with X-ray radiographs 6.1.3.

 

6.1.3.1. Tibial component 

 

Radiographic loosening was observed in 8 out of the 11 TARs for which I had X-ray data, as 

confirmed by the orthopaedic surgeon supervising this study (James Calder). This was 

predominantly at the flat fixation surface of the component (in the transverse plane) (Figure 6.9a, 

Figure 6.9b), and often at the perimeter of the component, perhaps being indicative of osteolysis 

induced by debris of the PE component caused by wear at the metal-PE bearing surfaces. Bone 

deposition (sclerosis) was also observed in 4 out of the 11 TARs. This was found at the proximal tip 

of the tibial Mobility
®

 fixation stem, as well as the flat cut surface (Figure 6.9b); it was also 

detected at the proximal fixation keel of the Salto
®

 device (Figure 6.9c). 

The results of the presented finite-element (FE) study can explain some of these radiographic 

findings. The bone deposition observed proximally to the fixation posts of the Mobility
®

 and Salto
®

 

tibial components coincides with the locations where strains were highest in the FE models 

(Section  6.1.1.2; Figure  6.4). In the cases where there was no loosening, bone deposition was also 

detected adjacent to the flat surface of the tibial fixation surface, again correlating with the locations 

of elevated strains in the FE models. 

 

   
(a) (b) (c) 

   
Figure  6.9: Follow-up X-ray radiographs demonstrating radiographic loosening (red arrows) and sclerosis (blue arrows) 

of the tibial component: (a) 25-month follow-up sagittal view of a Mobility® TAR implanted into a patient; (b) 6-month 

follow-up sagittal view of a Mobility® TAR implanted into a 65 y old female patient (initials: PE), where both 

loosening and sclerosis are indicated; (c) 13-month follow-up coronal view of a Salto® TAR implanted into a 76 y old 

female patient (AW). All images were provided by an orthopaedic consultant specialised in foot and ankle surgery 

(James Calder). 
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6.1.3.2. Talar component 

 

Loosening was not observed in any of the talar components, but this may be due to the concave 

design of the talar implant fixation surface making it difficult to observe any radiolucency as the 

surface was precluded by the implant (Figure  6.9). This has been commented upon previously 

(Henricson et al., 2011). 

 

6.2. Implant malpositioning 

 

 Tibial malpositioning: Varus/valgus  6.2.1.

 

Varus/valgus malpositioning of the tibial component seemed to affect implant-bone micromotion 

and peri-implant bone strains to only a minor extent with respect to the optimally positioned cases 

(Section  6.1.1). For all implant designs subjected to purely compressive, evenly distributed loading 

(Section 5.2.5.2), for example, mean changes in micromotion and principal strain outcomes with 

respect to the optimally positioned case were within 8% and 3% (on average), respectively. 

A table containing detailed descriptions of the effects of varus/valgus malpositioning of the tibial 

component on the micromotion and strain outcomes calculated is included in Appendix 8. 

 

 Tibial malpositioning: Dorsiflexion (no posterior gap) 6.2.2.

 

Dorsiflexed malpositioning of the tibial component (without a posterior gap) seemed to affect 

implant-bone micromotion and peri-prosthetic strains to only a minor extent with respect to the 

optimally positioned cases (Section  6.1.1). For all implant designs subjected to purely compressive, 

evenly distributed loading (Section 5.2.5.2), for example, mean changes in micromotion and 

principal strain outcomes with respect to the optimally positioned case were within 9% and 4% (on 

average), respectively. 

A table containing detailed descriptions of the effects of dorsiflexed malpositioning of the tibial 

component on the micromotion and strain outcomes calculated is included in Appendix 8. 
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 Tibial malpositioning: Posterior gap between the tibia and tibial component 6.2.3.

 

6.2.3.1. Micromotion 

 

For all TAR designs investigated in this study, a gap at the posterior part of the interface between 

the tibia and tibial component resulted in a considerable increase in micromotion with respect to the 

optimally positioned case (Section  6.1.1.1). The amount of increase depended on the presence of 

implant dorsiflexed malpositioning combined with the bone-implant posterior gap, as well as the 

specific design and loading area considered. It was largest when the PE component was located 

posteriorly (Figure 6.10).  

The Mobility
®

 tibial component demonstrated the largest increase in micromotion, with peak 

micromotion exceeding the threshold value of 100 µm. When purely compressive loading was 

applied posteriorly, mean micromotion increased from 16 µm for the optimally positioned case to 

155 µm when posterior gap was simulated (without dorsiflexed malpositioning); peak micromotion 

increased from 63 µm to 350 µm (Figure 6.10). This rise was slightly reduced when the posterior 

gap was combined with dorsiflexed malpositioning, increasing to 84 µm (mean) and 361 µm (peak) 

with 10° dorsiflexion (Figure 6.10). The increase in micromotion was due to separation of the bone 

and implant surfaces at the anterior part of the interface (Figure 6.12b,e), and more so sliding at the 

posterior part of the fixation stem (Figure 6.12c,f) (peak tangential micromotion being 

approximately 2-fold larger than normal micromotion). With the PE insert positioned anteriorly or 

centrally, or when the force applied to the component was distributed evenly across the articular 

surface, the increase in micromotion in the presence of a gap between the tibia and implant 

component was smaller, but still considerable. When evenly distributed compression was applied, 

for example, mean micromotion increased from 12 µm to up to 44 µm, and peak micromotion 

increased from 50 µm to up to 150 µm.  

For the BOX
®

 tibial component, the presence of a posterior gap between the bone and implant 

resulted in a similar increase (percentage-wise) in implant-bone micromotion as found for 

Mobility
®

, although the magnitudes were far less. When purely compressive loading was applied 

posteriorly, the mean micromotion increased from 5 µm for the optimally positioned case to 23 µm 

and 26 µm when the posterior gap was included (without/with dorsiflexed malpositioning, 

respectively); peak micromotion increased from 21 µm to 90 µm and 94 µm (Figure 6.10). The 

largest micromotion occurring at the fixation surface of the BOX
®

 tibial component was on the 

posterior cylindrical keels (mainly tangential movement) and the anterior flat face of the component 

(mainly normal movement, but also considerable tangential movement), which was similar for the 
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optimally positioned and posterior-gap- malpositioned cases (Figure 6.11). As with the Mobility
®

 

implant, posterior loading – representing posterior positioning of the PE insert – resulted in the 

largest rise in implant-bone micromotion due to a gap between the tibia and prosthetic component. 

Yet, with the load applied anteriorly, centrally or evenly across the implant articular surface, the 

increase was still considerable. When evenly distributed compression was applied, for example, 

mean micromotion increased from 3 µm to up to 9 µm, and peak micromotion increased from 9 µm 

to up to 45 µm. Note that the 10° dorsiflexion values are not reported for the BOX
®

 design as 

virtual implantations (conducted using Rhinoceros
®

) failed technically.  

The magnitude of the posterior-gap- caused increase in implant-bone micromotion observed for 

the Salto
®

 tibial component was similar to that of the BOX
®

. When purely compressive loading was 

applied posteriorly, the mean micromotion increased from 9 µm for the optimally positioned case to 

26 µm and 22 µm when posterior-gap malpositioning was modelled (without/with dorsiflexed 

malpositioning); peak micromotion increased from 31 µm to 85 µm and 72 µm (Figure 6.10). The 

optimally positioned Salto
®

 demonstrated elevated micromotion at the posterior end of the fixation 

keel; introducing the gap further increased the micromotion occurring in this area of bone-implant 

interface, which was dominated by tangential movement (Figure 6.13f). Similarly to the other TAR 

designs modelled, this type of malpositioning considerably increased the micromotion at the 

anterior fixation surface as well, which was a result of almost-purely normal movement 

(Figure 6.13e). The influence of the PE insert position on implant-bone micromotion demonstrated 

by the Salto
®

 tibial component was similar to that of the BOX
®

 and Mobility
®

 implants – with 

loading applied anteriorly, centrally or evenly across the implant articular surface, the increase was 

not as large as that associated with posterior loading, but still considerable. When loading was 

distributed evenly, for example, mean micromotion increased from 7 µm to 14 µm, and peak 

micromotion increased from 22 µm to up to 45 µm. Note the 10° dorsiflexion is not included in the 

results for the reason mentioned above.  

To summarise, a gap at the posterior part of the tibia — tibial component interface resulted in a 

considerable increase in micromotion with respect to the optimally positioned case, especially for 

the Mobility
®

 design and particularly when the PE insert was located posteriorly. For such loading, 

the increased micromotion occurred on the anterior part of the implant tray (mainly normal 

movement) and the posterior of the fixation keel (mainly tangential movement). 
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Figure  6.10: Micromotion occurring at the tibia – tibial component interface at 45%GC for the optimally positioned 

and all posterior-gap- malpositioned cases (with/without dorsiflexed malpositioning, DF), and all TAR designs (BOX®, 

Mobility® and Salto®) considered in this study. Only the posterior-loading model variants – for which the increase in 

implant-bone micromotion with respect to the optimally positioned model variants was the greatest – are shown here. 

Outcomes shown include mean (bars) and peak (dots) implant-bone micromotion. A horizontal line highlights cases in 

which micromotion exceeded the threshold value of 100 µm. 

* Two bars are missing due to technical difficulties in producing the models. 
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Figure  6.11: Total (a, d), normal (b, e) and tangential (c, f) micromotion occurring at the tibia – tibial component 

interface at 45%GC for the optimally positioned (a-c) and posterior-gap- malpositioned (no dorsiflexion) (d-f) BOX
® 

tibial component. Only the posterior-loading model variants – for which the increase in implant-bone micromotion with 

respect to the optimally positioned model variants was the greatest – are shown here. Distributions of implant-bone 

micromotion occurring at the implant interface when the posterior-gap malpositioning was combined with increased 

dorsiflexed malpositioning were similar to those not involving dorsiflexed malpositioning (d-f) and are therefore not 

included here. 
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Figure  6.12: Total (a, d), normal (b, e) and tangential (c, f) micromotion occurring at the tibia – tibial component 

interface at 45%GC for the optimally positioned (a-c) and posterior-gap- malpositioned (no dorsiflexion) (d-f) 

Mobility
® tibial component. Only the posterior-loading model variants – for which the increase in implant-bone 

micromotion with respect to the optimally positioned model variants was the greatest – are shown here. Distributions of 

implant-bone micromotion occurring at the implant interface when the posterior-gap malpositioning was combined with 

increased dorsiflexed malpositioning were similar to those not involving dorsiflexed malpositioning (d-f) and are 

therefore not included here. 
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Figure  6.13: Total (a, d), normal (b, e) and tangential (c, f) micromotion occurring at the tibia – tibial component 

interface at 45%GC for the optimally positioned (a-c) and posterior-gap- malpositioned (no dorsiflexion) (d-f) Salto
® 

tibial component. Only the posterior-loading model variants – for which the increase in implant-bone micromotion with 

respect to the optimally positioned model variants was the greatest – are shown here. Distributions of implant-bone 

micromotion occurring at the implant interface when the posterior-gap malpositioning was combined with increased 

dorsiflexed malpositioning were similar to those not involving dorsiflexed malpositioning (d-f) and are therefore not 

included here. 

 

6.2.3.2. Strains 

 

Strains occurring in the tibial bone tissue at the implant vicinity were also elevated by posterior-

gap- malpositioning for all TAR designs investigated. Similarly to the micromotion outcomes, the 

amount of increase depended on the presence of implant dorsiflexed malpositioning combined with 

the bone-implant posterior gap, as well as the TAR design and loading area considered, and was 

largest when the PE component was located posteriorly (Figure 6.14). The degree of increase 

(percentage-wise) in tibial strain outcomes with respect to the optimally positioned cases 

(Section  6.1.1.2) was smaller than that of the micromotion outcomes (Figure 6.10), and tended to be 

the largest for the Mobility
®

 design (Figure 6.14). When purely compressive loading was applied 

posteriorly, bone volumes
xxvi

 subjected to above-yield strains, for example, increased from 11% to 

25-29% for the Mobility
®

 design (depending on the degree of dorsiflexed malpositioning; 

                                                 
xxvi The bone ROI considered in the posterior-gap- misaligned tibial component model variants are slightly (up to 9%) 

smaller than those of the optimally-aligned ones since the bone-implant interface is smaller. 
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Figure 6.14c). The increase was slightly smaller for BOX
®

 (from 13% to 22-23%) and the smallest 

Salto
®

 (from 7% to up to 9%; Figure 6.14c). 

This above trend of elevation in strains observed when the PE insert was located posteriorly was 

detected also when the implant was loaded anteriorly, centrally or evenly across the entire articular 

surface of the component as well, though not to the same level. When evenly distributed loading 

was applied, for example, bone volume subjected to above-yield strains increased from 7% to 14-

16% for the Mobility
®

, from 7% to 12-14% for the BOX
®

 and from 4% to 5% for the Salto
®

 tibial 

components.  

Distributions of strains occurring in the tibia at the posterior-gap- malpositioned implant 

proximity demonstrated that these peaked in regions similar to those in which they peaked for the 

optimally positioned model variants, with minimum principal strains (absolute values) being larger 

than maximum principal strains. Specifically, strains were elevated proximally to the medial 

cylindrical bar of the tibial component for BOX
®

, at the tip of the component stem for Mobility
®

, 

and around the cylinder at the top of the keel for Salto
®

 (the same locations as described in the 

optimally positioned model variants described in Section  6.1.1.2 and Figure 6.4). 
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(a)  
 

 
(b)  
 

 
(c)  

 
Figure  6.14: Strains occurring in the tibial ROI (10-mm offset from the bone-implant interface) at 45%GC for the 

optimally positioned and all posterior-gap- malpositioned cases (with/without dorsiflexed malpositioning, DF), and all 

TAR designs (BOX®, Mobility® and Salto®) considered in this study. Only the posterior-loading model variants – for 

which the increase in implant-bone micromotion with respect to the optimally positioned model variants was the 

greatest – are shown here. Various outcomes are shown: (a) mean (bars) and peak (dots) maximum principal strains; (b) 

mean (bars) and peak (dots) minimum principal strains; (c) % ROI bone volume (bars) and bone volume in mm3 (dots) 

subjected to strains larger than yield strain (0.73% and 0.65% compressive and tensile strains, respectively) for each 

model variant. 

* Two bars are missing due to technical difficulties in producing the models. 
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 Talar malpositioning: Dorsiflexed/plantarflexed implantation creating 6.2.4.

anterior/posterior gap between the bone and implant 

 

6.2.4.1. Micromotion 

 

Dorsiflexed or plantarflexed malpositioning of the talar component resulted in a considerable 

increase in implant-bone micromotion. The amount of increase depended on the TAR design and 

loading area considered, as well as the specific malpositioning case (dorsi-/plantar-flexed) 

modelled. 

The BOX
®

 talar component demonstrated the largest increase in implant-bone micromotion due 

to dorsiflexed and plantarflexed malpositioning. When purely compressive loading was applied 

evenly across the implant surface, for example, mean micromotion increased from 2 µm for the 

optimally positioned case to 14 µm and 23 µm for the dorsiflexed- and plantarflexed- malpositioned 

cases, respectively, and peak micromotion increased from 4 µm to 29 µm and 64 µm
xxvii

 

(Figure 6.15). Micromotion outcomes were very similar when the PE insert was modelled to be 

located centrally. Anterior loading – representing anterior positioning of the PE insert – further 

increased the mean and peak micromotions for the dorsiflexed-malpositioned case to 122 µm and 

438 µm, respectively. Similarly, posterior loading increased mean and peak values to 156 µm and 

666 µm for the plantarflexed-malpositioned case. In the plantarflexed-malpositioning case, the 

location of the elevated micromotion was on the posterior part of the fixation pegs, with sliding 

micromotion being considerably larger than separation (Figure 6.16g-i). 

Micromotion outcomes demonstrated by Mobility
®

 increased from 3-8 µm to 10-12 µm (mean) 

and from 8 µm to 26-36 µm (peak) due to dorsiflexed or plantarflexed malpositioning (when loaded 

centrally or evenly across the component articular surface; Figure 6.15). With anterior loading, 

mean and peak micromotions increased to 22 µm and 58 µm, respectively, for the dorsiflexed-

malpositioning case. With posterior loading, mean and peak micromotions increased to 36 and 73 

µm, respectively, for the plantarflexed-malpositioning case. As with the optimally positioned case, 

the highest micromotion was found on the medial keel of the implant (Figure 6.17), with sliding 

movement being considerably larger than separation. With dorsiflexed malpositioning, micromotion 

                                                 
xxvii Please note that only movement occurring on the porous fixation surface of the component was included in the 

calculations of peak and mean values (movement occurring on smooth areas of the implant surface interfacing with the 

bone were excluded). 
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was elevated on the anterior of this keel (Figure 6.17d), but this transferred to the posterior of the 

keel with plantarflexed malpositioning (Figure 6.17g). 

Dorsi-/plantar-flexed malpositioning affected the Salto
®

 to a slightly smaller yet considerable 

extent. Mean micromotion increased from 9 µm for the optimally positioned case to 17-21 µm for 

the dorsi- or plantar- flexed- malpositioning cases under evenly distributed or centred loading; peak 

micromotion increased from 19 µm to 52-72 µm (Figure 6.15). For the posterior loading case, the 

increase was even smaller – from 10 µm (mean) and 21 µm (peak) for the optimally positioned case 

to 12-20 µm and 31-52 µm for the malpositioned cases. When the PE insert was located anteriorly, 

however, mean and peak micromotion demonstrated by the dorsiflexed malpositioning model 

variant increased to as much as 196 µm and 887 µm, respectively. In the dorsiflexed-malpositioned 

case the elevated micromotion was located on the antero-medial part of the fixation peg, with 

tangential micromotion being substantially larger than normal micromotion (Figure 6.18d-f); in the 

plantarflexed-malpositioned case these were located all around the peg (Figure 6.18g-i). 

To summarise, dorsi-/plantar-flexed malpositioning of the talar component resulted in a 

considerable increase in implant-bone micromotion, especially for the BOX
®

 design. Anterior and 

posterior loading further increased micromotion outcomes for the dorsiflexed and plantarflexed 

malpositioned cases, respectively. 

 

 
 

Figure  6.15: Micromotion occurring at the talus – talar component interface at 45%GC for the optimally positioned and 

dorsi-/plantar-flexed- malpositioned cases, and all TAR designs (BOX®, Mobility® and Salto®) considered in this study 

(only purely compressive-, evenly distributed- loading model variants are shown here). Outcomes shown include mean 

(bars) and peak (dots) implant-bone micromotion. DF – dorsiflexed malpositioning, PF – plantarflexed malpositioning. 

Micromotion did not exceed the threshold value of 100 µm. 
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Figure  6.16: Total (a, d, g), normal (b, e, h) and tangential (c, f, i) micromotion occurring at the talus – talar component 

interface at 45%GC for the optimally positioned (a-c) and dorsiflexed- (d-f) / plantarflexed- (g-i) malpositioned BOX
® 

talar component (only purely compressive-, evenly distributed- loading model variants are shown here). Please note that 

only movement occurring on the porous fixation surface of the component was taken into account when calculating 

peak and mean values and drawing conclusions (movement occurring on smooth areas of the implant surface 

interfacing with the bone were disregarded). 
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Figure  6.17: Total (a, d, g), normal (b, e, h) and tangential (c, f, i) micromotion occurring at the talus – talar component 

interface at 45%GC for the optimally positioned (a-c) and dorsiflexed- (d-f) / plantarflexed- (g-i) malpositioned 

Mobility
® talar component (only purely compressive-, evenly distributed- loading model variants are shown here). 
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Figure  6.18: Total (a, d, g), normal (b, e, h) and tangential (c, f, i) micromotion occurring at the talus – talar component 

interface at 45%GC for the optimally positioned (a-c) and dorsiflexed- (d-f) / plantarflexed- (g-i) malpositioned Salto
® 

talar component (only purely compressive-, evenly distributed- loading model variants are shown here). 
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plantarflexed malpositioning of the talar component, with the level of increase depending on the 
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degree of increase was smaller than that of the micromotion outcomes, and tended to be the largest 
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across the component articular surface, bone volumes
xxviii

 subjected to above-yield strains, for 

example, increased from 1% to 6% for the malpositioned Salto
®

 (Figure 6.19c). The increase was 

smaller for BOX
®

 (from <1% to 2-3%) and smallest for Mobility
®

 (from >1% to 2%; Figure 6.19c). 

Of the other loading areas simulated, those demonstrating notable differences to the evenly 

distributed loading (Figure 6.19) were anterior or posterior loading when applied to the dorsi- and 

plantar- flexed- malpositioned cases. For dorsiflexed malpositioning and anterior loading 

(representing anterior positioning of the PE insert), talar bone volumes subjected to above-yield 

strains increased from 4% to 15% for the Salto
®

, from 3% to 6% for the BOX
®

 and from 3% to 4% 

for the Mobility
®

 talar components. When posterior loading was applied, bone volumes subjected to 

above-yield strains increased from 2% to 5-6% for dorsi- and plantar- flexed Salto
®

 talar 

component, from 1% to 10% for plantarflexed BOX
®

, and from 2% to 5% for plantarflexed 

Mobility
®

. 

Distributions of strains occurring in the talus at the dorsi-/plantar-flexed- malpositioned implant 

proximity demonstrated that these peaked in regions similar to those in which they peaked for the 

optimally positioned model variants (Section  6.1.2.2), which is distally to the fixation peg(s), with 

minimum principal strains (absolute values) being considerably larger than maximum principal 

strains (Figure 6.8). 

                                                 
xxviii The bone ROI considered in the dorsi- and plantar- flexed talar component misaligned model variants are slightly 

(up to 10%) smaller than those of the optimally-positioned ones since the bone-implant interface is smaller. 
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(a) 

 

 
(b) 

 

 
(c)  

 
Figure  6.19: Strains occurring in the talar ROI (10-mm offset from the bone-implant interface) at 45%GC for the 

optimally positioned and dorsi-/plantar-flexed- malpositioned cases and all TAR designs (BOX®, Mobility® and Salto®) 

considered in this study (only purely compressive-, evenly distributed- loading model variants are shown here). Various 

outcomes are shown: (a) mean (bars) and peak (dots) maximum principal strains; (b) mean (bars) and peak (dots) 

minimum principal strains; (c) % ROI bone volume (bars) and bone volume in mm3 (dots) subjected to strains larger 

than yield strain (0.73% and 0.65% compressive and tensile strains, respectively) for each model variant. DF – 

dorsiflexed malpositioning, PF – plantarflexed malpositioning. 
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6.3. Optimisation of implant design 

 

 Tibial models 6.3.1.

 

6.3.1.1. Micromotion 

 

Longer fixation fins and more so thicker fixation cylinders of the BOX
®

 tibial component generally 

resulted in larger implant-bone micromotion compared with the original implant geometry (mean 8-

56% larger, peak 12% smaller to 58% larger, depending on the loading area), though this remained 

small (peak micromotion of 21 µm maximum). Thinner cylinders and shorter fins affected 

micromotion outcomes to a smaller extent (up to 32% difference). 

Thicker and more so longer fixation stem of the Mobility
®

 tibial component generally resulted in 

larger implant-bone micromotion compared with the original implant geometry (mean 18-57% 

larger, peak 3-42% larger, depending on the loading area), though this remained under the threshold 

value of 100 µm. Thinner and more so shorter stem resulted in a minor decrease in micromotion 

(mean 6-38% smaller, peak 15-36% smaller). 

All geometrical modifications applied to the Salto
®

 tibial component affected implant-bone 

micromotion outcomes only to a minor extent (up to 15% difference). 

For all designs investigated in this study, distribution of micromotion at the tibia – tibial 

component interface changed very slightly due to minor alterations in the geometry of the fixation 

features (i.e. remained very similar to that of the original implant geometry discussed in 

Section 6.1.1.1 and shown in Figure 6.2). 

A table containing detailed descriptions of the effects of geometrical modifications of the tibial 

components on the micromotion outcomes calculated in this study is included in Appendix 9. 

 

6.3.1.2. Strains 

 

Strains (peak and mean maximum and minimum principal strains, as well as distributions of these) 

occurring in the tibial bone tissue at the vicinity of all tibial components were affected by 

geometrical modifications of the fixation features to a negligible extent (up to 24% difference, but 

normally under 7% change). This was the observed for all loading areas simulated. 

A detailed description of the above is included in Appendix 9. 
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 Talar models 6.3.2.

 

6.3.2.1. Micromotion 

 

Shorter fixation pegs of the BOX
®

 talar component resulted in larger implant-bone micromotion 

compared with the original implant geometry (mean 10-45% larger, peak 18-61% larger, depending 

on the loading area), though this remained small (peak micromotion of 30 µm maximum). Thicker 

and longer fixation pegs generally resulted in a minor decrease in micromotion (up to 24% 

difference). 

Longer fixation pegs of the Mobility
®

 talar component also resulted in larger implant-bone 

micromotion (mean and peak 16-30% and 30-52% larger than the equivalent original implant 

geometry model variants), though this remained small (peak micromotion of 16 µm maximum). All 

other geometrical modification generally resulted in a slight decrease in micromotion outcomes (up 

to 29% difference). 

All geometrical modifications excluding a thicker fixation peg of the Salto
®

 talar component 

resulted in decreased implant-bone micromotion (mean 22-47% smaller, peak 13-51% smaller, 

depending on the loading area). Thicker fixation peg decreased micromotion outcomes only 

marginally (up to 10% difference). 

For all designs investigated in this study, distribution of micromotion at the talus – talar 

component interface changed very slightly due to the minor modifications in implant geometry 

modelled (i.e. remained very similar to that of the original implant geometry discussed in 

Section 6.1.2.1 and shown in Figure 6.6). 

A table containing detailed descriptions of the effects of geometrical modifications of the talar 

components on the micromotion outcomes calculated in this study is included in Appendix 9. 

 

6.3.2.2. Strains 

 

Strains (peak and mean maximum and minimum principal strains, as well as distributions of these) 

occurring in the talar bone tissue at the vicinity of all talar components were normally affected by 

geometrical modifications of the fixation pegs to a negligible extent (up to 25% difference, but 

normally under 8% change), which was common for all loading areas simulated in this study 

(Section  5.2.5.2). Equally, volumetric exposures of bone to above-yield strains (including those 

expressed as ratio of ROI bone volume subjected to such strains over the total volume of bone ROI; 

Section  5.1.6.1) did not change as a result of the simulated geometrical modifications to a 
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considerable extent, with a single exception: longer fixation peg of the Salto
®

 talar component did 

result in a 4.5-5- fold increase in % ROI bone volume subjected to above-yield strains, but this is 

likely to be merely due to technical reasons (Section  7.1.4). 

A detailed description of the above is included in Appendix 9. 

 

6.4. Pilot osteoporosis study 

 

 Micromotion 6.4.1.

 

Reducing bone stiffness in the framework of the pilot investigation into the effects of osteoarthritis 

on TAR implant stability resulted in a considerable increase in implant-bone micromotion for all 

tibial and talar components (though peak micromotion of all components remained under the 

threshold value of 100 µm). For all tibial components and loading areas modelled, micromotion 

outcomes increased by 27-35% (Figure 6.20). Mean and peak talar component micromotion 

increased by 19-31% for BOX
®

 and Mobility
®

, and by only 9-27% for Salto
®

 (Figure 6.21). 

For both tibial and talar implant components and all designs investigated in this study, 

distributions of micromotion occurring at the interface between the implant component and 

osteoporotic bone were almost identical to those calculated for the ‘baseline’ bone model variants 

(Section  6.1.1.1 and Figure 6.2; Section  6.1.2.1 and Figure 6.6). 

 

 
 

Figure  6.20: Micromotion occurring at the tibia – tibial component interface at 45%GC for all TAR designs (BOX®, 

Mobility® and Salto®) considered in this study; micromotion measures calculated for the model variants simulating 

osteoporotic (OP) bone are compared against those simulating ‘normal’ bone (only purely compressive-, evenly 

distributed- loading model variants are shown here). Outcomes shown include mean (bars) and peak (dots) implant-

bone micromotion. Micromotion did not exceed the threshold value of 100 µm. 

 

0

10

20

30

40

50

60

70

0

5

10

15

20

25

30

35

BOX Mobility Salto

P
e

ak
 m

ic
ro

m
o

ti
o

n
 [

µ
m

] 

M
e

an
 m

ic
ro

m
o

ti
o

n
 [

µ
m

] Reference
OP bone



 Chapter 6  Results 

 

 

 

  151  

 
 

Figure  6.21: Micromotion occurring at the talus – talar component interface at 45%GC for all TAR designs (BOX®, 

Mobility® and Salto®) considered in this study; micromotion measures calculated for the model variants simulating 

osteoporotic (OP) bone are compared against those simulating ‘normal’ bone (only purely compressive-, evenly 

distributed- loading model variants are shown here). Outcomes shown include mean (bars) and peak (dots) implant-

bone micromotion. Micromotion did not exceed the threshold value of 100 µm. 

 

 Strains 6.4.2.

 

Reducing bone stiffness for simulating osteoporotic bone resulted in a 33-34% increase in mean and 

peak bone maximum and minimum principal strains for all tibial and talar components. This 

resulted in tibial and talar bone volumes subjected to above-yield strains
xxix

 increasing by 

approximately 1.5-2- fold (Figure 6.22) and 2.5-4- fold (Figure 6.23), respectively. 

Distributions of strains occurring at the interface between the implant component and 

osteoporotic bone were almost identical to those calculated for the ‘reference’ bone model variants 

(Figure 6.4, Figure 6.8). 

 

                                                 
xxix Assuming that these are the same for healthy and osteoporetic bone – 0.73% and 0.65% compressive and tensile 

strains, respectively (Morgan and Keaveny, 2001). 
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Figure  6.22: % tibial ROI volume (bars) and bone volume in mm3 (dots) subjected to strains larger than yield strain 

(0.73% and 0.65% compressive and tensile strains, respectively) at 45%GC, for all TAR designs (BOX®, Mobility® and 

Salto®) considered in this study; these strain measures calculated for the model variants simulating osteoporotic (OP) 

bone are compared against those simulating ‘normal’ bone (only purely compressive-, evenly distributed- loading 

model variants are shown here). 

 

 
 
Figure  6.23: % talar ROI volume (bars) and bone volume in mm3 (dots) subjected to strains larger than yield strain 

(0.73% and 0.65% compressive and tensile strains, respectively) at 45%GC, for all TAR designs (BOX®, Mobility® and 

Salto®) considered in this study; these strain measures calculated for the model variants simulating osteoporotic (OP) 

bone are compared against those simulating ‘normal’ bone (only purely compressive-, evenly distributed- loading 

model variants are shown here). 
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6.5. Loading scenarios 

 

 Magnitudes and directions of loading (inclusion of shear loading) 6.5.1.

 

6.5.1.1. Purely compressive loading 

 

All results described above refer to purely compressive force applied to the tibial and talar 

component articular surfaces, while neglecting any shear forces potentially occurring at the 

prosthetic ankle joint (section 5.2.5.1a).  

 

6.5.1.2. Compressive loading combined with small shear 

 

Small shear (of magnitude equals to 7% of the compressive force applied; section 5.2.5.1b) affected 

the model outcomes to a minor extent (Table 6.1; Figure 6.24, Figure 6.26 and Figure 6.27). Tibial 

peak and mean micromotion outcomes were affected by up to 10% (absolute values; 4% on 

average), while strain outcomes were affected by only 0-3% (1% on average). Talar peak and mean 

micromotion outcomes were affected by up to 3% (1% on average), while strain outcomes were 

affected by 1% on average (Table 6.1). 

 

Table  6.1: Outcome measures of the compressive-loading-combined-with-small-shear model variants, presented in % 

difference from the equivalent purely compressive- loading model variants (Section 6.1). 

 

  BOX
®
 Mobility

®
 Salto

®
 

Tibial 

models 

    

Mean micromotion 10% 0% 3% 

Peak micromotion 4% -2% -1% 

Mean minimum principal strain 1% 0% -1% 

Peak minimum principal strain 3% 2% 0% 

Mean maximum principal strain 0% 1% 1% 

Peak maximum principal strain 1% -2% -2% 
    

Talar 

models 

    

Mean micromotion 1% 0% -1% 

Peak micromotion 0% 4% 1% 

Mean minimum principal strain -1% -1% -2% 

Peak minimum principal strain 0% -1% 1% 

Mean maximum principal strain -2% -2% -3% 

Peak maximum principal strain -1% 0% 0% 
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6.5.1.3. Compressive loading combined with considerable shear 

 

Considerable shear (of magnitude equal to 35-40% of the compressive force applied; 

section 5.2.5.1c) increased tibial micromotion and strain outcomes (both distributions and 

mean/peak values) to a considerable extent, but altered talar outcomes only slightly. 

 

a) Tibial models 

 

Micromotion 

 

Micromotion occurring at the interface between the tibia and tibial components increased 

considerably due to the application of considerable shear load to the component articular surface in 

addition to the compressive force applied previously (Section 6.1.1.1). Specifically, peak and mean 

micromotion of the Mobility
®

, which demonstrated the largest micromotion of all tibial-component 

designs, increased from 50 µm (peak) and 12 µm (mean) to 82 µm and 34 µm (evenly distributed 

loading; Figure 6.24). Similarly, peak and mean micromotion of the Salto
®

 component increased 

from 22 µm and 7 µm to 38 µm and 13 µm, respectively, while those of the BOX
®

 increased from 9 

µm and 3 µm to 29 µm and 9 µm, respectively. The peak micromotion in the Mobility
®

 shifted 

from the proximal, postero-medial part of the fixation stem (Figure 6.2d-f) to the postero-medial 

part of both the stem and the flat tray; movements occurring on the stem surface were mainly due to 

separation, while those occurring on the tray were purely due to sliding (Figure 6.25d-f). The 

distribution of micromotion on the Salto
®

 fixation surface did not change to a substantial extent due 

to shear loading (Figure 6.2g-i, Figure 6.25g-i). The largest micromotion on the BOX
®

 tibial 

component shifted from the posterior of the cylindrical keels and the flat fixation surface 

(Figure 6.2a-c) to the postero-medial keel (mainly tangential movement; Figure 6.25a-c). 
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Figure  6.24: Micromotion occurring at the tibia – tibial component interface when pure compression (as applied 

previously; Figure 6.1), and compression combined with small or considerable shear, are applied to the component 

articular surface, for all TAR designs (BOX®, Mobility® and Salto®) considered in this study (only evenly distributed-

loading model variants are shown here). Outcomes shown include mean (bars) and peak (dots) implant-bone 

micromotion (in µm) for each model variant. Micromotion did not exceed the threshold value of 100 µm under any 

loading case. 
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Figure  6.25: Total (a, d, g), normal (b, e, h) and tangential (c, f, i) micromotion occurring at the tibia – tibial component 

interface when considerable shear is present in addition to the compressive force applied previously (Figure 6.2) for all 

TAR designs (BOX® (a-c), Mobility® (d-f) and Salto® (g-i)) considered in this study (only evenly distributed- loading 

model variants are shown here). 

 

Strains 

 

Tibial minimum principal strains were slightly elevated by the application of considerable shear 

load combined with the compressive force applied previously (Section 6.1.1.2); for all TAR designs 

investigated, these increased from approximately 0.3% to 0.4% (absolute values). Maximum 

principal strains demonstrated a similar increase, from 0.1-0.2% to 0.3%. These manifested in a 

considerable increase in bone volumes subjected to above-yield strains, from approximately 1.0-1.6 

cm
3
 or 4-7% to 2.5-4.1 cm

3
 or 10-18% (evenly distributed loading; Figure 6.26). 
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Figure  6.26: % tibial ROI volume (bars) and bone volume in mm3 (dots) subjected to strains larger than yield strain 

(0.73% and 0.65% compressive and tensile strains, respectively), when pure compression (as applied previously; 

Figure  6.3), and compression combined with small or considerable shear, are applied to the component articular surface, 

for all TAR designs (BOX®, Mobility® and Salto®) considered in this study (only evenly distributed- loading model 

variants are shown here). 

 

b) Talar models 

 

Micromotion 

 

Total micromotion occurring at the interface between the talus and talar components increased only 

slightly due to the application of considerable shear load to the component articular surface in 

addition to the compressive force applied previously (Section 6.1.2.1), as demonstrated in 

Figure 6.27. Distributions of micromotion on the bone-implant interface were changed by shear 

loading to a marginal extent (i.e. remained similar to those shown in Figure 6.6). 
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Figure  6.27: Micromotion occurring at the talus – talar component interface when pure compression (as applied 

previously; Figure 6.5), and compression combined with small or considerable shear, are applied to the component 

articular surface, for all TAR designs (BOX®, Mobility® and Salto®) considered in this study (only evenly distributed- 

loading model variants are shown here). Outcomes shown include mean (bars) and peak (dots) implant-bone 

micromotion (in µm) for each model variant. Micromotion did not exceed the threshold value of 100 µm under any 

loading case. 

 

Strains 

 

Talar strains were elevated by the application of considerable shear load in addition to the 

compressive force applied previously (results are detailed in Section 6.1.2.2) to a marginal extent. 

 

 Positions of the polyethylene bearing (areas of loading) 6.5.2.

 

As implied above, the area of component articular surface to which loading was applied – 

representing different possible positions of the PE insert (Section  5.2.5.2) – influenced strain and 

more so micromotion outcomes to a considerable extent in some cases. These included mainly cases 

in which there was a gap between the bone and implant component, particularly when forces were 

applied to the area of the component articular surface just above/below the part of the implant not 

fully seated on the bone. 
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6.5.2.1. Optimally positioned models 

 

a) Tibial models 

 

Micromotion 

 

Generally, tibial micromotion outcomes were similar when loading was applied centrally and 

evenly across the entire articular surface of the component, marginally elevated when applied 

anteriorly and slightly increased when the PE insert was modelled to be located posteriorly 

(Figure 6.28). The distribution of micromotion was also affected to some extent by the loading area, 

demonstrating a small increase in normal micromotion near the posterior or anterior edge of the 

component when load was applied anteriorly or posteriorly, respectively (Section  6.1.1.1). 

 

 
 

Figure  6.28: Micromotion occurring at the tibia – tibial component interface when purely compressive loading is 

applied to different areas of the component articular surface (anterior, posterior, centred and evenly across the 

component articular surface, to simulate different possible positions of the PE insert; Section  5.2.5.2), for all TAR 

designs (BOX®, Mobility® and Salto®) considered in this study. Outcomes shown include mean (bars) and peak (dots) 

implant-bone micromotion (in µm) for each model variant. Micromotion did not exceed the threshold value of 100 µm. 

 

Strains 

 

Tibial strain outcomes were very similar when loading was applied centrally and evenly across the 

entire component articular surface, and slightly elevated when applied anteriorly or posteriorly. The 

latter resulted in tibial ROI volumes subjected to above-yield strains increasing 1.5-2- fold 

(Figure 6.29). 
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Figure  6.29: % tibial ROI volume (bars) and bone volume in mm3 (dots) subjected to strains larger than yield strain 

(0.73% and 0.65% compressive and tensile strains, respectively) when purely compressive loading is applied to 

different areas of the component articular surface (anterior, posterior, centred and evenly across the component articular 

surface, to simulate different possible positions of the PE insert; Section   5.2.5.2), for all TAR designs (BOX®, 

Mobility® and Salto®) considered in this study. 

 

b) Talar models 

 

Micromotion 

 

Generally speaking, talar micromotion outcomes were not affected by the position of the PE insert 

to a considerable extent (results are detailed in Section 6.1.2.1). When anterior loading was applied 

to the BOX
®

, however, micromotion was approximately 2-3- fold larger compared with the other 

loading scenarios (though remained small, with peak micromotion of 26 µm). 

 

Strains 

 

Talar strain outcomes were very similar when loading was applied centrally and evenly across the 

entire component articular surface, and slightly elevated when applied anteriorly or posteriorly. The 

latter resulted in a considerable increase in bone ROI volumes subjected to above-yield strains, 

particularly when the PE insert was modelled to be located anteriorly (Figure 6.30). 
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Figure  6.30: % talar ROI volume (bars) and bone volume in mm3 (dots) subjected to strains larger than yield strain 

(0.73% and 0.65% compressive and tensile strains, respectively) when purely compressive loading is applied to 

different areas of the component articular surface (anterior, posterior, centred and evenly across the component articular 

surface, to simulate different possible positions of the PE insert; Section   5.2.5.2), for all TAR designs (BOX®, 

Mobility® and Salto®) considered in this study. 

 

6.5.2.2. Malpositioned models 

 

a) Tibial models 

 

Micromotion 

 

Micromotion outcomes of the model variants simulating varus/valgus or dorsiflexed (without 

posterior gap) malpositioning of the tibial components were influenced by the area to which loading 

was applied to a minor extent (similarly to the optimally positioned equivalents; Section 6.5.2.1a). 

When malpositioning involved a gap between the bone and implant component, however, the effect 

of the position of the PE insert on implant-bone micromotion was considerably greater. For 

example, when purely compressive load was applied evenly across the entire articular surface of the 

posterior-gap- malpositioned component – compared with the optimally positioned case – mean and 

peak micromotion increased approximately 2-4- fold: from 3 µm (mean) and 9 µm (peak) to 8 µm 

and 35 µm for the BOX
®

, from 12 µm and 50 µm to 44 µm and 149 µm for the Mobility
®

, and from 

7 µm and 22 µm to 14 µm and 45 µm for the Salto
®

. When loading was applied to the posterior part 

of the articular surface, the increase was at least approximately 3-fold, and even reached 10-fold in 

certain cases: from 5 µm and 21 µm to 23 µm and 80 µm for the BOX
®

, from 16 µm and 63 µm to 

155 µm and 350 µm for the Mobility
®

, and from 9 µm and 31 µm to 26 µm and 85 µm for the 

Salto
®

 (Section 6.2.3.1). 

 

0

200

400

600

800

1000

1200

0%

1%

2%

3%

4%

5%

6%

BOX Mobility Salto

B
o

n
e

 v
o

lu
m

e
 [

m
m

3
] 

%
 b

o
n

e
 v

o
lu

m
e

 
anterior
posterior
centred
evenly-distributed



 Chapter 6  Results 

 

 

 

  162  

Strains 

 

Similarly to the micromotion outcomes discussed above, strain outcomes of the tibial varus/valgus- 

and dorsiflexed- (without posterior gap) malpositioned model variants were affected by the area to 

which loading was applied to a very minor extent (similarly to the equivalent optimally positioned 

model variants; Section 6.5.2.1a). Conversely, when malpositioning involved a gap at the posterior 

part the bone-implant interface, strain outcomes – which increased for all loading cases – increased 

to the greatest extent when loaded posteriorly (for examples see Section 6.2.3.2). 

 

b) Talar models 

 

Micromotion 

 

Malpositioning of the talar component involving a gap between the bone and implant resulted in a 

considerable increase in implant-bone micromotion compared with the equivalent optimally 

positioned model variants. This increase was even greater when the compressive loading was 

concentrated at the implant articular surface area above the gap (anterior loading for the 

dorsiflexed-malpositioned model variants and posterior loading for the plantarflexed-malpositioned 

model variants, as discussed in detail in Section 6.2.4.1 and demonstrated in Figure 6.15). 

 

Strains 

 

Dorsi- and plantar- flexed malpositioning of the talar TAR component resulted in elevated bone 

strains as well. Similarly to the micromotion outcomes, this increase was greater when the 

compressive loading was concentrated at the articular surface area above the gap (as discussed in 

detail in Section 6.2.4.2). 
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7.1. Key findings 

 

 Summary 7.1.1.

 

This study has demonstrated that implant-bone micromotion and bone strains in TAR can be 

strongly influenced by the implant design and positioning, as well as bone stiffness and load applied 

to the implant components. Briefly, reduced micromotion was predicted for the component designs 

which relied on more than a single peg to achieve fixation and had their fixation features anchored 

to the dense distal tibial or proximal talar bone, compared with those with a single fixation peg 

extended deeper into the less dense trabecular bone. However, the factor associated with the most 

considerable increase in bone strains and micromotion, more so than implant design, was a gap 

present at the fixation surface of the prosthetic device. This manifested in all designs investigated, 

with the Mobility
®

 tibial and BOX
®

 talar components being affected to the greatest extent; both 

Salto
®

 components were the least sensitive for such malpositioning. When forces were applied to 

the part of the implant not fully seated on the bone, the increase in implant-bone micromotion and 

bone strains was particularly large. 

 

 Implant design 7.1.2.

 

The results of this study indicate that there are differences in the distributions and magnitudes of 

implant-bone micromotion and peri-implant bone strains between the three contemporary TAR 

designs investigated. This is a result of each design relying on different geometrical feature(s) to 

achieve fixation to the bone. 

 

7.1.2.1. Tibial components 

 

For the tibial component, the Mobility
®

 design demonstrated the largest micromotion (Figure  6.1) 

and bone strain (Figure  6.3) outcomes due to the single, long conical stem method of achieving 

fixation (Figure 5.6). This post makes the implant stiffer and also transmits the load deep into the 

trabecular tibial bone, which has lower stiffness than the more distal bone, located closer to the joint 

line, which is where the Salto
®

, all the more so BOX
®

, achieve fixation (Section  2.7.1). The single 

central post also offers little stability against rotation about its own axis (cylindrical symmetry), 

which is demonstrated by the micromotion being dominated by sliding (Figure 6.2f), whereas the 
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cylindrical keels of the BOX
®

 and Salto
®

 can provide more rotational stability (Sections  2.7.1 

and  7.2.1.3). On the other hand, the long stem provides enhanced stability against tilting in the 

sagittal and coronal planes (Section  2.7.1.4), which is demonstrated by the decreased normal 

micromotion occurring on the flat-tray part of the bone-implant interface (Figure 6.2e). The BOX
®

 

design demonstrated the smallest implant-bone micromotion (Figure  6.1); this is likely to be due to 

the fact that it relies on more than a single peg (two bars) to achieve fixation (Figure 5.6), which 

contributes to the stability at the bone-implant interface. 

 

7.1.2.2. Talar components 

 

Considering the talar component, the Salto
®

 had the largest micromotion outputs, approximately 

three-four times larger than those of the BOX
®

 and Mobility
®

 designs (Figure  6.5). This might be 

explained by the fact the BOX
®

 and Mobility
®

 talar components cover the full width of the talus yet 

their implantation preserves more of the cortical sidewalls of the bone (Section  2.7.1), which helps 

to maximise the bone support to the implant (Wood et al., 2007). Additionally, the unique design of 

the Salto
®

 talar component, which has a flange that articulates along the side of the talus against the 

fibula, presents a surface that experiences shear when loads are applied normally to the joint line 

(Figure  6.6i). Further qualitative interpretation of the results indicates that the BOX
®

 design may 

provide the most favourable conditions for bone ingrowth because it achieves fixation via features 

as close to the joint line as possible (Figure 5.6), where bone is normally stiffer. Both BOX
®

 and 

Mobility
®

 also rely on two pegs to achieve fixation to the talus (as opposed to the Salto
®

 design 

which relies on a single one), which possibly enhances the stability of the fixation as well. As for 

trabecular bone strains, these peaked near the bone centre (Figure  6.8), distally to the fixation 

feature(s). This might be due to lower average bone density (as reflected by the HU scale in the CT 

images), but possibly due to the fixation BC (fixation of the distal quarter of the talus; 

Section  5.1.4.1) as well (though strain concentrations where shown to be located quite far from the 

fixation). 

 

 Implant malpositioning 7.1.3.

 

The results of this study indicate that TAR component malpositioning involving a gap – however 

small it is – between the implant and bone is likely to result in a considerable increase in peri-

prosthetic bone strains and especially implant-bone micromotion, thereby impeding implant fixation 

through osseointegration and increasing the risk of failure. 
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7.1.3.1. Tibial malpositioning: Posterior gap between the tibia and tibial component 

 

The presence of a gap at the posterior part of the tibial fixation caused a great increase in implant-

bone micromotion and almost-as-great an elevation in bone strains, especially for the Mobility
®

, for 

which the increase resulted in peak micromotion exceeding the threshold value of 100 µm 

(Figure 6.10). The location of the peak micromotion of this design was on the posterior part of the 

stem and was mostly sliding (Figure 6.12f), indicating that the implant was pivoting about an 

anterior contact point; the elevated micromotion was caused by the compromised rotational stability 

provided by the conical stem, as well as the proximal depth of the fixation surface (i.e. its distance 

from the resection plane) anchored to the trabecular bone (Section  2.7.1.4). The Salto
®

 design was 

the least sensitive for such malpositioning (Figure 6.10), which can be attributed to the non-constant 

axial cross section of the fixation keel (Section  2.7.1.6). For all tibial-component designs, when 

loading was applied to the posterior part of the device – just under where the gap lies – the increase 

in bone strains and implant-bone micromotion (especially normal movements on the anterior part of 

the flat tray of the component, as well as tangential movements at the posterior part of the fixation 

keels) was particularly large (Section  6.2.3.1), which can be intuitively elucidated by the ‘rocking 

horse’ mechanism (the eccentric force created an elevated moment arm about the centre of the 

bone-implant interface with a tendency for proximal displacement on one side and a corresponding 

lift-off on the other side; Stamatis and Myerson, 2002; Suarez et al., 2012). 

 

7.1.3.2. Talar malpositioning: Dorsiflexed/plantarflexed implantation creating anterior/posterior 

gap between the bone and implant 

 

Similarly, the presence of a gap between the talus and talar component also led to a considerable 

increase in implant-bone micromotion (Figure 6.15), especially for the BOX
®

, which might be due 

to the BOX
®

 having the smallest fixation features on the talar side (Figure 5.6), or the fact that these 

exhibit cylindrical symmetry, which is likely to provide the device with only little stability against 

tilting (Section  2.7.1.5). The Salto
®

 was again the least sensitive design for such implant 

malpositioning – which is possibly attributed to the cavity and holes located along the fixation peg 

to allow bone ingrowth and thereby enhance fixation (Section  2.7.1.6) – though it was also affected 

to a great extent (Section  6.2.4.1). For all implants, the ‘rocking horse’ mechanism was again 

evident when loading was applied above the anterior/posterior gap. However, trends in bone strains 

were slightly different – they did increase as a result of dorsi- or plantar- flexed malpositioning of 
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the component, but as opposed to micromotion, here Salto
®

 was affected to the greatest extent 

(Figure 6.19). 

 

Interestingly, the Mobility
®

 tibial component, which demonstrated the largest micromotion and 

bone strains when optimally positioned (Figure 6.1), also exhibited the largest increase in these 

outcomes when posterior-gap malpositioning was present (Figure 6.10 and Figure 6.14); both can 

be attributed to the long-conical design of the fixation feature, which can provide only little 

rotational stability and is anchored to the trabecular bone (Section  7.1.2.1). On the contrary, the 

BOX
®

 talar component, which demonstrated the smallest micromotion when optimally positioned 

(Figure 6.5), was the most sensitive design for dorsi-/plantar- flexed malpositioning, and exhibited 

micromotion larger than both other designs when malpositioned (Figure 6.15). This might relate to 

the design relying on short cylindrically symmetrical pegs to achieve fixation. 

To summarise, the current study found that a gap of any size between the implant and bone 

generated the worst results, more so than varus/valgus or dorsiflexed malpositioning without such 

gap. It is therefore concluded that incomplete seating on the bone may lead to an undesirable 

elevation in implant-bone micromotion and peri-implant bone strains in a manner that increases risk 

for TAR failure. 

 

 Optimisation of implant design 7.1.4.

 

Minor geometrical modifications of the fixation features of the tibial and talar components of all 

TAR designs investigated herein, usually did not affect implant-bone micromotion to a considerable 

extent (Sections  6.3.1.1 and  6.3.2.1); peri-implant bone strains were affected to a negligible extent 

(Sections  6.3.1.2 and  6.3.2.2)
xxx

. In other words, in terms of the sensitivity of micromotion and 

strain outcomes to such modifications, all design features were equal. 

 

                                                 
xxx The exception of volumetric exposure (percentage-wise) to above-yield strains being considerably larger as a result 

of one of the simulated geometrical modifications (Section  6.3.2.2) is likely to be caused by merely technical reasons 

rather than genuinely elevated strains: when longer fixation features were considered, the bone region of interest (ROI) 

was smaller (some bone contained within 10-mm- offset from the implant interface overlapped with fixed bone 

elements, which were excluded from the ROI; Section  5.1.6.1), thereby artificially increasing % bone volumes 

calculated as quotients of this ROI. The absolute (not in % but mm3) bone volume subjected to above-yield strains 

being fairly consistent across all model variants of the same implant design – including this ‘abnormal’ one – further 

supports this claim. 
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 Pilot osteoporosis study 7.1.5.

 

Lower bone stiffness (elastic modulus reduced by 25%; Section  5.2.4) – aimed at simulating the 

mechanical effects of osteoporosis on bone mechanical properties – was shown to increase implant-

bone micromotion and peri-prosthetic bone strains of both tibial and talar components of current 

TAR designs. Yet, neither the distribution patterns of these outcomes nor the relative performance 

of the TAR designs investigated was affected by the simulated poor bone quality. Accordingly, the 

tibial Mobility
®

 component and Salto
®

 talar component remained the most susceptible for elevated 

implant-bone micromotion (Figure 6.20 and Figure 6.21), and both Mobility
®

 components remained 

most prone to higher peri-implant strains (Figure 6.22 and Figure 6.23), regardless of bone quality. 

 

 Loading scenarios 7.1.6.

 

7.1.6.1. Magnitudes and directions of loading (inclusion of shear loading) 

 

Small shear simulating the friction naturally occurring between the polyethylene (PE) and metal 

tibial/talar components (Section 5.2.5.1b) affected the model outcomes to a very minor extent 

(Section 6.5.1.2). Considerable shear – aimed at simulating the potential biomechanical 

consequence of a ‘worst case scenario’ in which damage had been caused to the bearing surfaces 

and/or there was soft tissue entrapment or extra-articular impingement (Section 5.2.5.1c) – 

increased tibial micromotion and strains to a considerable extent (Section 6.5.1.3a), but affected 

talar outcomes only slightly (Section 6.5.1.3b). The Mobility
®

 tibial component was influenced to 

the greatest extent (Figure 6.24), demonstrating not only considerably increased exposure of bone to 

above-yield strains, but also elevated (nearly approaching the threshold value of 100 µm) normal 

and/or tangential micromotion on the proximal postero-medial part of the fixation stem and the 

postero-medial part of the flat tray, respectively (Figure 6.25d-f). This further strengthens the 

assumption that the conical stem method of achieving fixation offers little rotational stability about 

its own axis (Section  7.1.2.1). These findings possibly suggest that TAR patients – particularly 

those with Mobility
®
 – should be regularly screened to facilitate early diagnosis of the 

aforementioned conditions, which are to be avoided. 
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7.1.6.2. Positions of the polyethylene bearing (areas of loading) 

 

In some cases, the area of component articular surface to which loading was applied – representing 

different possible positions of the PE insert (Section  5.2.5.2) – influenced strain and more so 

micromotion outcomes to a great extent (Section 6.5.2). The elevated normal micromotion 

occurring at the posterior or anterior part of the bone-implant interface when the PE insert was 

simulated to be located anteriorly or posteriorly, respectively, can be elucidated by the ‘rocking 

horse’ mechanism (Section 7.1.3.1). This mechanism was shown to affect micromotion outcomes to 

a particularly considerable extent when a gap was present between the implant and bone, especially 

when forces were applied to the part of the implant not fully seated on the bone (Section 6.5.2.2). 

The slightly increased micromotion when loading was applied anteriorly or posteriorly – compared 

with when applied centrally or evenly across the articular surface of the tibial component 

(Section 6.5.2.1a) – is likely due to the inhomogeneous stiffness values assigned to the bone (larger 

elastic moduli for the elements on the bone surface, containing cortical bone; Section 5.1.2). The 

strain concentrations resultant from non-centred or non- evenly distributed forces can be attributed 

directly to the loading conditions (applying force of a certain magnitude to a smaller region is 

equivalent to applying larger stresses). 

 

7.2. Comparisons with previous studies 

 

 Implant design 7.2.1.

 

The findings of this study compare well with previous literature, particularly clinical studies and 

joint replacement registry data. 

 

7.2.1.1. The tibial component demonstrates larger micromotion and strains compared with the 

talar component 

 

The higher micromotion and strain outcomes recorded for the tibial compared with the talar 

components (especially for the Mobility
®

 design; Section  6.1.2.1) correspond well with clinical 

observations. Previous research relying on radiostereometric analysis to detect implant instability at 

3 and 48 months for the Mobility
®
 device found that the tibial component was more prone to 

migration and loading-induced displacements than the talar component (Dunbar et al., 2012), in 
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agreement with a similar study by the same researchers (Fong et al., 2011) implying larger early 

implant-bone micromotion of the tibial component. Other radiograph-based studies reported larger 

lucencies indicative of implant loosening for the tibial compared with the talar component for 

Mobility
®

 (Wood et al., 2010) and Salto
®

-Talaris (Schweitzer et al., 2013). This may be attributed 

not only to the component design, but also to the fact that the tibial component, more than the talar 

one, rests almost entirely on soft, trabecular bone tissue, making it more likely to migrate (Wood et 

al., 2007). 

Data of national joint replacement registries (Section  2.7.2) and clinical studies (Section  2.7.3) 

further corroborate the findings by reporting slightly higher loosening-caused revision rates for the 

tibial compared with the talar component, thereby implying inferior primary stability and larger 

early implant-bone micromotion of the tibial TAR component. In Norway 77 tibial components 

were revised between 1994-2014 due to loosening as opposed to 56 talar components (NOJR, 

2015). In Finland 15 and 11 tibial and talar components were revised due to aseptic loosening 

between 1997-2006 (Skytta et al., 2010). In Australia 34 and 20 primary tibial and talar 

components, respectively, were revised between 2009-2014 (AUJR, 2015). However, the numbers 

reported in these registries remain small and care should be taken with their interpretations 

(particularly when the New Zealand registry shows the opposite trend – 39 and 28 talar and tibial 

components, respectively, were revised between 2000-2014; NZJR, 2015).  

 

7.2.1.2. Distribution of tibial strains 

 

The strains occurring on the surface of the distal tibia (elements containing cortical bone) were 

calculated to allow comparison with previous work (Section  6.1.1.2). These concurred with data of 

tibial cortical strains reported in previous research for typical activities (reviewed in Al Nazer et al., 

2012; Yang et al., 2011), though those demonstrate a very large variability across studies. 

The current findings further indicate that tibial strains were mostly elevated and exceeded yield 

strains just proximally to the fixation feature(s) and slightly more medially than laterally, and also 

immediately to the distal tray (Figure  6.4); specifically, for the Salto
®

 design, bone strains were 

particularly elevated around the cylindrical part of the keel and immediately to the distal tray, which 

is corroborated by the findings of a previous study employing experimental and computational 

modelling (Terrier et al., 2015; Terrier et al., 2014). Yet, radiographic comparison (Figure  6.9) 

indicates that the body is able to deposit bone in these areas to prevent fracture. 
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7.2.1.3. The Mobility tibial component demonstrates the largest micromotion 

 

This study found the Mobility
®

 design to demonstrate the largest micromotion of all tibial 

components, probably due to the design of the tibial stem (Section  7.1.2.1). This finding, implying 

that Mobility
®

 is more prone to loosening than the other designs, is in agreement with those from a 

radiostereometric analysis study of the device, whose authors concluded that the conical stem 

provides only little rotational stability (Dunbar et al., 2012). It is in agreement also with clinical 

observations reported in the New Zealand Joint Registry (NZJR, 2015) reporting considerably 

higher revision rates for Mobility
®

 compared with BOX
®

 and Salto
®

. Interestingly, the use of the 

Mobility
®

 design has been recently discontinued in the UK after being disapproved by the US FDA 

for reasons which are not accessible to the public. The equivalent Australian registry (AUJR, 2015), 

however, shows an opposite trend, while other registries (NOJR, 2015; UKJR, 2015) report revision 

rates but do not relate them to the designs being revised. In view of these, and considering that the 

BOX
®

 and Salto
®

 designs are relatively new in clinical use and thus lack detailed data of survival 

rates (“there are insufficient numbers to give an accurate revision-free percentage beyond nine 

years”; NZJR, 2015) to provide clinical evidence to corroborate or contradict results obtained in 

experimental or computational modelling, extra care should be taken when drawing conclusions. 

The paucity of clinical data regarding loosening of TAR devices, though impeding the validation 

of the results presented here, highlights the value and importance of the current study. 

 

7.2.1.4. Comparison with a previous experimental study of total-ankle-replacement implant-bone 

micromotion 

 

Although the micromotion data in this work appear to correlate well with clinical observations, a 

recent experimental study found micromotion larger than 1000 µm for older generation implants 

(Agility
®

 and STAR
®

) than those considered in the present work (McInnes et al., 2014). It may be 

the case that the more contemporary implants investigated in the current study have improved 

design fixation features, or that the method implemented by McInnes et al. (2014) – involving 

optical tracking methods to measure micromotion – have included movement of fixtures and/or 

optical tracking units, and possibly bone deformations as well, in the micromotion measurement 

(Abdul-Kadir et al., 2008). Indeed, a recent experimentally validated finite-element (FE) model of 

joint replacement micromotion (validated also against micromotion outputs acquired using micro-

CT imaging combined with the digital-volume-correlation, DVC, technique) found that for a well-

fixed glenoid component used in shoulder replacement, peak values of micromotion were in the 
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region of 50 µm (Sukjamsri et al., 2015), i.e. in line with the results of this study. Similar levels of 

micromotion were also found in experimentally validated models investigating femoral-stem 

(Abdul-Kadir et al., 2008) and acetabular-cup (Clarke et al., 2012) implants. 

 

 Implant malpositioning 7.2.2.

 

Contrary to the author’s expectations, the outcomes of this study did not result in a large elevation 

in implant-bone micromotion and/or peri-prosthetic bone strains for varus/valgus and dorsiflexed 

(no gap) positioning of the tibial component (Sections  6.2.1 and  6.2.2), as the data was dominated 

by the situations where a gap was modelled (Sections  6.2.3 and  6.2.4). 

The marginal influence of implant inclination on the model outcomes is partially in agreement 

with a recent clinical study concluding that the effects of mild coronal or sagittal malpositioning of 

the HINTEGRA
®

 TAR on midterm (mean: 4 years) clinical outcomes were statistically 

insignificant (Braito et al., 2015). Also, FE studies similar to the current one, exploring uncemented 

glenoid (Suarez et al., 2009; Section  2.10.4.2) or femoral (uncemented total replacement, Bah et al., 

2011, or cemented head resurfacing, Radcliffe and Taylor, 2007) prosthetic components implanted 

in various positions and subjected to physiological loading, demonstrated that the inclination of 

these generally affected implant-bone micromotion and/or peri-implant bone strains only 

marginally. 

However, such malpositioning of TAR is still to be avoided as it has been shown to increase 

ligament elongations (cadaveric model by Saltzman et al., 2004 exploring Agility
®
) and contact 

pressures occurring on the PE meniscal component (FE study by Espinosa et al., 2010 exploring 

Agility
®

 and Mobility
®

), which may accelerate PE wear and thus peri-prosthetic osteolysis and 

implant loosening. 

The dominant nature of the gap at the interface was also reported by Sukjamsri et al. (2015), 

where micromotion of a glenoid component was measured using a combined CT and DVC method 

in conjunction with FE modelling. They found that an interfacial gap of 135 µm increased the peak 

implant-bone micromotion from 80 µm to 180 µm, which is comparable to the increase found in 

this study (Sections  6.2.3.1 and  6.2.4.1). Similarly, gaps at the fixation surface have been reported 

for other joint replacement implants. At the acetabular cup, gaps of up to 5 mm at the pole of the 

cup have been described, and also observed to have filled in by 24 weeks (Macheras et al., 2006). 

However, primary fixation at the acetabular cup is achieved around the equator of the cup, thus 

providing stable conditions at the pole of the cup for bone ingrowth. In this study, the TAR implant 

surfaces demonstrating elevated micromotion (due to a gap) are the very surfaces required upon for 
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primary fixation. If the micromotion of these surfaces is too large, stability will never be achieved 

and fibrous connection will be formed instead (Section  2.8). 

 

 Optimisation of implant design 7.2.3.

 

The current findings concur with those of most studies reviewed in Section  2.10.3, reporting that 

minor adjustments applied to the prosthesis design features normally resulted in minor changes in 

outcome measures. 

 

 Pilot osteoporosis study 7.2.4.

 

The findings of this study – illustrating that implant-bone micromotion and peri-prosthetic bone 

strains in TAR are increased when implanted into osteoporotic bone compared with healthy bone – 

are in agreement with previous experimental and computational biomechanical research 

demonstrating that joint replacement prostheses are more prone to failure and general decreased 

performance when implanted into osteoporotic bone tissue (Section  2.6.2). 

 

7.3. Limitations 

 

 General 7.3.1.

 

The main limitations of the study are those inherent to computational modelling and FE modelling 

in specific, particularly in light of the fact that the presented computationally obtained results were 

not directly validated in experimental setting. Nonetheless, the author believes that the agreement 

between the findings of this thesis and those derived from previous studies (experimentally and 

computationally based), and the evidence from clinical studies supporting the findings 

(Section  7.2), can demonstrate the value of the current work. The core of the methodology 

implemented here has been already validated against experimentally obtained data in previous 

studies – one exploring bone strains and stresses occurring at the vicinity of the Salto
®

 tibial 

component (Terrier et al., 2014); another one conducted in the author’s group to investigate those at 

the proximity of a tibial component of a total knee replacement (Tuncer et al., 2013); and a further 

one exploring micromotion of total shoulder replacement device (Sukjamsri et al., 2015). 
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Interpreting the data qualitatively is also possible without experimental validation, and that has 

yielded useful comparative findings for the three different implant designs. 

Additionally, only a single subject was used to construct the FE models (Section  5.1.1.2) despite 

the fact that bone peak strains and stresses predicted utilising FE modelling have been previously 

shown to be highly influenced by inter-subject variability reflected in bone quality and stiffness 

distribution (e.g. a FE model of the intact acetabulum; Clarke et al., 2013). Hence, no information 

can be gathered on how the implants perform in different patients, or patients with specific 

pathologies. Yet, the conclusions regarding the effects of TAR design and positioning on the 

stability of the device and success of procedure – which were drawn from comparative, qualitative 

interpretation of the model-predicted implant-bone micromotion and bone strains – are not expected 

to change by extending the study to more subjects. It could be beneficial, however, to implement 

the same methods to a larger group of cadaveric specimens or living patients in order to explore 

possible variability, and perhaps to assist surgeons to select the best treatment (TAR vs. arthrodesis) 

or implant (BOX
®

 vs. Mobility
®

 vs. Salto
 ®

) for individual patients. 

The model introduced in this study included only the tibia or talus and tibial or talar component, 

respectively, but not all together. It also did not incorporate any of the soft tissues, including the 

wrapping ligaments that act to stabilise the joint. Muscle forces were not modelled directly, but 

through net joint contact forces calculated by employing a previously validated musculoskeletal 

model ( Chapter 4). However, as the study was aimed at estimating the very small motions occurring 

between the bones and implant components and the strains occurring at the overlying bone tissues 

as a result of joint loading, rather than exploring the kinematics of the implant, the author does not 

expect such model details to affect the trends observed in the findings. This expectation is partially 

corroborated by Clarke et al. (2013), who explored the sensitivity of a FE model of the intact 

acetabulum to explicit modelling of muscle loading and ligamentous constraints; when hip joint 

contact forces experienced during normal walking were applied, the bone peak (95
th

 percentile) 

strains and stresses were not affected by the aforementioned factors. 

Furthermore, the model developed in this study was quasi-static and simulated a single segment 

of the gait cycle (GC). Nevertheless, as previously mentioned, the model was not aimed at studying 

the ankle kinematics. Also, the segment of the GC simulated here (45%) is the one in which the 

compression load acting in the ankle joint (and thus the force applied to the TAR components) 

peak, therefore it can be considered as the ‘worst case scenario’ in terms of implant-bone 

micromotion and bone strains (and thus it is the most interesting one to simulate). This was 

confirmed in a preliminary study conducted by the author, in which six segments of the GC were 

simulated (Section  5.2.5). Cases in which the mobile PE insert transferred not only compressive 
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loads but also shear forces to the implant bearing surfaces were modelled as well (Section  5.2.5.1 c) 

in order to cover pathological scenarios – which are even worse to implant stability than the 

scenario described above. Additionally, the numerous loading cases implemented covered also 

several possible positions of the PE bearing during gait (Section  5.2.5.2). 

Another limitation of this study (discussed thoroughly in Section  5.1.2) is imposed by using bone 

HU-density-elasticity relationships derived for the trabecular proximal tibia to describe the 

viscoelastic behaviour of the trabecular and cortical talus and distal tibia. This probably resulted in 

underestimation of the stiffness of the elements forming the bone surface. The author believes, 

however, that the agreement between the current study to previous experimentally and 

computationally based research (Section  7.2), as well as the fact that the model predicted the stress 

concentration within the bone wall (Section  6.1.1.2) and the shielding between the implant and bone 

(in agreement with Terrier et al., 2014), act to strengthen the legitimacy of making these 

assumptions. 

Similarly to the two previous studies in which a FE model was developed to simulate the contact 

between an uncemented TAR implant and overlying bones (Espinosa et al., 2010; Terrier et al., 

2015; Terrier et al., 2013, 2014), as well as some other studies exploring other joint replacement 

devices (Section  2.10.4), the current model did not consider the initial strains/stresses acting at the 

bone-implant interface after implant insertion as a result of press-fit. In other words, the influence 

of residual stresses and/or subsequent stress relaxation introduced to the viscoelastic bone tissues 

immediately to the implant fixation features was not modelled here. Nonetheless, it should be noted 

that a study by Viceconti et al. (2000) aimed at exploring the accuracy of a few models used to 

describe bone-implant contact, found that a press-fitted frictional contact model demonstrated only 

minor benefit over a purely frictional model in predicting bone-implant micro-movements when the 

friction coefficient is larger than 0.3 (here 0.5). Additionally, the press-fit introduced at the bone-

implant interface, which is intended to be very small (approximately 50 µm for fixation features 

similar to those of TAR devices; Sukjamsri et al., 2015), is very inconsistent (largely depend on the 

surgeon and surgical technique; Abdul-Kadir et al., 2008); it is also difficult to estimate in view of 

erosion of the bone during insertion and the stress relaxation associated with the viscoelastic 

behaviour of bone (the latter two factors are responsible for the interference-fit being considerably 

smaller than intended; Abdul-Kadir et al., 2008; Ramamurti et al., 1997; Shultz et al., 2006; 

Sukjamsri et al., 2015). Yet, the effect of interference fits in the range of 0-100 µm on the outcomes 

of interest (particularly implant-bone micromotion) is worth further investigation in the future 

(Abdul-Kadir et al., 2008). Further assumptions made based on previous studies when modelling 
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bone-implant contact (Section  5.1.3.1) could not be explicitly validated in the absence of direct 

experimental validation. 

Finally, the model discussed herein did not consider bone ingrowth or any fixation by 

osseointegration. The reason for this is that the model was designed to simulate the physiological 

scenario and allow the investigation of implant-bone micromotion of various TAR designs at ‘time-

zero’ – as indicative of implant primary stability and osseointegration-induced fixation potential 

(osseointegration takes several weeks to occur; Soballe, 1993). 

Considering these and other potential limitations in the modelling, it is recommended that the 

data presented in this study be interpreted mostly as trends of effects, rather than as absolute values 

(Clarke et al., 2012; Sopher and Gefen, 2011). Particularly, as the objective of the study was to 

compare trends of effects of implant design features on implant-bone micromotion and bone strains, 

the author does not expect the limitations discussed above to affect such ‘comparative’ findings. It 

is practical for a comparative, parametric study such as this one to model the physiological scenario 

by simplifying it relying on such assumptions. Furthermore, the simplifying assumptions discussed 

above allowed us to produce a large number (>600; Appendix  5) of model variants to further 

explore the effects of variations in implant design (Sections  5.2.1 and  5.2.3) and positioning 

(Section  5.2.2), bone mechanical properties (Section  5.2.4) and loading cases (Section  5.2.5) on the 

outcome measures of interest. 

All limitations discussed above apply to all model variants developed in this study. Limitations 

specific to only a certain group of model variants are discussed below. 

 

 Implant design 7.3.2.

 

In addition to the general limitations of the model described in Section  7.3.1, it should be 

acknowledged that only three TAR designs of many currently in clinical use (Section  2.7.1) were 

included in the model. However, those included are the most commonly used in countries for which 

such documentation exists (Section  2.7.2), and represent a wide diversity of fixation feature 

designs. 

 

 Implant malpositioning 7.3.3.

 

The current model did not consider the possibility of bone deposition bridging the gaps between the 

bone and the malpositioned implant component. However, studying implant-bone micromotion at 

‘time-zero’ provides an indication of the ability of the implant to achieve primary stability, which is 
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necessary for bone growth to occur (Soballe, 1993), and is within the focus of the study presented in 

this dissertation. 

Furthermore, it was assumed that the magnitudes and directions of loading (with respect to the 

global coordinate system defined according to the International Society of Biomechanics 

convention based on known anatomical landmarks; Wu et al., 2002) applied to the malpositioned 

model variants are the same as those applied in the optimally positioned cases (i.e. implant 

orientation does not affect magnitude and direction of force acting in the ankle joint), which 

resulted in small shear (approximately 9% and 17% in magnitude of the compressive load described 

in Table 5.5 for 5°- and 10°- malorientated implant components, respectively). This kind of a 

simplification of the physiological scenario is necessary and practical in a comparative, parametric 

study such as the current one, since it allows exploring the effect of a single factor – here implant 

(mal)positioning – on the outcome measures of interest, while this factor is isolated from any co-

existing factors potentially affecting them. The multiple loading scenarios simulated (Section  5.2.5) 

also contributed to the investigation of the effects of variations in loading on the outcome measures 

of interest. 

Finally, some types of malpositioning reported in the literature (e.g. elevation, medio-lateral or 

antero-posterior translation or internal/external rotation of any of the components, or varus/valgus 

positioning of the talar component) were not modelled in the current study, as these were 

considered by the consultant foot and ankle surgeon involved in this study (James Calder) as less 

worrying and easier to avoid during surgery (specifically, internal/external rotation of the tibial/talar 

component has been shown to affect contact pressures acting on the PE insert to a minor extent 

only; Espinosa et al., 2010). 

 

 Pilot osteoporosis study 7.3.4.

 

The model variants developed in the framework of the pilot investigation into the effects of 

osteoarthritis on TAR implant stability, were created assuming a uniform reduction of bone elastic 

modulus (Section  5.2.4), whereas in reality such reduction is not necessarily homogeneous and 

seem to vary depending on bone site (Li and Aspden, 1997a, b). It was also assumed that the critical 

value of micromotion above which fixation through osseointegration is less likely to occur, and the 

values of strain above which trabecular bone is more likely to yield (Section  5.1.6.1), were the same 

for osteoporotic and ‘healthy’ bone. It is practical, however, for a preliminary, comparative, 

parametric study such as this one and other studies discussed in Section  2.6.2 (Amirouche et al., 

2015; Wirth et al., 2012; Yi et al., 2014), aimed at exploring trends of effects in the overall 
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structural competence of orthopaedic implants, rather than providing absolute values describing 

these, to make such assumptions in the interest of simplicity and consistency (Wirth et al., 2010). 

Additionally, the 25% reduction of bone stiffness applied herein in order to simulate the 

biomechanical consequences of poor bone quality, was actually based on a study exploring the 

effects of osteoporosis on the mechanical properties of the femoral head rather than the distal tibia 

and proximal talus, which are the bone tissues of interest in the current study. However, previous 

FE studies investigating the effects of osteoporosis on the performance of femoral (Yi et al., 2014) 

or humeral (Wirth et al., 2012) head implants alike used similar values. 

Finally, the bone was modelled as a continuum material, without modelling the porous micro-

architecture of the trabecular bone enveloping the implant components, as implemented in some 

previous FE models exploring the fixation stability of small endosseous devices implanted in 

normal and osteoporotic bone constructs (Wirth et al., 2010). Such detailed modelling, however, is 

computationally expensive and possibly redundant considering that the fixation features of the 

investigated TAR prostheses are considerably larger than the average-size osteoporotic bone pore. 

 

 Loading scenarios 7.3.5.

 

Along with the inherent limitations of the model discussed in Section  7.3.1, it should be noted that 

only three different positions of the PE insert were included in the model (centred, anterior and 

posterior, as well as evenly distributed loading; Section  5.2.5.2), despite the fact that the PE bearing 

can be located anywhere along the articular surfaces of the metal components. Such simplification, 

however, was necessary for producing reasonable number of model variants. Additionally, the 

multiple loading cases implemented in the model cover the scenarios most important and interesting 

to be included in a comparative study such as this one. 

 

7.4. Clinical and practical relevance and implications 

 

The model presented in this study has identified certain TAR implant design features and 

positioning cases to be more likely to culminate in better implant performance and lower failure 

rates. Accordingly, it could provide a useful tool to clinicians and implant designers, with ultimate 

benefit for the patients. 
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 Implant design 7.4.1.

 

The current findings highlight that fixation relying on more than a single peg and/or achieved close 

to the joint line can be beneficial, which is manifested in the BOX
®

 components demonstrating the 

smallest interface micromotion of all designs. Specifically, the double cylindrical-keel design of the 

BOX
®

 tibial component seems to be better than the long central-stem design of the Mobility
®
 for 

achieving primary implant fixation (Section  7.1.2.1). Interestingly, previous studies (Koivu et al., 

2012; van Wijngaarden et al., 2015) imply that implant design features inserted deeper into the 

trabecular bone are more likely to create ‘stress shielding’ and also hamper blood supply to the 

entire bone tissue, thereby leading to peri-prosthetic osteolysis and subsequent implant loosening. 

 

 Implant malpositioning 7.4.2.

 

The current study, which is the first to explore the effects of malpositioning of TAR components on 

implant-bone micromotion and strains occurring in the implant proximity, highlights the importance 

of positioning the implant according to the manufacturer’s guidelines. Specifically, malpositioning 

involving a gap between the tibia/talus and fixation surface of the tibial/talar component was shown 

to potentially hamper implant fixation and increase the risk of its failure, and therefore ought to be 

avoided. Accordingly, extra care should be taken by the surgeon to ensure that the fixation features 

of the implant components are fully seated on the bones. The use of cement to fill gaps between 

bones and implant components when such are unavoidable is worth further investigation (though 

cemented TAR implants showed extremely poor outcomes; Section  2.7.1). It is also suggested that 

the surgical equipment used in arthroplasty procedures is refined so to assist surgeons in positioning 

TAR devices according to the manufacturers’ guidelines to avoid such malpositioning. These are of 

particular importance for the Mobility
®

 tibial component and BOX
®

 talar component, which were 

shown to be most sensitive designs for such malpositioning. The fact that both Salto
®

 components 

were the least sensitive to malpositioning errors is of particular interest considering the ‘low 

volume’ nature (foot and ankle surgeons normally perform very few TAR procedures, up to 20 per 

annum; NZJR, 2015) and slow learning curve of ankle arthroplasty.  

 

 Optimisation of implant design 7.4.3.

 

The findings of this study neither confirm nor reject the assumption that the geometrical designs of 

the currently used TAR devices were or were not optimised by the manufacturers (Section  5.2.3). 
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The low sensitivity of model outcomes to minor geometrical modifications in the prosthesis design 

may act as evidence for the robustness of the FE model. It may also suggest that small geometrical 

details of TAR design are of secondary importance for implant stability. Accordingly, geometrical 

modifications that could have other benefit (including economical) can be possibly made and worth 

further research. For example, it may be easier to hold the implant for polishing if there are slightly 

bigger fixation features on the fixation side, or apply the cementless coating (usually a line of sight 

process) to implant designs with reduced undercuts. Additionally, the reduced scrap rate of castings 

may be achieved by increasing the wall thicknesses, which can improve flow through the mould. 

 

 Pilot osteoporosis study 7.4.4.

 

The findings of this study strengthen the claim that extra caution should be taken by the surgeon 

when choosing the best treatment (TAR vs. arthrodesis) or implant design for patient suffering from 

osteoporosis. They may also suggest that further research should be dedicated to improving TAR-

prosthesis designs to be used in osteoporotic patients. 
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8.1. Highlight findings of this thesis 

 

 The implant fixation surface not being fully seated on the bone considerably increase 

implant-bone micromotion and strains in the underlying bone tissues, thereby increasing the 

risk of implant failure through loosening or bone fracture; the Mobility
®

 tibial component 

and BOX
®

 talar component are the most sensitive designs for such malpositioning, while 

both Salto
®

 components are generally more ‘forgiving’. 

 Achieving fixation close to the joint line can assist in ensuring implant primary stability, as 

reflected in both BOX
®

 components demonstrating the smallest micromotion of all designs. 

 Relying on more than a single peg to achieve implant fixation can also contribute to implant 

primary stability, as reflected in the small micromotion demonstrated by the BOX
®

 

components. 

 The Mobility
®

 tibial component demonstrates the highest levels of implant-bone 

micromotion and peri-implant bone strains due to the long-central-stem fixation feature. 

 The Salto
®

 talar component demonstrates the largest micromotion, which can be attributed 

to the resection of the lateral talar wall and replacing it with a flange covering the bone. 

 The tibial component is generally more prone to elevated micromotion compared with the 

talar component, and may be therefore more likely to fail. 

 

 For the vast majority of muscles acting over the ankle, the mean fibre pennation angle 

measured on the muscle surface is statistically equivalent to that measured deep within it; 

for the soleus, which is the strongest muscle acting over the ankle, the two are significantly 

different. This may affect muscle force estimates and should thus be taken into consideration 

in musculoskeletal models. 

 The architecture of the muscles acting over the ankle is closely linked to their functional 

roles. 

 Subject-specific muscle architecture affects ankle muscle forces and contact loads estimated 

through musculoskeletal modelling to a minor extent. 
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8.2. Conclusions 

 

In the work described herein, finite-element (FE) modelling was successfully utilised for 

investigating several factors potentially affecting load-induced implant-bone micromotion and peri-

implant bone strains in total-ankle-replacement (TAR) prostheses. 

It was concluded that the design of the TAR-component fixation feature(s) is a key factor 

affecting the aforementioned outcomes, therefore determining the implant primary stability and thus 

the longevity of the device. Specifically, it was found that achieving fixation closer to the joint line 

and/or while preserving more of the cortical bone can improve the potential for implant fixation 

through osseointegration; relying on more than a single fixation peg can also contribute to the 

implant primary stability. The current findings compare well with clinical observations and patient 

studies implying the inferiority of the Mobility
®

 design in terms of rotational stability, and others 

demonstrating that the tibial component is more prone to early loading-induced displacements and 

therefore aseptic loosening. 

It was further concluded that incomplete seating of the TAR component on the bone can result in 

a considerable increase in peri-implant bone strains and implant-bone micromotion, thereby 

impeding implant fixation and increasing the risk of failure. This highlights the importance of 

positioning the implant according to the manufacturer’s guidelines. This is of particular concern for 

the Mobility
®

 tibial component and BOX
®

 talar component, while Salto
®
 was shown to be generally 

more ‘forgiving’ for such malpositioning. 

Even though the type of fixation features was found to potentially affect TAR stability to a great 

extent, the fine details of the geometry of these were shown to affect it only marginally. This also 

demonstrates the robustness of the model. 

 

8.3. Achievements and clinical relevance 

 

To the best of the author’s knowledge, the work described herein is the first to attempt to use FE 

modelling to investigate implant-bone micromotion of TAR prostheses and to study the effects of 

implant design features and positioning on micromotion occurring at the bone-implant interface and 

on bone strains occurring in the implant proximity under physiological gait loading. It is also the 

first study to explore how these biomechanical consequences compare between some of the 

currently most commonly used TAR designs, as well as their sensitivity to minor geometrical 

modifications applied to the implant fixation features. 
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The agreement between the findings of this thesis and those of previous clinical research 

demonstrates that the model is capable of identifying factors affecting TAR stability, assisting in 

understanding the underlying mechanisms leading to TAR failure and providing supporting 

theoretical evidence for clinical observations. 

The model presented in this study could provide a useful tool to clinicians and implant designers, 

with ultimate benefit for the patients. The FE tool could also be applied, for example, to assess, 

prior to ankle arthroplasty, the potential success of the procedure and/or TAR performance on an 

individual basis. This is particularly relevant as arthrodesis remains the dominant treatment for 

ankle osteoarthritis. If FE models were built from CT data of potential TAR patients, they could be 

compared to data of known successful TAR, thereby helping the clinicians decide on the treatment 

option, or even implant design and positioning, most suitable for that specific patient. 

The author also suggests that the presented conclusions are practically applied in future implant 

designs (by using more than a single peg to achieve implant fixation, and achieving it close to the 

joint line and while preserving the cortical sidewalls of the bone) and in the formulation of surgical 

guidelines (by emphasising the necessity to avoid malpositioning during surgery in operative 

technique manuals). 

The paucity of clinical data regarding loosening of TAR devices highlights the value and 

importance of this work. The fact that TAR surgeries are relatively ‘low-volume’ procedures further 

strengthens the clinical importance of the findings of this study. 

 

8.4. Directions for future work 

 

Future work in the area should firstly address the main limitation of the FE model presented in this 

thesis, namely that it was not validated in an experimental setting. Specifically, the novel approach 

of measuring micromotion using micro-CT imaging and the digital-volume-correlation (DVC) 

technique – which has been recently utilised in the author’s group to measure micromotion of a 

shoulder replacement implant (Sukjamsri et al., 2015) – can be applied for exploring micromotion 

of TAR devices. In detail, the BOX
®

, Mobility
®

 and Salto
®

 components could be implanted into 

cadaveric tibiae and tali by an orthopaedic surgeon. Specimens would be then fixed as described in 

Section 5.1.4.1 and loaded as outlined in Section 5.1.5, while being scanned in a micro-CT to 

produce three-dimensional images under loaded and unloaded conditions. The images would be 

then analysed using a DVC algorithm to calculate the relative displacements at the bone-implant 

interface. Additionally, load-induced strains occurring in pre-defined landmarks of the bone 
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surfaces in the implant vicinity would be measured using strain gauge rosettes as described by 

Tuncer et al. (2013). Outcomes (contour plots and mean and peak values of micromotion, strains 

occurring in bony landmarks, etc.) would be compared with those of the respective FE models. 

Extending the model to include more subjects would strengthen the conclusions of this study by 

accounting for inter-subject variability, which can affect the model outcomes. 

Implementing the model to explore other contemporary TAR designs (Section 2.7.1) and to 

investigate TAR stability in several subjects and/or in the presence of pathological conditions other 

than osteoporosis (e.g. joint deformity, ligament laxity and muscle atrophy, all affecting the loading 

applied to the device components) can also be of great interest. 

Exploring other implant performance indicators, such as kinematics, ligament strains and implant 

wear, can further contribute to improving future TAR designs, and should therefore be applied in 

the future. 

Finally, it would be worth utilising the model to study the effects of press-fit in the range of 0-

100 µm on TAR primary stability. Also, expanding the model to simulate the biomechanical 

consequences of bone remodelling and implant osseointegration on the fixation of the device can 

contribute to shedding more light on the fixation and performance of TAR prostheses. 

 

8.5. Implications for future total-ankle-replacement designs and surgical 

techniques 

 

As mentioned above, it is suggested that the findings and conclusions of the current study be 

implemented in future designs of TAR implants. Particularly, in the interest of enhancing the 

primary stability of the device and ensuring solid fixation of the prosthesis to the bone through 

osseointegration, implant fixation should be achieved close to the joint line, while preserving the 

cortical sidewalls of the bone. Fixation features spread over a large area of the implant tray and 

bone resection surface (large antero-posterior and/or medio-lateral length, or more than a single 

fixation peg), as well as non-constant axial cross section, can further enhance the stability of the 

prosthesis against internal/external rotation and coronal/sagittal tilting. Cavity within the fixation 

feature into which the bone grows can also be of great benefit. Since malpositioning involving a gap 

between the implant and bone was shown to increase the risk of implant failure to an exceptional 

extent, future investment in improving the operative technique and equipment used during 

arthroplasty surgery should focus on assisting surgeons in positioning TAR devices according to the 

manufacturers’ guidelines and avoiding such malpositioning. This should particularly include 
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precise parallel and perpendicular bone resection to ensure that the implant tray and fixation 

features are accurately fixed to the bone with no gaps present at the interface. 
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1. Architectural characteristics of skeletal muscles 

 

Muscle physiological cross-sectional area (PCSA): The cross-sectional area of the muscle 

measured perpendicular to the long axis of its fibres (Alexander and Vernon, 1975; Maughan et al., 

1983; Narici, 1999; Perry and Bekey, 1981; Perry and Burnfield, 2010; Woods and Bigland-Ritchie, 

1983; Zajac, 1992). 

Fibre pennation angle (PA): The angle between the muscle fibre and the line of action of the 

muscle tendon (Alexander and Vernon, 1975; Narici, 1999). Individual muscle fibres do not act in 

the direction of the net muscle force (in other words, the force exerted along the direction of action 

of the muscle is different from the total muscle force), and the difference between the two can be 

explained by the PA. Increasing the fibre PA reduces the contribution of the fibre to the force 

exerted along the muscle line of action (Alexander and Vernon, 1975; Wickiewicz et al., 1983; 

Zajac, 1992), but allows more muscle fibres to be packed into a given volume of muscle tissue, 

thereby increasing the muscle PCSA (Rutherford and Jones, 1992) and facilitating the generation of 

greater forces (Alexander and Vernon, 1975). Increasing fibre PA also reduces the velocity of 

shortening along the muscle line of action (Narici, 1999; Wickiewicz et al., 1983). 

Fibre length: The maximal shortening velocity of a muscle fibre is also determined by its length; 

the longer the fibre, the larger the number of sarcomeres in series, and therefore, the faster its 

potential shortening velocity (Wickiewicz et al., 1983; Zajac, 1992). However, muscles with longer 

fibres and faster velocities of contraction typically exhibit smaller PCSA and thus smaller maximal 

force potential (Alexander and Vernon, 1975; Hill, 1938; Spoor et al., 1991; Wickiewicz et al., 

1983). This is in agreement with the findings of the landmark paper by Hill (1938) that identified an 

inverse rectangular hyperbolic relationship between muscle tension and shortening velocity, which 

has been shown to be valid for individual fibres as well (Edman, 1988). This relationship 

demonstrates the trade-off between maximal force potential and rapid contraction, which can also 

be intuitively demonstrated by two extremes of muscle engineering design: one in which the 

sarcomeres are arranged in series to maximise velocity, and another in which they are arranged in 

parallel to maximise force potential (Wickiewicz et al., 1983). 

Further details about estimation of muscle forces based on architectural properties and EMG data 

are provided in Appendix 2. 
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2. Estimation of muscle forces based on architectural properties and EMG 

data 

 

The force generated by a muscle can be estimated from the muscle architectural properties and 

electromyogram (EMG) data (Perry and Burnfield, 2010), which have been used in several 

biomechanical models, both experimental (e.g. simulators of gait in cadaveric ankles; Hamel et al., 

2004; Hurschler et al., 2003; Jackson et al., 2011; Kim et al., 2001; Sharkey and Hamel, 1998; 

Whittaker et al., 2011) and computational.  

In detail, it is well established that an EMG signal describing the electrical activity of a certain 

muscle is indicative of the force it is exerting (Perry and Bekey, 1981). It is also widely accepted 

that the muscle cross-sectional area is proportional to its strength or maximum voluntary force 

potential (Weber, 1846 in: Maughan et al., 1983). Accordingly, based on previous studies (Woods 

and Bigland-Ritchie, 1983 and also those reviewed in Perry and Bekey, 1981; Perry and Burnfield, 

2010) it is often (though not exclusively) assumed that there is a linear relationship between the 

force exerted by each muscle at a specific instant, the muscle cross-sectional area and the intensity 

of its electrical activity at this instant, where the latter is reflected by the normalised (i.e. 

constructed as the percentage of peak contractile tension
xxxi

), rectified, integrated EMG signal 

(Perry and Burnfield, 2010; Woods and Bigland-Ritchie, 1983). 

A detailed mathematical expansion of the model to estimate muscle forces based on EMG data 

and muscle physiological cross-sectional area (PCSA) and pennation angle (PA) is provided below: 

The force generated by a muscle at an instant t can be estimated as:  

𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑜𝑟𝑐𝑒 (𝑡) = 𝑡𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑡) × 𝑐𝑜𝑠(𝜃) 

Equation 1: Estimation of a muscle’s force based on the total forces applied by the muscle fibres and the pennation 

angle. 
 

where the muscle force (also known as the tendon force) is the force exerted along the direction of 

action of the muscle and the total force is the total force generated by the muscle fibres along their 

oblique direction. The difference between the two directions is the PA, θ. 

The maximal total force that the muscle is able to exert can be estimated as: 

𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑡) = 𝑃𝐶𝑆𝐴 × 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 

Equation 2: Estimation of a muscle’s potential maximal force based on its PCSA. 
 

                                                 
xxxi EMG data is frequently normalised as percentage of peak values (those measured during maximal voluntary 

contractions) in order to allow comparison of EMG data and force values from different subjects and/or different 

muscles within the same individual (Woods and Bigland-Ritchie, 1983) 
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where PCSA is the physiological cross-sectional area of the muscle and the specific tension (also 

known as muscle tensile stress) is the force generated by the muscle per unit of PCSA, which was 

chosen by the developers of the OpenSim model employed in this thesis to be 61 N/cm
2
 (Au and 

Dunne, 2013; Delp, 1990; Delp et al., 1990), but can be rescaled according to the subject’s clinical 

condition (Arnold et al., 2010; van der Krogt et al., 2012) 

The total force at instant t is estimated using the following equation: 

𝑡𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑡) = 𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 × 𝐸𝑀𝐺 (𝑡) 

Equation 3: Estimation of a muscle’s total force based on its potential maximal total force and its electrical activity. 
 

where EMG is the normalised, rectified, integrated EMG signal describing the electrical activity of 

the muscle. 

Combining Equation 1, Equation 2 and Equation 3 together yields the following: 

𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑜𝑟𝑐𝑒 (𝑡) [𝑁]  =  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 [𝑁/𝑐𝑚2] × 𝑃𝐶𝑆𝐴 [𝑐𝑚2] × 𝑐𝑜𝑠(𝜃) × 𝐸𝑀𝐺 (𝑡) [%] 

Equation 4: A mathematical model to estimate muscle force based on its PCSA and PA and electrical activity. 

 

where the muscle force applied at an instant t is measured in N; the specific tension is the force 

generated by the muscle per unit of PCSA; PCSA is the mean physiological cross section of the 

muscle; θ is the mean muscle PA and EMG is the normalised, rectified, integrated EMG signal 

describing the electrical activity of the muscle. 
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3. Musculoskeletal modelling to estimate ankle joint contact forces 

 

State-of-the-art musculoskeletal modelling in the OpenSim environment 

 

A large proportion of recently published musculoskeletal models (e.g. Modenese and Phillips, 2012; 

Modenese et al., 2011; Richards and Higginson, 2010; Walter et al., 2014) has been implemented in 

OpenSim – an open-source graphical-user-interface platform developed by Delp et al. (2007) of the 

University of Stanford based on a previous pioneering model by the same researchers (Delp et al., 

1990) – which facilitates the creation and analysis of dynamic simulations of human movement. 

The geometry of the models implemented in this or similar platforms is typically derived from 

previous well-established anatomical studies conducted in ‘normal’ human cadavers and include 

data of bone geometry, joint geometry and axes orientations, and musculotendon geometrical and 

architectural properties (see table below). Muscle-tendon complexes are modelled as actuators 

inserted onto rigid bone segments, while lines of actions are derived from bony anatomical 

landmarks and represented by series of line segments (Delp et al., 1990). A single actuator is used 

to represent most muscles (e.g. the soleus in the model provided as part of the software tutorial 

package; Au and Dunne, 2013), but more than one are used to more accurately represent those 

muscles with larger attachment sites (e.g. gastrocnemius, for which several lines of actions were 

characterised). Additionally, the paths or lines of action of some muscles (e.g. soleus and 

gastrocnemius) can be described by a single line per muscle, stretching between the origin and 

insertion; however, others wrap over bone(s) (e.g. peroneus longus and peroneus brevis) or are 

constrained by retinacula (e.g. extensor hallucis longus, extensor digitorum longus and tibialis 

anterior), for which intermediate ‘via points’ are implemented and several line segments are used in 

order to simulate the physiological scenario (Delp et al., 1990). Simulation inputs normally include 

experimentally measured ground-reaction (GR) forces and kinematic data. These, in conjunction 

with knowledge of the subject’s anthropometric characteristics (height, body mass, segments 

moments of inertia), are used to derive joint kinematics applying inverse-kinematics analysis, as 

well as inter-segmental moments and forces applying inverse dynamics. Muscle forces are then 

estimated for each time frame under quasi-static assumptions. As the system of equations is 

normally indeterminate, static optimisation is applied at each time frame. Contact forces occurring 

at the joints can then be estimated by applying dynamic analysis. Recent studies have evaluated 

outcomes of musculoskeletal simulations against muscle activation patterns (Modenese and 

Phillips, 2012; Modenese et al., 2011; Nikooyan et al., 2010; Walter et al., 2014) and in vivo 
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instrumented-implant-collected contact force data (Bergmann et al., 2001; 

http://www.orthoload.com), and found reasonable agreement, thus corroborating the modelling 

approach.  

 

Table: Studies relied upon to obtain the geometrical features used to construct the OpenSim model employed 

in Chapter 4 (with focus on the lower extremity). Further detail is available at Au and Dunne, 2013. 

 

Data Reference 

Bone geometry Stredney, 1982  

Joint geometry and axes orientations Delp et al., 1990; Inman, 1976 

Musculotendon geometry and architecture Arnold et al., 2010; Delp et al., 1990; Friederich and Brand, 

1990; Wickiewicz et al., 1983 

Segment inertial properties Anderson and Pandy, 1999; Delp et al., 1990 

 

Musculoskeletal modelling of the ankle joint complex 

 

Musculoskeletal models have been developed in the past to estimate contact loads occurring in the 

talocrural joint (Procter and Paul, 1982; Rouhani et al., 2011; Seireg and Arvikar, 1975; Stauffer et 

al., 1977). Seireg and Arvikar (1975) developed a musculoskeletal model of the lower body 

containing 31 muscles on each leg. The talocrural joint was modelled as a hinge joint allowing 

flexion only, while the subtalar joint was not modelled. Force and moment equations were solved 

under quasi-static assumptions; optimisation criterion was the minimisation of the sum of all muscle 

forces plus four times the sum of all moments at all joints. Vertical, anterior-posterior (direction of 

walking) and medial-lateral reaction forces acting on the tibia and talus during several segments of 

the gait cycle were estimated. Stauffer et al. (1977) used both healthy volunteers and patients 

suffering from ankle diseases to collect data of the foot kinematics, the GR forces acting on the foot 

and the muscle insertion angles occurring during level walking. Forces acting through the Achilles 

tendon and the tibialis anterior were the only musculotendon forces to be considered in the model. 

Two-dimensional (2D) quasi-static analysis was applied to three model configurations simulating 

three segments of the stance phase of gait, for which compressive (vertical) and shear (anterior-

posterior) reaction forces acting in the talocrural joint were estimated. Procter and Paul (1982) 

developed a pioneering 3D musculoskeletal model to assess the total contact forces occurring in the 

ankle joint complex through the stance phase, modelling not only flexion originated in the talocrural 

joint (as in Seireg and Arvikar, 1975; Stauffer et al., 1977), but also version occurring in the 

subtalar joint. Dissection studies were conducted to obtain anthropometric data (including tendon 

lines of action and cross-sectional areas, bone and articular surface architecture, joint axes), while 

data of foot kinematics and GR forces were collected from healthy volunteers. All muscles acting 

http://www.orthoload.com/
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over the ankle were included in the model, but all muscles within the same compartment 

(dorsiflexors, deep plantarflexors, superficial plantarflexors, peroneals; Section 2.1.4) were 

practically modelled as one, while the musculotendon forces exerted by the individual muscles 

within each compartment were assumed to be proportional to the tendon cross-sectional areas. This 

assumption was made in lieu of implementing optimisation procedure(s) to facilitate the acquisition 

of a unique solution to the muscle-load-sharing problem (Section 4.2.2.3). Also, all muscles 

excluding the superficial flexors were assumed to act through a fixed line of action relative to the 

foot during the entire stance phase. It was further assumed that the dorsiflexors and superficial 

plantarflexors do not act simultaneously, and neither do the peroneals and deep flexors. The inertial 

contributions of the model segments to the joint reaction forces were disregarded. 

Neither of these studies considered the architecture of the muscles (physiological cross-sectional 

area, fibre length and fibre pennation angle) and tendons acting over the joint, which may affect 

predictions of muscle forces and joint contact loads (Arnold et al., 2010) (the model by Rouhani et 

al., 2011 completely disregarded the muscle forces acting over the ankle despite their major 

contribution to the contact forces acting in the joint). Additionally, all models relied on previous 

generation tracking methods to derive kinematics, for example, cine films of bony point markers 

(Procter and Paul, 1982), or foot switches taped to the subjects’ shoes and a single high-speed 

camera (Stauffer et al., 1977). Another limitation may have been the anthropometric and anatomical 

data of foot dimensions and muscle attachment sites which were taken from photographs and a 

single X-ray (Stauffer et al., 1977) or a very limited number of cadavers (Procter and Paul, 1982). 

The assumptions made regarding muscle activation and load sharing (discussed above; Procter and 

Paul, 1982; Stauffer et al., 1977) are also of concern. 
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4. Complete data of dissection work outcomes 

 

Specimen 287 L: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 138 297 44 0.15 N/A 12 12 4.7 31 30 15% 

Soleus 218 317 25 0.08 N/A 17 17 6.9 86 82 42% 

Plantaris 5 117 45 0.39 10 N/A 10 0.4 1.1 1.1 0.5% 

Flexor hallucis longus 47 260 30 0.12 21 27 24 1.8 16 14 8% 

Flexor digitorum longus 24 270 38 0.14 16 9 13 0.9 6 6 3% 

Tibialis posterior 90 312 33 0.11 19 11 15 2.9 27 26 13% 

Extensor hallucis longus 28 286 69 0.24 13 N/A 13 1.0 4 4 2% 

Extensor digitorum longus 42 354 72 0.20 19 N/A 19 1.2 6 5 3% 

Tibialis anterior 56 311 63 0.20 13 16 15 1.8 9 9 4% 

Peroneus brevis 34 269 40 0.15 17 7 12 1.3 8 8 4% 

Peroneus longus 48 289 47 0.16 14 10 12 1.7 10 10 5% 

 

Specimen 319 R: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 218 241 33 0.14 N/A 22 22 9.1 65 61 24% 

Soleus 238 291 20 0.07 49 43 46 8.2 119 83 44% 

Plantaris N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Flexor hallucis longus 38 207 34 0.17 30 23 26 1.8 11 10 4% 

Flexor digitorum longus 14 285 37 0.13 18 N/A 18 0.5 4 4 1% 

Tibialis posterior 43 268 25 0.09 23 15 19 1.6 17 16 6% 

Extensor hallucis longus 17 250 58 0.23 12 N/A 12 0.7 3 3 1% 

Extensor digitorum longus 36 317 48 0.15 14 7 10 1.1 7 7 3% 

Tibialis anterior 62 257 56 0.22 17 9 13 2.4 11 11 4% 

Peroneus brevis 29 211 26 0.12 21 15 18 1.4 11 11 4% 

Peroneus longus 62 282 30 0.10 36 19 28 2.2 21 19 8% 
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Specimen 331 L: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 126 222 37 0.17 14 15 14 5.7 34 33 19% 

Soleus 182 319 22 0.07 34 21 28 5.7 83 74 46% 

Plantaris N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Flexor hallucis longus 28 222 39 0.17 16 13 14 1.3 7 7 4% 

Flexor digitorum longus 20 254 33 0.13 17 N/A 17 0.8 6 6 3% 

Tibialis posterior 51 275 25 0.09 18 16 17 1.9 20 19 11% 

Extensor hallucis longus 18 257 71 0.28 10 N/A 10 0.7 3 2 1% 

Extensor digitorum longus 31 363 68 0.19 14 N/A 14 0.9 5 4 2% 

Tibialis anterior 74 234 66 0.28 11 11 11 3.2 11 11 6% 

Peroneus brevis 12 212 30 0.14 18 11 14 0.6 4 4 2% 

Peroneus longus 32 228 33 0.14 16 13 14 1.4 10 10 5% 

 

Specimen 358 R: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 76 243 35 0.14 12 14 13 3.1 22 21 14% 

Soleus 169 302 23 0.07 40 22 31 5.6 75 65 49% 

Plantaris 5 135 48 0.35 10 N/A 10 0.4 1.0 1.0 0.7% 

Flexor hallucis longus 32 261 29 0.11 17 15 16 1.2 11 11 7% 

Flexor digitorum longus 12 265 35 0.13 13 14 13 0.5 3 3 2% 

Tibialis posterior 45 318 34 0.11 21 17 19 1.4 13 12 9% 

Extensor hallucis longus 15 277 88 0.32 7 5 6 0.5 2 2 1% 

Extensor digitorum longus 36 358 73 0.20 7 7 7 1.0 5 5 3% 

Tibialis anterior 49 276 74 0.27 9 8 9 1.8 7 7 4% 

Peroneus brevis 16 226 41 0.18 21 N/A 21 0.7 4 4 3% 

Peroneus longus 40 247 36 0.14 17 10 14 1.6 11 11 7% 
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Specimen 360 L: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 107 238 33 0.14 N/A 19 19 4.5 32 30 17% 

Soleus 160 350 17 0.05 34 23 28 4.6 96 84 50% 

Plantaris 3 106 36 0.34 8 N/A 8 0.3 0.8 0.8 0.4% 

Flexor hallucis longus 29 202 31 0.16 22 18 20 1.4 9 9 5% 

Flexor digitorum longus 15 258 34 0.13 N/A 26 26 0.6 4 4 2% 

Tibialis posterior 58 272 25 0.09 10 20 15 2.1 23 22 12% 

Extensor hallucis longus 12 259 83 0.32 9 8 9 0.5 1 1 1% 

Extensor digitorum longus 28 341 69 0.20 9 7 8 0.8 4 4 2% 

Tibialis anterior 56 262 62 0.24 12 7 10 2.1 9 9 5% 

Peroneus brevis 17 275 35 0.13 15 N/A 15 0.6 5 5 2% 

Peroneus longus 35 263 39 0.15 23 9 16 1.3 9 9 5% 

 

Specimen 370 R: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 195 276 49 0.18 17 17 17 7.1 40 38 19% 

Soleus 296 315 30 0.10 35 23 29 9.4 98 86 47% 

Plantaris 4 102 45 0.44 9 N/A 9 0.4 0.9 0.9 0.4% 

Flexor hallucis longus 38 247 39 0.16 20 20 20 1.5 10 9 5% 

Flexor digitorum longus 18 264 36 0.13 13 11 12 0.7 5 5 2% 

Tibialis posterior 60 285 30 0.11 18 16 17 2.1 20 19 10% 

Extensor hallucis longus 23 250 75 0.30 11 12 11 0.9 3 3 1% 

Extensor digitorum longus 62 375 70 0.19 11 11 11 1.7 9 9 4% 

Tibialis anterior 76 285 72 0.25 12 9 11 2.7 11 10 5% 

Peroneus brevis 16 197 40 0.20 17 N/A 17 0.8 4 4 2% 

Peroneus longus 42 280 47 0.17 12 11 12 1.5 9 9 4% 
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Specimen 372 L: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 105 247 43 0.17 37 16 26 4.2 24 22 15% 

Soleus 175 304 23 0.07 54 33 43 5.7 77 56 48% 

Plantaris 0.5 51 27 0.52 12 N/A  0.1 0.2 0.2 0.1% 

Flexor hallucis longus 27 229 35 0.15 21 20 21 1.2 8 7 5% 

Flexor digitorum longus 10 211 31 0.15 14 18 16 0.5 3 3 2% 

Tibialis posterior 52 291 28 0.10 15 18 16 1.8 18 18 11% 

Extensor hallucis longus 12 250 66 0.26 10 7 8 0.5 2 2 1% 

Extensor digitorum longus 37 360 63 0.17 9 8 8 1.0 6 6 4% 

Tibialis anterior 51 286 65 0.23 16 9 12 1.8 8 8 5% 

Peroneus brevis 16 235 29 0.13 16 16 16 0.7 5 5 3% 

Peroneus longus 32 261 35 0.13 20 16 18 1.2 9 9 6% 

 

Specimen 373 R: 

Muscle Volume 

[ml] 

Length 

[mm] 

Mean fibre 

length [mm] 

Mean normalised 

fibre length 

Mean fibre 

surface PA 

[degrees] 

Mean fibre 

deep PA 

[degrees] 

Mean fibre 

combined 

PA 

[degrees] 

ACSA 

[cm
2
] 

PCSA 

[cm
2
] 

Reduced 

PCSA [cm
2
] 

Normalised 

PCSA 

Gastrocnemius 195 249 48 0.19 23 25 24 7.8 41 37 14% 

Soleus 355 260 23 0.09 37 27 32 13.6 152 129 51% 

Plantaris 6 128 52 0.41 7 N/A 7 0.5 1.2 1.1 0.4% 

Flexor hallucis longus 50 193 35 0.18 17 11 14 2.6 14 14 5% 

Flexor digitorum longus 29 270 35 0.13 12 9 10 1.1 8 8 3% 

Tibialis posterior 52 287 24 0.08 17 17 17 1.8 22 21 7% 

Extensor hallucis longus 22 277 89 0.32 8 6 7 0.8 2 2 1% 

Extensor digitorum longus 60 337 88 0.26 11 7 9 1.8 7 7 2% 

Tibialis anterior 94 345 69 0.20 11 8 10 2.7 14 13 5% 

Peroneus brevis 36 234 26 0.11 17 14 15 1.5 14 14 5% 

Peroneus longus 64 271 28 0.10 17 11 14 2.4 23 22 8% 

 

 



  Appendices 

 

 

 

  217  

5. Complete list of finite-element model variants developed in this study 

 

Variations of implant design (Section 5.2.1) 

2 components (tibia/talus) 

˟ 3 designs (BOX®, Mobility®, Salto®) 

˟ 2 combinations of magnitudes and directions of loading (with/out considerable shear; Section 5.2.5.1) 

˟ 4 positions of the mobile component (anterior, posterior, centred, evenly across the articular surface; Section 5.2.5.2) 

Total: 48 model variants 

 

Variations of implant positioning (Section 5.2.2) 

Tibial models: 

3 implant designs 

˟ 9 types of malpositioning (varus/valgus, dorsiflexion, posterior gap) 

˟ 2 combinations of magnitudes and directions of loading 

˟ 4 positions of the mobile component 

Talar models: 

3 implant designs 

˟ 2 types of malpositioning (dorsiflexion/plantarflexion) 

˟ 2 combinations of magnitudes and directions of loading 

˟ 4 positions of the mobile component 

Total: 264 model variants 

 

Model variants to simulate variations in implant design (Section 5.2.3) 

2 components 

˟ 3 implant designs 

˟ 4 geometrical modifications 

˟ 2 combinations of magnitudes and directions of loading 

˟ 4 positions of the mobile component 

Total: 192 model variants 

 

Model variants to simulate osteoporosis (Section 5.2.4) 

2 components 

˟ 3 implant designs 

˟ 2 combinations of magnitudes and directions of loading 

˟ 4 positions of the mobile component 

Total: 48 model variants 
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Model variants to simulate small shear (Section 5.2.5.1) 

2 components 

˟ 3 implant designs 

˟ 4 positions of the mobile component 

Total: 24 model variants 

 

Mesh-refinement model variants (Section 5.1.6.2) 

2 components 

˟ 3 implant designs 

˟ 2 loading conditions 

˟ 2 positions of the mobile component 

Total: 24 model variants 

 

Model variants to explore sensitivity to friction coefficient (Section 5.1.3) 

2 components 

˟ 3 implant designs 

˟ 2 loading scenarios 

˟ 2 variations of coefficient of friction 

Total: 24 model variants 

 

Model variants to explore sensitivity to fixation boundary conditions (Section 5.1.4.2) 

2 components 

˟ 3 implant designs 

˟ 2 boundary/loading-condition adjustments 

˟ 2 loading scenarios 

Total: 24 model variants 

 

Total: 648 model variants 
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6. Detailed results of the mesh-refinement study 

 

Tibial models 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

   
Figure: The effects of mesh refinement on the outcome measures of interest for the tibial model variants included in the 

mesh-refinement study (Section  5.1.6.2). The titles specify the model variant (by device brand name) and outcome 

measure contained in the graph; the horizontal axes indicate the mesh density by specifying the characteristic edge 

length (1.5, 2 or 3 mm); the vertical axes indicate magnitudes of the outcome measures of interest, normalised 

according to that of the finest mesh explored (1.5-mm- edge length); various colours indicate the different loading 

conditions specified in Table 5.2, while applied to the anterior or posterior part of the component distal surface (blue – 

loading condition #1 applied to the anterior part of the articular surface; red – #1 applied posteriorly; green – #2 applied 

anteriorly; purple – #2 applied posteriorly); solid and dashed line indicate peak and mean values of the outcome 

measures explored, respectively. 
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Talar models 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

   
Figure: The effects of mesh refinement on the outcome measures of interest for the talar model variants included in the 

mesh-refinement study (Section  5.1.6.2). The titles specify the model variant (by device brand name) and outcome 

measure contained in the graph; the horizontal axes indicate the mesh density by specifying the characteristic edge 

length (1.5, 2 or 3 mm); the vertical axes indicate magnitudes of the outcome measures of interest, normalised 

according to that of the finest mesh explored (1.5-mm- edge length); various colours indicate the different loading 

conditions specified in Table 5.2, while applied to the anterior or posterior part of the component proximal surface (blue 

– loading condition #1 applied to the anterior part of the articular surface; red – #1 applied posteriorly; green – #2 

applied anteriorly; purple – #2 applied posteriorly); solid and dashed line indicate peak and mean values of the outcome 

measures explored, respectively. 
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Micromotion 

0.95

1.00

1.05

1.10

1.15

1.522.53

Mobility -  
Maximum principal strain 

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

1.522.53

Mobility -  
Minimum principal strain 

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.522.53

Salto -  
Micromotion 

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.522.53

Salto -  
Maximum principal strain 

0.85

0.95

1.05

1.15

1.25

1.35

1.45

1.55

1.522.53

Salto -  
Minimun principal strain 
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Table: Outcome measures of the model variants included in the mesh-refinement study (Section  5.1.6.2), presented as 

percentage (absolute values) difference relative to the finest mesh (characteristic edge length of 1.5 mm). 

 
  Coarsest mesh (mean (range)) 

(characteristic edge length of 3 mm) 

Second-coarsest mesh (mean (range)) 
(characteristic edge length of 2 mm) 

Tibial 

models 

   

Mean micromotion 9% (0-23%) 5% (0-10%) 

Peak micromotion 8% (4-17%) 4% (2-8%) 

Mean minimum principal strain 6% (4-8%) 4% (2-5%) 

Peak minimum principal strain 9% (2-17%) 7% (5-13%) 

Mean maximum principal strain 10% (8-14%) 5% (4-7%) 

Peak maximum principal strain 16% (9-27%) 11% (9-14%) 
   

Talar 

models 

   

Mean micromotion 18% (1-82%) 4% (0-15%) 

Peak micromotion 23% (1-113%) 5% (1-16%) 

Mean minimum principal strain 5% (0-12%) 2% (0-4%) 

Peak minimum principal strain 9% (1-19%) 3% (0-7%) 

Mean maximum principal strain 5% (0-10%) 2% (0-3%) 

Peak maximum principal strain 7% (1-18%) 3% (0-7%) 
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7. Detailed results of the boundary-condition sensitivity analyses 

 

Table: Differences (percentage-wise, absolute values) between outcome measures of the model variants included in the 

bone-fixation-length sensitivity analyses (Section  5.1.4.2), calculated when the fixed boundary condition was moved 

from the distal quarter (by length) to the proximal quarter of the tibia (i.e. moved away from the joint line), and from the 

distal quarter to distal tenth of the talus (again away from the joint line) (note that subsidiary variation in loading 

conditions was also implemented in the model variants applying the smaller fixation length). 

 
  Altered-fixation-BC (together with the 

subsidiary variation in LCs) deviation from 

reference BCs (mean (range)) 

Tibial 

models 

  

Mean micromotion 16% (11-20%) 

Peak micromotion 14% (10-17%) 

Mean minimum principal strain 3% (2-5%) 

Peak minimum principal strain 4% (2-5%) 

Mean maximum principal strain 7% (6-8%) 

Peak maximum principal strain 7% (6-8%) 
  

Talar 

models 

  

Mean micromotion 9% (3-13%) 

Peak micromotion 12% (1-27%) 

Mean minimum principal strain 57% (46-71%) 

Peak minimum principal strain 31% (17-42%) 

Mean maximum principal strain 122% (104-147%) 

Peak maximum principal strain 68% (55-82%) 
  

 

Table: Differences (percentage-wise, absolute values) between outcome measures of the model variants included in the 

loading-condition- (LC) orientation sensitivity analyses (Section  5.1.4.2), calculated for the fixed- and deformation-

adjusted LC orientation (orientation of the loading vector relative to the surface remains the same to counteract any 

difference in deflection of the bone under loading). 

 
  Altered-LC-orientation deviation from 

reference LCs (mean (range)) 

Tibial 

models 

  

Mean micromotion 17% (11-20%) 

Peak micromotion 14% (9-17%) 

Mean minimum principal strain 3% (2-5%) 

Peak minimum principal strain 4% (2-5%) 

Mean maximum principal strain 7% (5-8%) 

Peak maximum principal strain 7% (6-8%) 
  

Talar 

models 

  

Mean micromotion 4% (1-6%) 

Peak micromotion 4% (1-11%) 

Mean minimum principal strain 1% (0-1%) 

Peak minimum principal strain 2% (1-3%) 

Mean maximum principal strain 1% (0-2%) 

Peak maximum principal strain 2% (1-3%) 
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8. Detailed results of the tibial varus/valgus and dorsiflexed model variants 

 

Table: Outcome measures of the tibial varus/valgus- and dorsiflexed- (DF) malpositioning model variants 

(Sections 6.2.1 and 6.2.2), presented in % difference from the equivalent reference-geometry model variants 

(Section  6.1.1). 

* Some data are missing due to technical difficulties in producing the models. 

 

 
Loading 

area 

Mean 

micromotion 

Peak 

micromotion 

Mean minimum 

principal strain 
Peak minimum 

principal strain 

Mean maximum 

principal strain 

 

Peak maximum 

principal strain 

BOX
®
        

Varus 10° 

Anterior +13% +2% -4% -10% -4% -7% 

Posterior +16% +7% 0% +3% +3% +5% 

Centred +22% +7% -2% -1% 0% +3% 

Uniform +17% +2% -1% -2% +1% +1% 

Varus 5° 

Anterior +17% +6% -1% -5% -2% -3% 

Posterior +12% +1% 0% +1% 0% +2% 

Centred +18% +5% 0% 0% +1% 0% 

Uniform +18% +2% 0% +1% +1% +1% 

Valgus 5° 

Anterior +24% +20% +2% +4% +2% +3% 

Posterior -46% -61% -3% -5% -5% -6% 

Centred +12% +1% 0% -1% -1% -4% 

Uniform +12% -3% -1% -1% -2% -5% 

Valgus 10° 

Anterior N/A* N/A* N/A* N/A* N/A* N/A* 

Posterior N/A* N/A* N/A* N/A* N/A* N/A* 

Centred N/A* N/A* N/A* N/A* N/A* N/A* 

Uniform N/A* N/A* N/A* N/A* N/A* N/A* 

DF 5° 

Anterior +33% +21% +1% +3% 2% +1% 

Posterior -7% -8% +4% +4% +5% +6% 

Centred +16% 0% +3% +4% +4% +5% 

Uniform +12% -1% +3% +4% +5% +5% 

DF 10° 

Anterior N/A* N/A* N/A* N/A* N/A* N/A* 

Posterior N/A* N/A* N/A* N/A* N/A* N/A* 

Centred N/A* N/A* N/A* N/A* N/A* N/A* 

Uniform N/A* N/A* N/A* N/A* N/A* N/A* 

Mobility
®
        

Varus 10° 

Anterior +8% +8% -3% -7% -4% -8% 

Posterior +21% +7% -2% +2% -1% -2% 

Centred +9% +3% -2% -4% -4% -9% 

Uniform +11% +4% -2% -6% -4% -8% 

Varus 5° 

Anterior +4% +5% -1% -4% -3% -4% 

Posterior +13% +6% -1% 0% -2% -3% 

Centred +9% +7% 0% -1% -1% -3% 

Uniform +10% +4% 0% -3% -2% -3% 

Valgus 5° 

Anterior +7% -4% -1% +4% 0% +2% 

Posterior +4% -4% -2% -1% -2% -2% 

Centred 0% -10% -2% +2% -2% 0% 

Uniform 0% -10% -2% +3% -1% +1% 

Valgus 10° 

Anterior +20% -9% -2% +4% -1% +1% 

Posterior -5% -16% -4% -4% -5% -3% 

Centred -2% -21% -4% +3% -4% -2% 

Uniform -3% -21% -4% +3% -3% -1% 

DF 5° 

Anterior +11% -10% -6% -2% -5% -2% 

Posterior +10% +14% +9% +9% +9% +14% 

Centred 4% -1% +1% +6% +1% +3% 

Uniform +4% -1% 0% +5% 0% +4% 

DF 10° 

Anterior +27% -6% -9% -2% -7% -7% 

Posterior +17% +25% +15% +14% +16% +23% 

Centred +8% +2% +1% +5% +2% 0% 

Uniform +9% -1% 0% +4% +1% +1% 
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Salto
®
        

Varus 10° 

Anterior +3% -11% 0% -6% -1% -5% 

Posterior +6% -14% -6% -6% -6% -10% 

Centred -3% -12% -4% -9% -5% -9% 

Uniform -2% -10% -3% -7% -5% -8% 

Varus 5° 

Anterior +8% -1% 0% -3% +1% -3% 

Posterior +4% -8% -4% -4% -5% -6% 

Centred 0% -15% -3% -4% -4% -3% 

Uniform +2% -8% -2% -4% -2% -4% 

Valgus 5° 

Anterior -4% -11% -2% -2% -2% -3% 

Posterior -4% -9% -1% -3% -1% -3% 

Centred -7% -8% -2% -3% -2% -3% 

Uniform -5% -4% -1% -2% 0% -3% 

Valgus 10° 

Anterior 0% -6% -3% 0% -2% -1% 

Posterior -3% -6% -2% -3% -1% -5% 

Centred -4% -4% -3% -1% -2% -5% 

Uniform -3% -2% -3% -1% -1% -4% 

DF 5° 

Anterior +17% +9% 0% +1% -1% -4% 

Posterior -1% -5% -2% -6% -2% -5% 

Centred +4% -1% -2% -3% -3% -4% 

Uniform +9% +8% 0% -3% 0% -4% 

DF 10° 

Anterior +22% +8% +1% +6% 0% 0% 

Posterior -16% -16% -7% -15% -9% -15% 

Centred +3% -4% -5% -6% -5% -6% 

Uniform +9% +6% -2% -4% -1% -6% 
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9. Detailed results of the optimisation of implant design study 

 

Table: Outcome measures of the modified-geometry tibial model variants (Section 6.3), presented in % difference from 

the equivalent reference-geometry model variants (Section  6.1.1). 

 

 
Loading 

area 

Mean 

micromotion 

Peak 

micromotion 

Mean minimum 

principal strain 
Peak minimum 

principal strain 

Mean maximum 

principal strain 

 

Peak maximum 

principal strain 

BOX
®
        

Thinner cylinders 

Anterior -3% +2% +1% 0% -2% -4% 

Posterior +3% 0% +4% +5% -1% -2% 

Centred -12% -22% +4% +4% 0% -4% 

Uniform -8% -20% +3% +2% -1% -6% 

Thicker cylinders 

Anterior +56% +58% -2% 0% +2% +3% 

Posterior +12% -12% -8% -12% -7% -10% 

Centred +51% +53% -5% -6% -3% -3% 

Uniform +47% +44% -5% -7% -3% -4% 

Shorter fins 

Anterior -1% -7% 0% -1% -1% -4% 

Posterior -6% -14% +2% +4% -2% -2% 

Centred +32% +4% 0% +14% +9% +17% 

Uniform -6% -14% +1% 0% -1% -5% 

Longer fins 

Anterior +33% +36% 0% -1% +1% +1% 

Posterior +8% -10% -5% -7% -5% -7% 

Centred +37% +35% -2% -3% -1% -1% 

Uniform +35% +28% -2% -3% -1% -2% 

Mobility
®
        

Thinner stem 

Anterior -15% -6% +1% -1% 0% +1% 

Posterior -21% -16% +2% 0% +1% +1% 

Centred -19% -16% +2% -2% +2% -1% 

Uniform -19% -16% +2% -2% +2% 0% 

Thicker stem 

Anterior +23% +20% -2% -2% -1% -4% 

Posterior +20% +8% -2% 0% -2% -2% 

Centred +18% +3% -4% -1% -4% -6% 

Uniform +20% +7% -3% -1% -3% -5% 

Shorter stem 

Anterior -32% -38% 0% 0% -3% -4% 

Posterior -26% -32% +2% +1% -1% -4% 

Centred -36% -36% +3% +1% +1% -4% 

Uniform -36% -37% +3% +1% 0% -3% 

Longer stem 

Anterior +35% +42% -3% -1% -5% -4% 

Posterior +36% +36% -1% +1% -1% 0% 

Centred +30% +19% -24% -9% -20% -16% 

Uniform +57% +40% -1% +1% -3% -3% 

Salto
®
        

Thinner cylinder 

Anterior -6% -9% +3% +1% +1% 0% 

Posterior +2% +1% +9% +10% +6% +8% 

Centred -4% -2% +7% +5% +4% +3% 

Uniform -4% 0% +7% +7% +5% +4% 

Thicker cylinder 

Anterior +2% -3% -3% -3% -2% -3% 

Posterior -7% -11% -9% -8% -8% -8% 

Centred -7% -8% -10% -8% -8% -8% 

Uniform -4% -2% -8% -6% -7% -7% 

Shorter fin 

Anterior -10% -8% +2% +2% +1% 0% 

Posterior -13% -10% +4% +7% +4% +4% 

Centred -15% -9% +3% +3% +3% +2% 

Uniform -14% -7% +4% +5% +4% +4% 

Longer fin 

Anterior +2% -2% -2% -3% -1% -2% 

Posterior -2% +2% -7% -9% -8% -8% 

Centred +2% -3% -6% -3% -5% -3% 

Uniform +4% +4% -5% -3% -4% -3% 
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Table: Outcome measures of the modified-geometry talar model variants, presented in % difference from the equivalent 

reference-geometry model variants (Section 6.1.2). 

 

 
Loading 

area 

Mean 

micromotion 

Peak 

micromotion 

Mean minimum 

principal strain 
Peak minimum 

principal strain 

Mean maximum 

principal strain 

 

Peak maximum 

principal strain 

BOX
®
        

Thinner pegs 

Anterior +10% +8% +3% +2% +6% 0% 

Posterior +19% +16% +7% +5% +8% +5% 

Centred -1% -2% +4% -1% +5% -2% 

Uniform -3% -7% +4% +1% +6% 0% 

Thicker pegs 

Anterior -14% -7% +2% +5% +2% +5% 

Posterior +14% +8% +1% +3% +3% +7% 

Centred -13% -24% +1% +5% +1% +6% 

Uniform -13% -20% +1% +3% +1% +4% 

Shorter pegs 

Anterior +20% +18% +2% -2% +4% -2% 

Posterior +45% +61% +4% +4% +4% +2% 

Centred +10% +25% +3% -7% +2% -8% 

Uniform +10% +46% +2% -4% +3% -5% 

Longer pegs 

Anterior -12% -6% +1% +5% +1% +5% 

Posterior +12% +12% 0% +7% +1% +11% 

Centred -9% -14% 0% +12% +1% +10% 

Uniform -11% -10% +1% +8% +1% +8% 

Mobility
®
        

Thinner pegs 

Anterior -3% -15% 0% +7% -1% +8% 

Posterior -15% -25% -2% -1% 0% +2% 

Centred -5% -11% 0% +8% +1% +10% 

Uniform -6% -8% 0% +9% +1% +10% 

Thicker pegs 

Anterior +9% -9% +3% +1% +4% +2% 

Posterior -6% -14% +4% +6% +6% +7% 

Centred +1% -9% +3% +4% +5% +6% 

Uniform +4% -2% +3% +5% +5% +7% 

Shorter pegs 

Anterior -14% -26% +1% -10% 0% -8% 

Posterior -22% -29% +1% -5% +2% -4% 

Centred -17% -29% +1% -14% +2% -11% 

Uniform -16% -24% +2% -12% +2% -9% 

Longer pegs 

Anterior +30% +38% -3% -1% -1% +2% 

Posterior +16% +30% -7% +5% -2% +9% 

Centred +23% +37% -5% +4% -2% +8% 

Uniform +26% +52% -5% +4% -2% +7% 

Salto
®
        

Thinner peg 

Anterior -24% -36% -1% -3% 0% -3% 

Posterior -40% -36% +5% -1% +5% -5% 

Centred -42% -46% +3% 0% +4% -1% 

Uniform -42% -45% +2% -1% +3% -3% 

Thicker peg 

Anterior -6% -3% +3% +1% +6% +2% 

Posterior -10% -2% +6% +4% +9% +4% 

Centred -10% -2% +5% +5% +7% +5% 

Uniform -10% -2% +4% +5% +7% +5% 

Shorter peg 

Anterior -27% -37% +1% -6% +2% -1% 

Posterior -36% -13% +12% +6% +12% 0% 

Centred -46% -50% +2% -11% +3% -9% 

Uniform -47% -51% +3% -8% +3% -7% 

Longer peg 

Anterior -22% -24% +12% -13% +10% -21% 

Posterior -31% -20% -3% -22% -3% -25% 

Centred -32% -32% +11% +1% +8% +1% 

Uniform -35% -32% +6% -1% +4% -1% 
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10. MATLAB
®
 scripts used in the muscle-architecture study 

 

Image-analysis script to calculate muscle pennation angles and lengths 

 

% Image-analysis script to calculate muscle pennation angles and lengths. 

Written by Ran S Sopher, a PhD candidate at the Biomechanics group of the 

Department of Mechanical Engineering at Imperial College London. Most recent 

version: Measurements_ver05.m (January 2015) 

 

clc 
clear all 
close all 

  
[fname, path]=uigetfile('D:\My Documents\PhD Project\Dissections\373 

right\*.jpg'); 
original_image_file=[path, fname]; 
original_image=imread(original_image_file); 
imshow(original_image) 
[l,m,n]=size(original_image); 
devideby=30; 
l0=l/devideby; 
m0=m/devideby; 
for i=0:devideby 
    hold on 
    plot([0 m], [i*l0 i*l0], '--', 'Color',[0.5,0.5,0.5]) 
end 
for j=0:devideby 
    hold on 
    plot([j*m0 j*m0], [0 l], '--', 'Color',[0.5,0.5,0.5]) 
end 

  
title('Please select a ruler region to zoom into, then click BACKSPACE', 

'fontsize', 16); 
zoom on; 
waitfor(gcf,'CurrentCharacter',8); 
title('Please click the origin of the ruler axis', 'fontsize', 16); 
[origin_column_index, origin_row_index]=ginput(1); 
title('Please click 5-cm length in the ruler axis', 'fontsize', 16); 
[cm5_column_index, cm5_row_index]=ginput(1); 
zoom out; 
ruler=[origin_column_index, origin_row_index; cm5_column_index, cm5_row_index]; 
hold on 
plot(ruler(:,1),ruler(:,2), 'LineWidth', 3, 'color', 'r'); 
cm5_dist_pixels=sum(([origin_column_index, origin_row_index]-[cm5_column_index, 

cm5_row_index]).^2).^0.5; 
cm5_dist_mm=50; 

  
i=1; 
press_enter=0; 
while press_enter~=13 
    zoom out; 
    title('Please select a region to zoom into, then click the number of the 

fibre', 'fontsize', 16); 
    zoom on; 
    waitfor(gcf,'CurrentCharacter',48+i) 
    title('Please click 2 points through the tendon', 'fontsize', 16); 
    [tendon_column_index, tendon_row_index]=ginput(2); 
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    tendon=[tendon_column_index, tendon_row_index]; 
    tendon_vector=tendon(2,:)-tendon(1,:); 
    plot(tendon_column_index, tendon_row_index, 'LineWidth', 2, 'color', 'g'); 
    title('Please click 3 points through the selected muscle bundle', 

'fontsize', 16); 
    [fibre_column_index12, fibre_row_index12]=ginput(2); 
    hold on 
    plot(fibre_column_index12, fibre_row_index12, 'LineWidth', 2); 
    [fibre_column_index3, fibre_row_index3]=ginput(1); 
    fibre=[fibre_column_index12, fibre_row_index12; fibre_column_index3, 

fibre_row_index3]; 
    fibre_column_index=fibre(:,1); 
    fibre_row_index=fibre(:,2); 
    fibre_vector=fibre(3,:)-fibre(1,:); 
    hold on 
    plot(fibre_column_index, fibre_row_index, 'LineWidth', 2); 
    fibre_length_pixel=sum(([fibre_column_index(1), fibre_row_index(1)]-

[fibre_column_index(2), 

fibre_row_index(2)]).^2).^0.5+sum(([fibre_column_index(2), fibre_row_index(2)]-

[fibre_column_index(3), fibre_row_index(3)]).^2).^0.5; 
    fibre_length_mm(i)=(fibre_length_pixel*cm5_dist_mm)/cm5_dist_pixels; 
    angle(i)=acosd(dot(fibre_vector, 

tendon_vector)/(norm(fibre_vector)*norm(tendon_vector))); 
    if angle(i)>90 
        angle(i)=180-angle(i); 
    end 
    text(fibre(1,1),fibre(1,2),num2str(angle(i)),'FontSize',10,'color', 'r', 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 
    % 

text(fibre_lengths(:)+2,pennation_angles(:)+2,volumes(:)+2,labels,'FontSize',14,

'color', [0.4,0.4,0.4], 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 
    i=i+1; 
    title('When you are done with this image, please click ENTER; otherwise 

click SPACE', 'fontsize', 16); 
    press_enter=getkey; 
end 
zoom out 
print('-djpeg','-r500',strcat(path,fname,' - results.jpeg')); 
fibre_length_mm=fibre_length_mm' 
angle=angle' 
cd (path); 
save matlab_workspace 

 

 

Statistical-analysis script 

 

% Statistical-analysis script to process the outcomes of the dissections aimed 

at exploring the architecture of the muscles acting over the ankle. Written by 

Ran S Sopher, a PhD candidate at the Biomechanics group of the Department of 

Mechanical Engineering at Imperial College London. Most recent version: 

clustering_revised_ver05.m (July 2015) 

 

% The order of muscles is as follows: 
% 'Gastrocnemius'; 'Soleus'; 'FHL'; 'FDL'; 'TP'; 'EHL'; 'EDL'; 'TA'; 'PB'; 'PL'. 
% The order of specimens is as follows: 
% '287 left', '319 right', '331 left', '358 right', '360 left', '370 right', 

'373 right', '372 left'. 
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clc 
clear all 
close all 

  
%% Load Dataset 

  
[fname, path]=uigetfile('D:\My Documents\PhD 

Project\Dissections\Results\*.xlsx'); 
dataset=xlsread(fname,'Summary','B3:EX12'); 

  
number_of_cadavers=8; 
number_of_muscles=10; 

  
volumes=zeros(number_of_muscles,number_of_cadavers); 
j=1; 
for i=1:17:(1+17*(number_of_cadavers-1)); 
    volumes(:,j)=dataset(:,i); 
    j=j+1; 
end 

  
muscle_lengths=zeros(number_of_muscles,number_of_cadavers); 
j=1; 
for i=2:17:(2+17*(number_of_cadavers-1)); 
    muscle_lengths(:,j)=dataset(:,i); 
    j=j+1; 
end 

  
fibre_lengths=zeros(number_of_muscles,number_of_cadavers); 
j=1; 
for i=3:17:(3+17*(number_of_cadavers-1)); 
    fibre_lengths(:,j)=dataset(:,i); 
    j=j+1; 
end 

  
normalised_fibre_lengths=fibre_lengths./muscle_lengths; 

  
surface_pennation_angles=zeros(number_of_muscles,number_of_cadavers); 
j=1; 
for i=7:17:(7+17*(number_of_cadavers-1)); 
    surface_pennation_angles(:,j)=dataset(:,i); 
    j=j+1; 
end 

  
bulk_pennation_angles=zeros(number_of_muscles,number_of_cadavers); 
j=1; 
for i=10:17:(10+17*(number_of_cadavers-1)); 
    bulk_pennation_angles(:,j)=dataset(:,i); 
    j=j+1; 
end 

  
% pennation_angles=(surface_pennation_angles+bulk_pennation_angles)/2; 
for i=1:number_of_muscles 
    for j=1:number_of_cadavers 
        

pennation_angles(i,j)=(surface_pennation_angles(i,j)+bulk_pennation_angles(i,j))

/2; 
        if (isnan(pennation_angles(i,j))) 
            pennation_angles(i,j)=surface_pennation_angles(i,j); 
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        end 
        if (isnan(pennation_angles(i,j))) 
            pennation_angles(i,j)=bulk_pennation_angles(i,j); 
        end 
    end 
end 

  
ACSAs=volumes./muscle_lengths*10; 

  
PCSAs=volumes./fibre_lengths*10; 

  
reduced_PCSAs=PCSAs.*cosd(pennation_angles); 

  
normalised_PCSAs=zeros(number_of_muscles,number_of_cadavers); 
j=1; 
for i=17:17:(17+17*(number_of_cadavers-1)); 
    normalised_PCSAs(:,j)=dataset(:,i); 
    j=j+1; 
end 

  
%% Putting everything into tables 

  
muscle_names={'Gastrocnemius'; 'Soleus'; 'FHL'; 'FDL'; 'TP'; 'EHL'; 'EDL'; 'TA'; 

'PB'; 'PL'}; 
cadaver_names={'287 left', '319 right', '331 left', '358 right', '360 left', 

'370 right', '373 right', '372 left'}; 

  
%volumes 
for i=1:number_of_muscles 
    volumes_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    volumes_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        volumes_table{j+1,i+1}=volumes(j,i); 
    end 
end 

  
% muscle lengths 
for i=1:number_of_muscles 
    muscle_lengths_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    muscle_lengths_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        muscle_lengths_table{j+1,i+1}=muscle_lengths(j,i); 
    end 
end 

  
% fibre lengths 
for i=1:number_of_muscles 
    fibre_lengths_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    fibre_lengths_table{1,i+1}=cadaver_names{i}; 
end 
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for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        fibre_lengths_table{j+1,i+1}=fibre_lengths(j,i); 
    end 
end 

  
% normalised fibre lengths 
for i=1:number_of_muscles 
    normalised_fibre_lengths_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    normalised_fibre_lengths_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        normalised_fibre_lengths_table{j+1,i+1}=normalised_fibre_lengths(j,i); 
    end 
end 

  
% surface pennation angles 
for i=1:number_of_muscles 
    surface_pennation_angles_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    surface_pennation_angles_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        surface_pennation_angles_table{j+1,i+1}=surface_pennation_angles(j,i); 
    end 
end 

  
% bulk pennation angles 
for i=1:number_of_muscles 
    bulk_pennation_angles_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    bulk_pennation_angles_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        bulk_pennation_angles_table{j+1,i+1}=bulk_pennation_angles(j,i); 
    end 
end 

  
% pennation angles 
for i=1:number_of_muscles 
    pennation_angles_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    pennation_angles_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        pennation_angles_table{j+1,i+1}=pennation_angles(j,i); 
    end 
end 

  
% ACSAs 
for i=1:number_of_muscles 
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    ACSAs_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    ACSAs_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        ACSAs_table{j+1,i+1}=ACSAs(j,i); 
    end 
end 

  
% PCSAs 
for i=1:number_of_muscles 
    PCSAs_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    PCSAs_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        PCSAs_table{j+1,i+1}=PCSAs(j,i); 
    end 
end 

  
% Reduced PCSA 
for i=1:number_of_muscles 
    reduced_PCSAs_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    reduced_PCSAs_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        reduced_PCSAs_table{j+1,i+1}=reduced_PCSAs(j,i); 
    end 
end 

  
% normalised PCSAs 
for i=1:number_of_muscles 
    normalised_PCSAs_table{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_cadavers 
    normalised_PCSAs_table{1,i+1}=cadaver_names{i}; 
end 
for i=1:number_of_cadavers 
    for j=1:number_of_muscles 
        normalised_PCSAs_table{j+1,i+1}=normalised_PCSAs(j,i); 
    end 
end 

  
%{ 

  
%% Calculating sample means and SDs 

  
for i=1:number_of_muscles % This loop selects a specific muscle, each at an 

iteration, and claculates the mean across cadavers 

     
    

fibre_lengths_vector_current_muscle=fibre_lengths_table(i+1,2:number_of_cadavers

+1); 
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fibre_lengths_vector_current_muscle=cell2mat(fibre_lengths_vector_current_muscle

); 
    mean_fibre_length_current_muscle=mean(fibre_lengths_vector_current_muscle); 
    mean_fibre_length_across_cadavers(i)=mean_fibre_length_current_muscle; 
    

median_fibre_length_current_muscle=median(fibre_lengths_vector_current_muscle); 
    median_fibre_length_across_cadavers(i)=median_fibre_length_current_muscle; 
    SD_fibre_length_current_muscle=std(fibre_lengths_vector_current_muscle); 
    SD_fibre_length_across_cadavers(i)=SD_fibre_length_current_muscle; 

     
    

normalised_fibre_lengths_vector_current_muscle=normalised_fibre_lengths_table(i+

1,2:number_of_cadavers+1); 
    

normalised_fibre_lengths_vector_current_muscle=cell2mat(normalised_fibre_lengths

_vector_current_muscle); 
    

mean_normalised_fibre_length_current_muscle=mean(normalised_fibre_lengths_vector

_current_muscle); 
    

mean_normalised_fibre_length_across_cadavers(i)=mean_normalised_fibre_length_cur

rent_muscle; 
    

median_normalised_fibre_length_current_muscle=median(normalised_fibre_lengths_ve

ctor_current_muscle); 
    

median_normalised_fibre_length_across_cadavers(i)=median_normalised_fibre_length

_current_muscle; 
    

SD_normalised_fibre_length_current_muscle=std(normalised_fibre_lengths_vector_cu

rrent_muscle); 
    

SD_normalised_fibre_length_across_cadavers(i)=SD_normalised_fibre_length_current

_muscle; 

     
    

surface_pennation_angles_vector_current_muscle=surface_pennation_angles_table(i+

1,2:number_of_cadavers+1); 
    

surface_pennation_angles_vector_current_muscle=cell2mat(surface_pennation_angles

_vector_current_muscle); 
    

mean_surface_pennation_angle_current_muscle=mean(surface_pennation_angles_vector

_current_muscle); 
    

mean_surface_pennation_angle_across_cadavers(i)=mean_surface_pennation_angle_cur

rent_muscle; 
    

median_surface_pennation_angle_current_muscle=median(surface_pennation_angles_ve

ctor_current_muscle); 
    

median_surface_pennation_angle_across_cadavers(i)=median_surface_pennation_angle

_current_muscle; 
    

SD_surface_pennation_angle_current_muscle=std(surface_pennation_angles_vector_cu

rrent_muscle); 
    

SD_surface_pennation_angle_across_cadavers(i)=SD_surface_pennation_angle_current

_muscle; 
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bulk_pennation_angles_vector_current_muscle=bulk_pennation_angles_table(i+1,2:nu

mber_of_cadavers+1); 
    

bulk_pennation_angles_vector_current_muscle=cell2mat(bulk_pennation_angles_vecto

r_current_muscle); 
    

mean_bulk_pennation_angle_current_muscle=mean(bulk_pennation_angles_vector_curre

nt_muscle); 
    

mean_bulk_pennation_angle_across_cadavers(i)=mean_bulk_pennation_angle_current_m

uscle; 
    

median_bulk_pennation_angle_current_muscle=median(bulk_pennation_angles_vector_c

urrent_muscle); 
    

median_bulk_pennation_angle_across_cadavers(i)=median_bulk_pennation_angle_curre

nt_muscle; 
    

SD_bulk_pennation_angle_current_muscle=std(bulk_pennation_angles_vector_current_

muscle); 
    

SD_bulk_pennation_angle_across_cadavers(i)=SD_bulk_pennation_angle_current_muscl

e; 

     
    

pennation_angles_vector_current_muscle=pennation_angles_table(i+1,2:number_of_ca

davers+1); 
    

pennation_angles_vector_current_muscle=cell2mat(pennation_angles_vector_current_

muscle); 
    

mean_pennation_angle_current_muscle=mean(pennation_angles_vector_current_muscle)

; 
    mean_pennation_angle_across_cadavers(i)=mean_pennation_angle_current_muscle; 
    

median_pennation_angle_current_muscle=median(pennation_angles_vector_current_mus

cle); 
    

median_pennation_angle_across_cadavers(i)=median_pennation_angle_current_muscle; 
    

SD_pennation_angle_current_muscle=std(pennation_angles_vector_current_muscle); 
    SD_pennation_angle_across_cadavers(i)=SD_pennation_angle_current_muscle; 

     
    PCSAs_vector_current_muscle=PCSAs_table(i+1,2:number_of_cadavers+1); 
    PCSAs_vector_current_muscle=cell2mat(PCSAs_vector_current_muscle); 
    mean_PCSA_current_muscle=mean(PCSAs_vector_current_muscle); 
    mean_PCSA_across_cadavers(i)=mean_PCSA_current_muscle; 
    median_PCSA_current_muscle=median(PCSAs_vector_current_muscle); 
    median_PCSA_across_cadavers(i)=median_PCSA_current_muscle; 
    SD_PCSA_current_muscle=std(PCSAs_vector_current_muscle); 
    SD_PCSA_across_cadavers(i)=SD_PCSA_current_muscle; 

     
    ACSAs_vector_current_muscle=ACSAs_table(i+1,2:number_of_cadavers+1); 
    ACSAs_vector_current_muscle=cell2mat(ACSAs_vector_current_muscle); 
    mean_ACSA_current_muscle=mean(ACSAs_vector_current_muscle); 
    mean_ACSA_across_cadavers(i)=mean_ACSA_current_muscle; 
    median_ACSA_current_muscle=median(ACSAs_vector_current_muscle); 
    median_ACSA_across_cadavers(i)=median_ACSA_current_muscle; 
    SD_ACSA_current_muscle=std(ACSAs_vector_current_muscle); 
    SD_ACSA_across_cadavers(i)=SD_ACSA_current_muscle; 
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reduced_PCSAs_vector_current_muscle=PCSAs_vector_current_muscle.*cosd(pennation_

angles_vector_current_muscle); 
    mean_reduced_PCSA_current_muscle=mean(reduced_PCSAs_vector_current_muscle); 
    mean_reduced_PCSA_across_cadavers(i)=mean_reduced_PCSA_current_muscle; 
    

median_reduced_PCSA_current_muscle=median(reduced_PCSAs_vector_current_muscle); 
    median_reduced_PCSA_across_cadavers(i)=median_reduced_PCSA_current_muscle; 
    SD_reduced_PCSA_current_muscle=std(reduced_PCSAs_vector_current_muscle); 
    SD_reduced_PCSA_across_cadavers(i)=SD_reduced_PCSA_current_muscle; 

     
    volumes_vector_current_muscle=volumes_table(i+1,2:number_of_cadavers+1); 
    volumes_vector_current_muscle=cell2mat(volumes_vector_current_muscle); 
    mean_volume_current_muscle=mean(volumes_vector_current_muscle); 
    mean_volume_across_cadavers(i)=mean_volume_current_muscle; 
    median_volume_current_muscle=median(volumes_vector_current_muscle); 
    median_volume_across_cadavers(i)=median_volume_current_muscle; 
    SD_volume_current_muscle=std(volumes_vector_current_muscle); 
    SD_volume_across_cadavers(i)=SD_volume_current_muscle; 

     
    

normalised_PCSAs_vector_current_muscle=normalised_PCSAs_table(i+1,2:number_of_ca

davers+1); 
    

normalised_PCSAs_vector_current_muscle=cell2mat(normalised_PCSAs_vector_current_

muscle); 
    

mean_normalised_PCSA_current_muscle=mean(normalised_PCSAs_vector_current_muscle)

; 
    mean_normalised_PCSA_across_cadavers(i)=mean_normalised_PCSA_current_muscle; 
    

median_normalised_PCSA_current_muscle=median(normalised_PCSAs_vector_current_mus

cle); 
    

median_normalised_PCSA_across_cadavers(i)=median_normalised_PCSA_current_muscle; 
    

SD_normalised_PCSA_current_muscle=std(normalised_PCSAs_vector_current_muscle); 
    SD_normalised_PCSA_across_cadavers(i)=SD_normalised_PCSA_current_muscle; 

  
end 

  
%} 

  
%% Exporting data to SPSS 

  
table_SPSS=zeros(number_of_cadavers*number_of_muscles*2,3); 
j=0; 
for i=1:size(surface_pennation_angles,1) 
        

table_SPSS(j*number_of_cadavers+1:(j+1)*number_of_cadavers,3)=surface_pennation_

angles(i,:); 
        j=j+2; 
end 
j=1; 
for i=1:size(bulk_pennation_angles,1) 
        

table_SPSS(j*number_of_cadavers+1:(j+1)*number_of_cadavers,3)=bulk_pennation_ang

les(i,:); 
        j=j+2; 
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end 
table_SPSS=num2cell(table_SPSS); 
for i=1:number_of_muscles 
    table_SPSS(1+number_of_cadavers*(i-

1)*2:number_of_cadavers*i*2,1)=muscle_names(i); 
end 
for i=1:number_of_cadavers 
    table_SPSS(1+number_of_cadavers*(i-

1)*2:number_of_cadavers*i*2,1)=muscle_names(i); 
end 
surface_bulk={'Surface';'Surface';'Surface';'Surface';'Surface';'Surface';'Surfa

ce';'Surface';'Bulk';'Bulk';'Bulk';'Bulk';'Bulk';'Bulk';'Bulk';'Bulk'}; 
for i=1:number_of_muscles 
   table_SPSS(1+(i-

1)*number_of_cadavers*2:i*number_of_cadavers*2,2)=surface_bulk; 
end 

  
table_SPSS2=zeros(number_of_cadavers*number_of_muscles*2,2); 
j=0; 
for i=1:size(surface_pennation_angles,1) 
        

table_SPSS2(j*number_of_cadavers+1:(j+1)*number_of_cadavers,2)=surface_pennation

_angles(i,:); 
        j=j+2; 
end 
j=1; 
for i=1:size(bulk_pennation_angles,1) 
        

table_SPSS2(j*number_of_cadavers+1:(j+1)*number_of_cadavers,2)=bulk_pennation_an

gles(i,:); 
        j=j+2; 
end 
table_SPSS2=num2cell(table_SPSS2); 
muscle_names_surface_bulk={}; 
k=1; 
for i=1:number_of_muscles 
    for j=1:length(surface_bulk) 
        

muscle_names_surface_bulk{k}=strcat(muscle_names(i),'_',surface_bulk(j),'PA'); 
        k=k+1; 
    end 
end 
muscle_names_surface_bulk=muscle_names_surface_bulk'; 
table_SPSS2(:,1)=muscle_names_surface_bulk; 

       
%% Scatter plot - mean surface vs bulk pennation angle for each muscle and 

specimen dissected 

  
figure; 
colourcode={'r^','ro','m^','mo','ms','b^','bo','bs','g^','go'}; 
for i=1:number_of_muscles 
    

surface_pennation_angles_vector_to_plot=surface_pennation_angles_table(i+1,2:end

); 
    

surface_pennation_angles_vector_to_plot=cell2mat(surface_pennation_angles_vector

_to_plot); 
    bulk_pennation_angles_vector_to_plot=bulk_pennation_angles_table(i+1,2:end); 
    

bulk_pennation_angles_vector_to_plot=cell2mat(bulk_pennation_angles_vector_to_pl

ot); 
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plot(surface_pennation_angles_vector_to_plot,bulk_pennation_angles_vector_to_plo

t,colourcode{i},'Linewidth',3,'Markersize',7) 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 20) 
xlabel('Mean surface pennation angle [deg]', 'FontSize', 24) 
ylabel('Mean bulk pennation angle [deg]', 'FontSize', 24) 
grid on 

  
%% Scatter plot - mean fibre length and surface vs bulk pennation angle for each 

muscle and specimen dissected 

  
figure; 
for i=1:number_of_muscles 
    fibre_lengths_vector_to_plot=fibre_lengths_table(i+1,2:end); 
    fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_vector_to_plot); 
    

surface_pennation_angles_vector_to_plot=surface_pennation_angles_table(i+1,2:end

); 
    

surface_pennation_angles_vector_to_plot=cell2mat(surface_pennation_angles_vector

_to_plot); 
    bulk_pennation_angles_vector_to_plot=bulk_pennation_angles_table(i+1,2:end); 
    

bulk_pennation_angles_vector_to_plot=cell2mat(bulk_pennation_angles_vector_to_pl

ot); 
    

plot3(fibre_lengths_vector_to_plot,surface_pennation_angles_vector_to_plot,bulk_

pennation_angles_vector_to_plot,colourcode{i},'Linewidth',3,'Markersize',7) 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 20) 
xlabel('Mean fiber length [mm]', 'FontSize', 24) 
ylabel('Mean surface pennation angle [deg]', 'FontSize', 24) 
zlabel('Mean bulk pennation angle [deg]', 'FontSize', 24) 
grid on 

  
%% Scatter plot - mean pennation angle, fibre length and volume for each muscle 

and specimen dissected 

  
figure; 
for i=1:number_of_muscles 
    fibre_lengths_vector_to_plot=fibre_lengths_table(i+1,2:end); 
    fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_vector_to_plot); 
    pennation_angles_vector_to_plot=pennation_angles_table(i+1,2:end); 
    pennation_angles_vector_to_plot=cell2mat(pennation_angles_vector_to_plot); 
    volumes_vector_to_plot=volumes_table(i+1,2:end); 
    volumes_vector_to_plot=cell2mat(volumes_vector_to_plot); 
    

plot3(fibre_lengths_vector_to_plot,pennation_angles_vector_to_plot,volumes_vecto

r_to_plot,colourcode{i},'Linewidth',3,'Markersize',7) 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 20) 
xlabel('Mean fiber length [mm]', 'FontSize', 24) 
ylabel('Mean pennation angle [deg]', 'FontSize', 24) 
zlabel('Volume [ml]', 'FontSize', 24) 
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grid on 

  
%% Post hoc t-tests + nocorrection / Bonferroni-Holm 

  
% comparing between muscles for surface/bulk 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        muscle1_surfacePA=surface_pennation_angles(i,:); 
        muscle2_surfacePA=surface_pennation_angles(j,:); 
        muscle1_bulkPA=bulk_pennation_angles(i,:); 
        muscle2_bulkPA=bulk_pennation_angles(j,:); 
        muscle1_PA=pennation_angles(i,:); 
        muscle2_PA=pennation_angles(j,:); 
        [h_surfacePA,p_surfacePA]=ttest(muscle1_surfacePA,muscle2_surfacePA); 
        [h_bulkPA,p_bulkPA]=ttest(muscle1_bulkPA,muscle2_bulkPA); 
        [h_PA,p_PA]=ttest(muscle1_PA,muscle2_PA); 
        pvalues_ttests_surfacePA(i,j)=p_surfacePA; 
        pvalues_ttests_bulkPA(i,j)=p_bulkPA; 
        pvalues_ttests_PA(i,j)=p_PA; 
    end 
end 
% Bonferroni correction 
% surface 
for i=1:number_of_muscles 
    pvalues_ttests_surfacePA_table_bonferroni{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    pvalues_ttests_surfacePA_table_bonferroni{1,i+1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        

pvalues_ttests_surfacePA_table_bonferroni{j+1,i+1}=pvalues_ttests_surfacePA(i,j)

*nchoosek(10,2); 
        if pvalues_ttests_surfacePA(i,j)*nchoosek(10,2)>1 
            pvalues_ttests_surfacePA_table_bonferroni{j+1,i+1}=1; 
        end 
    end 
end 
% bulk 
for i=1:number_of_muscles 
    pvalues_ttests_bulkPA_table_bonferroni{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    pvalues_ttests_bulkPA_table_bonferroni{1,i+1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        

pvalues_ttests_bulkPA_table_bonferroni{j+1,i+1}=pvalues_ttests_bulkPA(i,j)*nchoo

sek(10,2); 
        if pvalues_ttests_bulkPA(i,j)*nchoosek(10,2)>1 
            pvalues_ttests_bulkPA_table_bonferroni{j+1,i+1}=1; 
        end 
    end 
end 
% all 
for i=1:number_of_muscles 
    pvalues_ttests_PA_table_bonferroni{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
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    pvalues_ttests_PA_table_bonferroni{1,i+1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        

pvalues_ttests_PA_table_bonferroni{j+1,i+1}=pvalues_ttests_PA(i,j)*nchoosek(10,2

); 
        if pvalues_ttests_PA(i,j)*nchoosek(10,2)>1 
            pvalues_ttests_PA_table_bonferroni{j+1,i+1}=1; 
        end 
    end 
end 
% Bonferroni-Holm 
% surface 
k=1; 
for i=1:number_of_muscles-1 
    for j=i+1:number_of_muscles 
        pvalues_ttests_surfacePA_table_bonholm{k,1}=muscle_names(i); 
        pvalues_ttests_surfacePA_table_bonholm{k,2}=muscle_names(j); 
        

pvalues_ttests_surfacePA_table_bonholm{k,3}=pvalues_ttests_surfacePA(i,j); 
        k=k+1; 
    end 
end 
pvalues_ttests_surfacePA_table_bonholm=sortrows(pvalues_ttests_surfacePA_table_b

onholm,3); 
alpha=0.05; 
m=nchoosek(10,2); 
k=1; 
for k=1:length(pvalues_ttests_surfacePA_table_bonholm) 
    pvalues_ttests_surfacePA_table_bonholm{k,4}=alpha/(m+1-k); 
end 
% bulk 
k=1; 
for i=1:number_of_muscles-1 
    for j=i+1:number_of_muscles 
        pvalues_ttests_bulkPA_table_bonholm{k,1}=muscle_names(i); 
        pvalues_ttests_bulkPA_table_bonholm{k,2}=muscle_names(j); 
        pvalues_ttests_bulkPA_table_bonholm{k,3}=pvalues_ttests_bulkPA(i,j); 
        k=k+1; 
    end 
end 
pvalues_ttests_bulkPA_table_bonholm=sortrows(pvalues_ttests_bulkPA_table_bonholm

,3); 
alpha=0.05; 
m=nchoosek(10,2); 
k=1; 
for k=1:length(pvalues_ttests_bulkPA_table_bonholm) 
    pvalues_ttests_bulkPA_table_bonholm{k,4}=alpha/(m+1-k); 
end 
% all 
k=1; 
for i=1:number_of_muscles-1 
    for j=i+1:number_of_muscles 
        pvalues_ttests_PA_table_bonholm{k,1}=muscle_names(i); 
        pvalues_ttests_PA_table_bonholm{k,2}=muscle_names(j); 
        pvalues_ttests_PA_table_bonholm{k,3}=pvalues_ttests_PA(i,j); 
        k=k+1; 
    end 
end 
pvalues_ttests_PA_table_bonholm=sortrows(pvalues_ttests_PA_table_bonholm,3); 
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alpha=0.05; 
m=nchoosek(10,2); 
k=1; 
for k=1:length(pvalues_ttests_PA_table_bonholm) 
    pvalues_ttests_PA_table_bonholm{k,4}=alpha/(m+1-k); 
end 
% No correction 
% surface 
for i=1:number_of_muscles 
    pvalues_ttests_surfacePA_table_nocorrection{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    pvalues_ttests_surfacePA_table_nocorrection{1,i+1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        

pvalues_ttests_surfacePA_table_nocorrection{j+1,i+1}=pvalues_ttests_surfacePA(i,

j); 
    end 
end 
% bulk 
for i=1:number_of_muscles 
    pvalues_ttests_bulkPA_table_nocorrection{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    pvalues_ttests_bulkPA_table_nocorrection{1,i+1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        

pvalues_ttests_bulkPA_table_nocorrection{j+1,i+1}=pvalues_ttests_bulkPA(i,j); 
    end 
end 
% all 
for i=1:number_of_muscles 
    pvalues_ttests_PA_table_nocorrection{i+1,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    pvalues_ttests_PA_table_nocorrection{1,i+1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    for j=1:number_of_muscles 
        pvalues_ttests_PA_table_nocorrection{j+1,i+1}=pvalues_ttests_PA(i,j); 
    end 
end 

  
% comparing between surface and bulk PA for individual muscles 
for i=1:number_of_muscles 
    muscle_surfacePA=surface_pennation_angles(i,:); 
    muscle_bulkPA=bulk_pennation_angles(i,:); 
    [h_surfacebulkPA,p_surfacebulkPA]=ttest(muscle_surfacePA,muscle_bulkPA); 
    pvalues_ttests_surfacebulkPA(i)=p_surfacebulkPA; 
end 
% Bonferroni correction 
for i=1:number_of_muscles 
    pvalues_ttests_surfacebulkPA_table_bonferroni{i,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
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pvalues_ttests_surfacebulkPA_table_bonferroni{i,2}=pvalues_ttests_surfacebulkPA(

i)*10; 
    if pvalues_ttests_surfacebulkPA(i)*10>1 
        pvalues_ttests_surfacebulkPA_table_bonferroni{i,2}=1; 
    end 
end 
% Bonferroni-Holm 
for i=1:number_of_muscles 
    pvalues_ttests_surfacebulkPA_table_bonholm{i,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    

pvalues_ttests_surfacebulkPA_table_bonholm{i,2}=pvalues_ttests_surfacebulkPA(i); 
end 
pvalues_ttests_surfacebulkPA_table_bonholm=sortrows(pvalues_ttests_surfacebulkPA

_table_bonholm,2); 
alpha=0.05; 
m=10; 
k=1; 
for i=1:number_of_muscles 
    pvalues_ttests_surfacebulkPA_table_bonholm{k,3}=alpha/(m+1-k); 
    k=k+1; 
end 
% No correction 
for i=1:number_of_muscles 
    pvalues_ttests_surfacebulkPA_table_nocorrection{i,1}=muscle_names{i}; 
end 
for i=1:number_of_muscles 
    

pvalues_ttests_surfacebulkPA_table_nocorrection{i,2}=pvalues_ttests_surfacebulkP

A(i); 
end 

  
%% K-means algorithm to perform clustering of fibre lengths - pennation angles - 

volumes 

  
% creating a table of all points (column 1: fibre lengths, column 2: pennation 

angles, column 3: volumes) 
kmeans_table(:,1)=fibre_lengths(:); 
kmeans_table(:,2)=pennation_angles(:); 
kmeans_table(:,3)=volumes(:); 
kmeans_clasification=kmeans(kmeans_table,3); %4 
%kmeans_clasification=clusterdata(kmeans_table,'distance','mahalanobis',3); %4 

  
figure; 
for i=1:number_of_muscles 
    

fibre_lengths_vector_to_plot=fibre_lengths_table(i+1,2:number_of_cadavers+1); 
    fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_vector_to_plot); 
    

pennation_angles_vector_to_plot=pennation_angles_table(i+1,2:number_of_cadavers+

1); 
    pennation_angles_vector_to_plot=cell2mat(pennation_angles_vector_to_plot); 
    volumes_vector_to_plot=volumes_table(i+1,2:number_of_cadavers+1); 
    volumes_vector_to_plot=cell2mat(volumes_vector_to_plot); 
    

plot3(fibre_lengths_vector_to_plot,pennation_angles_vector_to_plot,volumes_vecto

r_to_plot,colourcode{i},'Linewidth',5,'Markersize',9) 
    hold on 
end 
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legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 24) 
xlabel('Mean fiber length [mm]', 'FontSize', 24); 
ylabel('Mean pennation angle [deg]', 'FontSize', 24); 
zlabel('Volume [ml]', 'FontSize', 24); 
grid on; 

  
labels=cellstr(num2str(kmeans_clasification)); 
text(fibre_lengths(:)+2,pennation_angles(:)+2,volumes(:)+2,labels,'FontSize',14,

'color', [0.4,0.4,0.4], 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 

  
%% Box plots 

  
% Assuming clustering based on mean fibre length, mean pennation angle and 

volume 
% cluster 1: deep flexors+peroneals, cluster 2: superficial flexors, cluster 3: 

extensors 

  
figure; 
superficial_flexors_indices=1:2; 
deep_flexors_indices=3:5; 
extensors_indices=6:8; 
peroneals_indices=9:10; 

  
fibre_lengths_boxplot1=NaN(number_of_cadavers*10,3); 
temp1=fibre_lengths([deep_flexors_indices,peroneals_indices],:); 
temp1=temp1(:); 
fibre_lengths_boxplot1(1:length(temp1),1)=temp1; 
temp2=fibre_lengths(superficial_flexors_indices,:); 
temp2=temp2(:); 
fibre_lengths_boxplot1(1:length(temp2),2)=temp2; 
temp3=fibre_lengths(extensors_indices,:); 
temp3=temp3(:); 
fibre_lengths_boxplot1(1:length(temp3),3)=temp3; 
p1=ranksum(fibre_lengths_boxplot1(:,1),fibre_lengths_boxplot1(:,2)); 
p2=ranksum(fibre_lengths_boxplot1(:,2),fibre_lengths_boxplot1(:,3)); 
p3=ranksum(fibre_lengths_boxplot1(:,1),fibre_lengths_boxplot1(:,3)); 
mean1=mean(temp1); 
mean2=mean(temp2); 
mean3=mean(temp3); 
subplot(2,2,1); 
boxplot(fibre_lengths_boxplot1,{'Deep flexors + peroneals', 'Superficial 

flexors', 'Extensors'}) 
hold on 
plot([mean1, mean2, mean3], '+k'); 
ylim([0 140]); 
ylabel('Mean fibre length [mm]', 'FontSize', 14) 
text(1.3,15,num2str(p1),'FontSize',10,'color', 'k'); 
text(2.3,15,num2str(p2),'FontSize',10,'color', 'k'); 
text(1.8,60,num2str(p3),'FontSize',10,'color', 'k'); 

  
pennation_angles_boxplot1=NaN(number_of_cadavers*10,3); 
temp1=pennation_angles([deep_flexors_indices,peroneals_indices],:); 
temp1=temp1(:); 
pennation_angles_boxplot1(1:length(temp1),1)=temp1; 
temp2=pennation_angles(superficial_flexors_indices,:); 
temp2=temp2(:); 
pennation_angles_boxplot1(1:length(temp2),2)=temp2; 
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temp3=pennation_angles(extensors_indices,:); 
temp3=temp3(:); 
pennation_angles_boxplot1(1:length(temp3),3)=temp3; 
p1=ranksum(pennation_angles_boxplot1(:,1),pennation_angles_boxplot1(:,2)); 
p2=ranksum(pennation_angles_boxplot1(:,2),pennation_angles_boxplot1(:,3)); 
p3=ranksum(pennation_angles_boxplot1(:,1),pennation_angles_boxplot1(:,3)); 
mean1=mean(temp1); 
mean2=mean(temp2); 
mean3=mean(temp3); 
subplot(2,2,2); 
boxplot(pennation_angles_boxplot1,{'Deep flexors + peroneals', 'Superficial 

flexors', 'Extensors'}) 
hold on 
plot([mean1, mean2, mean3], '+k'); 
ylim([0 70]); 
ylabel('Mean pennation angle [deg]', 'FontSize', 14) 
text(1.3,8,num2str(p1),'FontSize',10,'color', 'k'); 
text(2.3,8,num2str(p2),'FontSize',10,'color', 'k'); 
text(1.8,50,num2str(p3),'FontSize',10,'color', 'k'); 

  
volumes_boxplot1=NaN(number_of_cadavers*10,3); 
temp1=volumes([deep_flexors_indices,peroneals_indices],:); 
temp1=temp1(:); 
volumes_boxplot1(1:length(temp1),1)=temp1; 
temp2=volumes(superficial_flexors_indices,:); 
temp2=temp2(:); 
volumes_boxplot1(1:length(temp2),2)=temp2; 
temp3=volumes(extensors_indices,:); 
temp3=temp3(:); 
volumes_boxplot1(1:length(temp3),3)=temp3; 
p1=ranksum(volumes_boxplot1(:,1),volumes_boxplot1(:,2)); 
p2=ranksum(volumes_boxplot1(:,2),volumes_boxplot1(:,3)); 
p3=ranksum(volumes_boxplot1(:,1),volumes_boxplot1(:,3)); 
mean1=mean(temp1); 
mean2=mean(temp2); 
mean3=mean(temp3); 
subplot(2,2,3); 
boxplot(volumes_boxplot1,{'Deep flexors + peroneals', 'Superficial flexors', 

'Extensors'}) 
hold on 
plot([mean1, mean2, mean3], '+k'); 
ylim([0 500]); 
ylabel('Volume [ml]', 'FontSize', 14) 
text(1.3,0,num2str(p1),'FontSize',10,'color', 'k'); 
text(2.3,0,num2str(p2),'FontSize',10,'color', 'k'); 
text(1.8,380,num2str(p3),'FontSize',10,'color', 'k'); 

  
PCSAs_boxplot1=NaN(number_of_cadavers*10,3); 
temp1=PCSAs([deep_flexors_indices,peroneals_indices],:); 
temp1=temp1(:); 
PCSAs_boxplot1(1:length(temp1),1)=temp1; 
temp2=PCSAs(superficial_flexors_indices,:); 
temp2=temp2(:); 
PCSAs_boxplot1(1:length(temp2),2)=temp2; 
temp3=PCSAs(extensors_indices,:); 
temp3=temp3(:); 
PCSAs_boxplot1(1:length(temp3),3)=temp3; 
p1=ranksum(PCSAs_boxplot1(:,1),PCSAs_boxplot1(:,2)); 
p2=ranksum(PCSAs_boxplot1(:,2),PCSAs_boxplot1(:,3)); 
p3=ranksum(PCSAs_boxplot1(:,1),PCSAs_boxplot1(:,3)); 
mean1=mean(temp1); 
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mean2=mean(temp2); 
mean3=mean(temp3); 
subplot(2,2,4); 
boxplot(PCSAs_boxplot1,{'Deep flexors + peroneals', 'Superficial flexors', 

'Extensors'}) 
hold on 
plot([mean1, mean2, mean3], '+k'); 
ylim([0 220]); 
ylabel('PCSA [cm^2]', 'FontSize', 14) 
text(1.3,0,num2str(p1),'FontSize',10,'color', 'k'); 
text(2.3,0,num2str(p2),'FontSize',10,'color', 'k'); 
text(1.8,160,num2str(p3),'FontSize',10,'color', 'k'); 

  
%% Curve fittings 

  
% Fiber length - pennation angle 

  
fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_table(2:end,2:end)); 
fibre_lengths_vector_to_plot=fibre_lengths_vector_to_plot(:); 
pennation_angles_vector_to_plot=cell2mat(pennation_angles_table(2:end,2:end)); 
pennation_angles_vector_to_plot=pennation_angles_vector_to_plot(:); 
cftool(fibre_lengths_vector_to_plot,pennation_angles_vector_to_plot); 
figure; 
for i=1:number_of_muscles 
    

fibre_lengths_vector_to_plot=fibre_lengths_table(i+1,2:number_of_cadavers+1); 
    fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_vector_to_plot); 
    

pennation_angles_vector_to_plot=pennation_angles_table(i+1,2:number_of_cadavers+

1); 
    pennation_angles_vector_to_plot=cell2mat(pennation_angles_vector_to_plot); 
    

plot(fibre_lengths_vector_to_plot,pennation_angles_vector_to_plot,colourcode{i},

'Linewidth',5,'Markersize',9); 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 24) 
xlabel('Mean fibre length [mm]', 'FontSize', 16); 
ylabel('Mean pennation angle [deg]', 'FontSize', 16); 
grid on; 
x=15:0.001:90; 
y=-33.02./log(7.411./x)-4.108; 
hold on 
plot(x,y,'--k','Linewidth',2); 
xlim([15 90]) 
ylim([5 50]) 
text(55,25,'PA=-33.02/ln(7.411/FL)-4.108','FontSize',16,'color', 'k', 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 

  
% Fiber length - PCSA 

  
fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_table(2:end,2:end)); 
fibre_lengths_vector_to_plot=fibre_lengths_vector_to_plot(:); 
PCSAs_vector_to_plot=cell2mat(PCSAs_table(2:end,2:end)); 
PCSAs_vector_to_plot=PCSAs_vector_to_plot(:); 
cftool(fibre_lengths_vector_to_plot,PCSAs_vector_to_plot); 
figure; 
for i=1:number_of_muscles 
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fibre_lengths_vector_to_plot=fibre_lengths_table(i+1,2:number_of_cadavers+1); 
    fibre_lengths_vector_to_plot=cell2mat(fibre_lengths_vector_to_plot); 
    PCSAs_vector_to_plot=PCSAs_table(i+1,2:number_of_cadavers+1); 
    PCSAs_vector_to_plot=cell2mat(PCSAs_vector_to_plot); 
    

plot(fibre_lengths_vector_to_plot,PCSAs_vector_to_plot,colourcode{i},'Linewidth'

,5,'Markersize',9); 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 24) 
xlabel('Mean fibre length [mm]', 'FontSize', 16); 
ylabel('Pysiological cross-sectional area [cm^2]', 'FontSize', 16); 
grid on; 
x=15:0.001:90; 
y=871.4.*exp(-0.1167.*x); 
hold on 
plot(x,y,'--k','Linewidth',2); 
xlim([15 90]) 
ylim([0 160]) 
text(55,25,'PCSA=871.4*exp(-0.117*FL)','FontSize',16,'color', 'k', 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 

  
% Fiber length - pennation angle for individual muscles 

  
for i=1:number_of_muscles 
    fibre_lengths_vector_to_plot=fibre_lengths(i,:); 
    pennation_angles_vector_to_plot=pennation_angles(i,:); 
    cftool(fibre_lengths_vector_to_plot,pennation_angles_vector_to_plot); 
end 

  
% Pennation angle - PCSA 

  
pennation_angles_vector_to_plot=cell2mat(pennation_angles_table(2:end,2:end)); 
pennation_angles_vector_to_plot=pennation_angles_vector_to_plot(:); 
PCSAs_vector_to_plot=cell2mat(PCSAs_table(2:end,2:end)); 
PCSAs_vector_to_plot=PCSAs_vector_to_plot(:); 
cftool(pennation_angles_vector_to_plot,PCSAs_vector_to_plot); 
figure; 
for i=1:number_of_muscles 
    

pennation_angles_vector_to_plot=pennation_angles_table(i+1,2:number_of_cadavers+

1); 
    pennation_angles_vector_to_plot=cell2mat(pennation_angles_vector_to_plot); 
    PCSAs_vector_to_plot=PCSAs_table(i+1,2:number_of_cadavers+1); 
    PCSAs_vector_to_plot=cell2mat(PCSAs_vector_to_plot); 
    

plot(pennation_angles_vector_to_plot,PCSAs_vector_to_plot,colourcode{i},'Linewid

th',5,'Markersize',9); 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 24) 
xlabel('Mean pennation angle [deg]', 'FontSize', 16); 
ylabel('PCSA [cm^2]', 'FontSize', 16); 
grid on; 
x=0:0.001:50; 
y=2.822.*x-25.86; 
hold on 
plot(x,y,'--k','Linewidth',2); 
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xlim([0 50]) 
ylim([0 160]) 
text(55,25,'PCSA=2.822*PA-25.86','FontSize',16,'color', 'k', 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 

  
% PCSA-ACSA for individual muscles 
for i=1:number_of_muscles 
    PCSAs_vector_to_plot=PCSAs(i,:); 
    ACSAs_vector_to_plot=ACSAs(i,:); 
    cftool(ACSAs_vector_to_plot,PCSAs_vector_to_plot); 
end 

  
% Surface vs bulk pennation angle 

  
surface_pennation_angles_vector_to_plot=cell2mat(surface_pennation_angles_table(

2:end,2:end)); 
surface_pennation_angles_vector_to_plot= 

surface_pennation_angles_vector_to_plot(:); 
bulk_pennation_angles_vector_to_plot=cell2mat(bulk_pennation_angles_table(2:end,

2:end)); 
bulk_pennation_angles_vector_to_plot= bulk_pennation_angles_vector_to_plot(:); 
cftool(surface_pennation_angles_vector_to_plot, 

bulk_pennation_angles_vector_to_plot); 
figure; 
for i=1:number_of_muscles 
    

surface_pennation_angles_vector_to_plot=surface_pennation_angles_table(i+1,2:num

ber_of_cadavers+1); 
    

surface_pennation_angles_vector_to_plot=cell2mat(surface_pennation_angles_vector

_to_plot); 
    bulk_pennation_angles_vector_to_plot= 

bulk_pennation_angles_table(i+1,2:number_of_cadavers+1); 
    

bulk_pennation_angles_vector_to_plot=cell2mat(bulk_pennation_angles_vector_to_pl

ot); 
    plot(surface_pennation_angles_vector_to_plot, 

bulk_pennation_angles_vector_to_plot,colourcode{i},'Linewidth',5,'Markersize',9)

; 
    hold on 
end 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 24) 
xlabel('Mean surface pennation angle [deg]', 'FontSize', 16); 
ylabel('Mean deep pennation angle [deg]', 'FontSize', 16); 
grid on; 
x=0:0.001:55; 
y=0.7359*x; 
hold on 
plot(x,y,'--k','Linewidth',2); 
xlim([0 55]) 
ylim([0 45]) 
text(25,25,'deep PA = 0.736 * surface PA','FontSize',16,'color', 'k', 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 

  
% Surface vs bulk pennation angle for the soleus 

  
surface_pennation_angles_vector_to_plot=cell2mat(surface_pennation_angles_table(

2:end,2:end)); 
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surface_pennation_angles_vector_to_plot= 

surface_pennation_angles_vector_to_plot(2,:); 
bulk_pennation_angles_vector_to_plot=cell2mat(bulk_pennation_angles_table(2:end,

2:end)); 
bulk_pennation_angles_vector_to_plot= bulk_pennation_angles_vector_to_plot(2,:); 
cftool(surface_pennation_angles_vector_to_plot, 

bulk_pennation_angles_vector_to_plot); 
figure; 
plot(surface_pennation_angles_vector_to_plot, 

bulk_pennation_angles_vector_to_plot,colourcode,'Linewidth',5,'Markersize',9); 
legend('Gastrocnemius','Soleus','FHL','FDL','TP','EHL','EDL','TA','PB','PL', 

'FontSize', 24) 
xlabel('Mean surface pennation angle [deg]', 'FontSize', 16); 
ylabel('Mean deep pennation angle [deg]', 'FontSize', 16); 
grid on; 
x=0:0.001:40; 
y=0.6793.*x; 
hold on 
plot(x,y,'--k','Linewidth',2); 
xlim([5 40]) 
ylim([5 20]) 
text(25,25,'deep PA = 0.679 * surface PA','FontSize',16,'color', 'k', 

'VerticalAlignment','bottom','HorizontalAlignment','right'); 

  
%{ 

  
%% 2-way ANOVA 

  
% table_anova=table_SPSS; 
% y=cell2mat(table_anova(:,3)); 
% g1=table_anova(:,1); 
% g2=table_anova(:,2); 
% [p,table,stats]=anovan(y,{g1 g2}) 
% c = multcompare(stats,'alpha',0.05,'ctype','bonferroni','estimate','anovan') 

  
% table_anova=zeros(2*number_of_cadavers,number_of_muscles); 
% table_anova(1:number_of_cadavers,:)=bulk_pennation_angles'; 
% table_anova(number_of_cadavers+1:end,:)=surface_pennation_angles'; 
% [p,table,stats]=anova2(table_anova,2); 

  
%{ 
%% Are mean surface/bulk pennation angles signficantly different between 

different muscles? 

  
% Checking whether any 'population' of mean surface/bulk pennation angles of a 

certain muscle from all cadavers is normally distributed 
for i=1:number_of_muscles 
    surface_pennation_angles_SW=surface_pennation_angles(i,1:end); 
    [H_SW_surface(i), pValue_SW_surface(i), W_SW_surface(i)] = 

swtest(surface_pennation_angles_SW, 0.05, 1); 
end 
H_SW_surface=H_SW_surface'; 
for i=1:number_of_muscles 
    bulk_pennation_angles_SW=bulk_pennation_angles(i,1:end); 
    [H_SW_bulk(i), pValue_SW_bulk(i), W_SW_bulk(i)] = 

swtest(bulk_pennation_angles_SW, 0.05, 1); 
end 
H_SW_bulk=H_SW_bulk'; 
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% ANOVA/KW tests to see whether there is a siginificant difference between 

'populations' of mean surface/bulk pennation angles of a certain muscle from all 

cadavers (comparison between muscles) 
[surface_pennation_angles_ANOVA1p_across_muscles,surface_pennation_angles_ANOVA1

table_across_muscles,surface_pennation_angles_ANOVA1stats_across_muscles]=anova1

(surface_pennation_angles'); 
[surface_pennation_angles_KWp_across_muscles,surface_pennation_angles_KWtable_ac

ross_muscles,surface_pennation_angles_KWstats_across_muscles]=kruskalwallis(surf

ace_pennation_angles'); 
close; close; close; close; 
[bulk_pennation_angles_ANOVA1p_across_muscles,bulk_pennation_angles_ANOVA1table_

across_muscles,bulk_pennation_angles_ANOVA1stats_across_muscles]=anova1(bulk_pen

nation_angles'); 
[bulk_pennation_angles_KWp_across_muscles,bulk_pennation_angles_KWtable_across_m

uscles,bulk_pennation_angles_KWstats_across_muscles]=kruskalwallis(bulk_pennatio

n_angles'); 
close; close; close; close; 

  
%% APPLY BONEFERRONI to identify which muscles are different from which muscles 

  
%% Are surface pennation angles different from bulk pennation angles, when the 

same muscle is considered from different cadavers? 

  
for i=1:number_of_muscles 
    surface_pennation_angles_MW=surface_pennation_angles(i,1:end); 
    bulk_pennation_angles_MW=bulk_pennation_angles(i,1:end); 
    

pValue_MW_surfacebulk(i)=ranksum(surface_pennation_angles_MW,bulk_pennation_angl

es_MW); 
    if pValue_MW_surfacebulk(i)<0.05 
        H_MW_surfacebulk(i)=1; 
    else 
        H_MW_surfacebulk(i)=0; 
    end 
end 
en=H_MW_surfacebulk'; 

  
for i=1:number_of_muscles 
    surface_pennation_angles_ttest2=surface_pennation_angles(i,1:end); 
    bulk_pennation_angles_ttest2=bulk_pennation_angles(i,1:end); 
    

H_ttest2_surfacebulk(i)=ttest2(surface_pennation_angles_ttest2,bulk_pennation_an

gles_ttest2); 
end 
H_ttest2_surfacebulk=H_ttest2_surfacebulk'; 

  
%} 
%} 
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11. MATLAB
®
 scripts to process the outcomes of the finite-element models 

 

% A script to process the outcomes of the finite-element models aimed at 

exploring the micromotion occurring at the bone-implant interface and the per-

implant bone strains. Written by Ran S Sopher, a PhD candidate at the 

Biomechanics group of the Department of Mechanical Engineering at Imperial 

College London. Most recent version: inputs_tibia_noimplant.m (April 2015), 

micromotion_tibialcomplex.m (January 2016), micromotion_tibialcomplex_SALTO.m 

(January 2016), micromotions_inputs_tibia.m (January 2016), 

micromotions_inputs_tibia_SALTO.m (October 2015), offsetROI.m (August 2015), 

offsetROI_noimplant.m (August 2014), oneclick.m (January 2016), 

oneclick_noimplant.m (April 2015), oneclick_SALTO.m (April 2016), processing.m 

(January 2016), processing_noimplant.m (August 2014), processing2.m (July 2015), 

wmean.m (downloaded from MATLAB Central, February 2014). 

 

clc 
clear all 
close all 

  
cd('E:\Specimen Scan BRC12111191-Right-KingEdwardVII-Apr2014\5 - 

Abaqus\Considerable shear included\Mobility talar'); 
files=dir('*.inp'); 
numberoffiles=size(files,1); 
cd('E:\Specimen Scan BRC12111191-Right-KingEdwardVII-Apr2014\5 - Abaqus\Post 

processing scripts'); 

  
output_table=[]; 
for i=1:numberoffiles 
    fname=files(i).name; 
    fname=fname(1:end-4); 
    [talus_nodes_original_locations, talus_shared_nodes_alllocations, 

micromotions_nodes, talus_allelementsnodes] = micromotion_talarcomplex (fname); 
    [dataset_talus_ROI, outputs1] = processing(fname, micromotions_nodes, 

talus_allelementsnodes); 
    [dataset_talus_offsetROI] = offsetROI(talus_nodes_original_locations, 

talus_shared_nodes_alllocations, dataset_talus_ROI, talus_allelementsnodes); 
    [dataset_talus_offsetROI, outputs2] = processing2(dataset_talus_offsetROI); 
    outputs=[outputs1,outputs2]; 
    output_table=[output_table; outputs]; 
end 

  
cd('E:\Specimen Scan BRC12111191-Right-KingEdwardVII-Apr2014\5 - 

Abaqus\Considerable shear included\Mobility talar'); 
save output_table 

 

 

% clc 
% clear all 
% close all 

  
function [talus_nodes_original_locations, talus_shared_nodes_alllocations, 

micromotions_nodes, talus_allelementsnodes] = micromotion_talarcomplex (fname) 

  
filename=strcat('E:\Specimen Scan BRC12111191-Right-KingEdwardVII-Apr2014\5 - 

Abaqus\Considerable shear included\Mobility talar\',fname,'.xlsx'); 
filename=filename(1:end-5); 



  Appendices 

 

 

 

  250  

  
%% Loading data and basic calculations for all nodes 

  
[talus_nodes_original_locations, talus_allelementsnodes, talus_contactelements, 

talus_nodes_displacements, talarimplant_nodes_original_locations, 

talarimplant_allelementsnodes, talarimplant_contactelements, 

talarimplant_nodes_displacements] = micromotions_inputs_talus (filename); 

  
% Calculating final locations 

  
% talus 
talus_nodes_final_locations=talus_nodes_original_locations(:,1); 
talus_nodes_final_locations(:,2:4)=talus_nodes_original_locations(:,2:4)+talus_n

odes_displacements(:,2:4); 
data_to_save{1, 1} = 'Nodes'; 
data_to_save{1, 2} = 'final location - x'; 
data_to_save{1, 3} = 'final location - y'; 
data_to_save{1, 4} = 'final location - z'; 
for i=1:size(talus_nodes_final_locations,1); 
    data_to_save{i+1, 1} = talus_nodes_final_locations(i,1); 
    data_to_save{i+1, 2} = talus_nodes_final_locations(i,2); 
    data_to_save{i+1, 3} = talus_nodes_final_locations(i,3); 
    data_to_save{i+1, 4} = talus_nodes_final_locations(i,4); 
end 
xlswrite(filename,data_to_save,'talusnodes_finallocations'); 
clear data_to_save 

  
% talar implant 
talarimplant_nodes_final_locations=talarimplant_nodes_original_locations(:,1); 
talarimplant_nodes_final_locations(:,2:4)=talarimplant_nodes_original_locations(

:,2:4)+talarimplant_nodes_displacements(:,2:4); 
data_to_save{1, 1} = 'Nodes'; 
data_to_save{1, 2} = 'final location - x'; 
data_to_save{1, 3} = 'final location - y'; 
data_to_save{1, 4} = 'final location - z'; 
for i=1:size(talarimplant_nodes_final_locations,1); 
    data_to_save{i+1, 1} = talarimplant_nodes_final_locations(i,1); 
    data_to_save{i+1, 2} = talarimplant_nodes_final_locations(i,2); 
    data_to_save{i+1, 3} = talarimplant_nodes_final_locations(i,3); 
    data_to_save{i+1, 4} = talarimplant_nodes_final_locations(i,4); 
end 
xlswrite(filename,data_to_save,'talarimplantnodes_finallocatio'); 
clear data_to_save 

  
% Putting all to the same table 

  
% talus 
talus_nodes_alllocations=[talus_nodes_original_locations,talus_nodes_displacemen

ts(:,2:4),talus_nodes_final_locations(:,2:4)]; 
data_to_save{1, 1} = 'Nodes'; 
data_to_save{1, 2} = 'original location - x'; 
data_to_save{1, 3} = 'original location - y'; 
data_to_save{1, 4} = 'original location - z'; 
data_to_save{1, 5} = 'displacement - x'; 
data_to_save{1, 6} = 'displacement - y'; 
data_to_save{1, 7} = 'displacement - z'; 
data_to_save{1, 8} = 'final location - x'; 
data_to_save{1, 9} = 'final location - y'; 
data_to_save{1, 10} = 'final location - z'; 
for i=1:size(talus_nodes_original_locations,1); 
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    data_to_save{i+1, 1} = talus_nodes_original_locations(i,1); 
    data_to_save{i+1, 2} = talus_nodes_original_locations(i,2); 
    data_to_save{i+1, 3} = talus_nodes_original_locations(i,3); 
    data_to_save{i+1, 4} = talus_nodes_original_locations(i,4); 
    data_to_save{i+1, 5} = talus_nodes_displacements(i,2); 
    data_to_save{i+1, 6} = talus_nodes_displacements(i,3); 
    data_to_save{i+1, 7} = talus_nodes_displacements(i,4); 
    data_to_save{i+1, 8} = talus_nodes_final_locations(i,2); 
    data_to_save{i+1, 9} = talus_nodes_final_locations(i,3); 
    data_to_save{i+1, 10} = talus_nodes_final_locations(i,4); 
end 
xlswrite(filename,data_to_save,'talusnodes_alllocations'); 
clear data_to_save 

  
% talar implant 
talarimplant_nodes_alllocations=[talarimplant_nodes_original_locations,talarimpl

ant_nodes_displacements(:,2:4),talarimplant_nodes_final_locations(:,2:4)]; 
data_to_save{1, 1} = 'Nodes'; 
data_to_save{1, 2} = 'original location - x'; 
data_to_save{1, 3} = 'original location - y'; 
data_to_save{1, 4} = 'original location - z'; 
data_to_save{1, 5} = 'displacement - x'; 
data_to_save{1, 6} = 'displacement - y'; 
data_to_save{1, 7} = 'displacement - z'; 
data_to_save{1, 8} = 'final location - x'; 
data_to_save{1, 9} = 'final location - y'; 
data_to_save{1, 10} = 'final location - z'; 
for i=1:size(talarimplant_nodes_original_locations,1); 
    data_to_save{i+1, 1} = talarimplant_nodes_original_locations(i,1); 
    data_to_save{i+1, 2} = talarimplant_nodes_original_locations(i,2); 
    data_to_save{i+1, 3} = talarimplant_nodes_original_locations(i,3); 
    data_to_save{i+1, 4} = talarimplant_nodes_original_locations(i,4); 
    data_to_save{i+1, 5} = talarimplant_nodes_displacements(i,2); 
    data_to_save{i+1, 6} = talarimplant_nodes_displacements(i,3); 
    data_to_save{i+1, 7} = talarimplant_nodes_displacements(i,4); 
    data_to_save{i+1, 8} = talarimplant_nodes_final_locations(i,2); 
    data_to_save{i+1, 9} = talarimplant_nodes_final_locations(i,3); 
    data_to_save{i+1, 10} = talarimplant_nodes_final_locations(i,4); 
end 
xlswrite(filename,data_to_save,'talarimplantnodes_alllocations'); 
clear data_to_save 

  
%% Nodes on the surface 

  
% identifying the nodes on the implant-bone surface 

  
[shared_nodes_locations,i_talus_shared_nodes_locations,i_talarimplant_shared_nod

es_locations]=intersect(talus_nodes_original_locations(:,2:4),talarimplant_nodes

_original_locations(:,2:4),'rows'); 
talus_shared_nodes_alllocations=talus_nodes_alllocations(i_talus_shared_nodes_lo

cations,:); 
talarimplant_shared_nodes_alllocations=talarimplant_nodes_alllocations(i_talarim

plant_shared_nodes_locations,:); 

  
% calculating micromotions for the nodes on the implant-bone surface 

  
micromotions_nodes(:,1)=talus_shared_nodes_alllocations(:,1); 
micromotions_nodes(:,2)=talarimplant_shared_nodes_alllocations(:,1); 
micromotions_nodes(:,3:5)=talus_shared_nodes_alllocations(:,2:4); 
micromotions_nodes(:,6:8)=talus_shared_nodes_alllocations(:,8:10); 
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micromotions_nodes(:,9:11)=talarimplant_shared_nodes_alllocations(:,8:10); 
micromotions_nodes(:,12:14)=talus_shared_nodes_alllocations(:,8:10)-

talarimplant_shared_nodes_alllocations(:,8:10); 
for i=1:size(micromotions_nodes,1) 
    micromotions_nodes(i,15)=norm(micromotions_nodes(i,12:14),2); 
end 

  
% plotting and saving node micromotions 
%{ 
max_micromotion_nodes=max(micromotions_nodes(:,15)); 
blue_upperlimit=0.5*max_micromotion_nodes; 
green_upperlimit=0.6*max_micromotion_nodes; 
yellow_upperlimit=0.8*max_micromotion_nodes; 
orange_upperlimit=0.9*max_micromotion_nodes; 
for i=1:size(micromotions_nodes,1) 
    if micromotions_nodes(i,15) < blue_upperlimit 
        micromotions_nodes_colour(i,:)=[0 0 1]; 
    elseif micromotions_nodes(i,15) < green_upperlimit 
        micromotions_nodes_colour(i,:)=[0 1 0]; 
    elseif micromotions_nodes(i,15) < yellow_upperlimit 
        micromotions_nodes_colour(i,:)=[1 1 0]; 
    elseif micromotions_nodes(i,15) < orange_upperlimit 
        micromotions_nodes_colour(i,:)=[1 0.5 0]; 
    else 
        micromotions_nodes_colour(i,:)=[1 0 0]; 
    end 
end 
%} 
data_to_save{1, 1} = 'Nodes - talus'; 
data_to_save{1, 2} = 'Nodes - Fibula'; 
data_to_save{1, 3} = 'original location - x'; 
data_to_save{1, 4} = 'original location - y'; 
data_to_save{1, 5} = 'original location - z'; 
data_to_save{1, 6} = 'talus final location - x'; 
data_to_save{1, 7} = 'talus final location - y'; 
data_to_save{1, 8} = 'talus final location - z'; 
data_to_save{1, 9} = 'talar implant final location - x'; 
data_to_save{1, 10} = 'talar implant final location - y'; 
data_to_save{1, 11} = 'talar implant final location - z'; 
data_to_save{1, 12} = 'micromotion - x'; 
data_to_save{1, 13} = 'micromotion - y'; 
data_to_save{1, 14} = 'micromotion - z'; 
data_to_save{1, 15} = 'micromotion - magnitude'; 
for i=1:size(micromotions_nodes,1); 
    data_to_save{i+1, 1} = micromotions_nodes(i,1); 
    data_to_save{i+1, 2} = micromotions_nodes(i,2); 
    data_to_save{i+1, 3} = micromotions_nodes(i,3); 
    data_to_save{i+1, 4} = micromotions_nodes(i,4); 
    data_to_save{i+1, 5} = micromotions_nodes(i,5); 
    data_to_save{i+1, 6} = micromotions_nodes(i,6); 
    data_to_save{i+1, 7} = micromotions_nodes(i,7); 
    data_to_save{i+1, 8} = micromotions_nodes(i,8); 
    data_to_save{i+1, 9} = micromotions_nodes(i,9); 
    data_to_save{i+1, 10} = micromotions_nodes(i,10); 
    data_to_save{i+1, 11} = micromotions_nodes(i,11); 
    data_to_save{i+1, 12} = micromotions_nodes(i,12); 
    data_to_save{i+1, 13} = micromotions_nodes(i,13); 
    data_to_save{i+1, 14} = micromotions_nodes(i,14); 
    data_to_save{i+1, 15} = micromotions_nodes(i,15); 
end 
xlswrite(filename,data_to_save,'Contactnodes_Micromotions'); 
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clear data_to_save 

  
%{ 
figure; 
scatter3(micromotions_nodes(:,3),micromotions_nodes(:,4),micromotions_nodes(:,5)

,[],micromotions_nodes(:,15),'fill'); 
colorbar 
axis equal 
hold on 
quiver3(micromotions_nodes(:,3),micromotions_nodes(:,4),micromotions_nodes(:,5),

micromotions_nodes(:,12),micromotions_nodes(:,13),micromotions_nodes(:,14),'k','

Linewidth',1.5) 
title(strcat('Micromotions of nodes - ',fname)); 
print(strcat('Micromotions of nodes - ',fname),'-djpeg'); 
%} 

  
%% Elements/centroids 

  
% Identifying the nodes of the contact elements 

  
% talus 
talus_contactelementsnodes=talus_allelementsnodes(talus_contactelements,:); 

  
% talar implant 
talarimplant_contactelementsnodes=talarimplant_allelementsnodes(talarimplant_con

tactelements,:); 

  
% Assigning the nodes with their original and final locations 

  
% talus 

  
for i=2:5 
    for j=1:length(talus_contactelementsnodes(:,1)) 
        index=find(micromotions_nodes(:,1)==talus_contactelementsnodes(j,i)); 
        if isfinite(index) 
            talus_contactelementsnodes(j,6+(i-2)*3:8+(i-

2)*3)=micromotions_nodes(index,3:5); % copying the original locations of the 

nodes from micromotions into talus_contactelementsnodes 
            talus_contactelementsnodes(j,21+(i-2)*3:23+(i-

2)*3)=micromotions_nodes(index,6:8); % copying the final locations of the nodes 

from micromotions into talus_contactelementsnodes 
        end 
    end 
end 

  
for j=1:length(talus_contactelementsnodes(:,1)) 
    % calculating the original location of the centroid as the mean 
    % of the nodes around it 
    original_locations_row_x=talus_contactelementsnodes(j,[6 9 12 15]); 
    original_locations_row_y=talus_contactelementsnodes(j,[7 10 13 16]); 
    original_locations_row_z=talus_contactelementsnodes(j,[8 11 14 17]); 
    

talus_contactelementsnodes(j,18)=mean(original_locations_row_x(original_location

s_row_x~=0)); 
    

talus_contactelementsnodes(j,19)=mean(original_locations_row_y(original_location

s_row_y~=0)); 
    

talus_contactelementsnodes(j,20)=mean(original_locations_row_z(original_location

s_row_z~=0)); 
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    % calculating the final location of the centroid as the mean of 
    % the nodes around it 
    final_locations_row_x=talus_contactelementsnodes(j,[21 24 27 30]); 
    final_locations_row_y=talus_contactelementsnodes(j,[22 25 28 31]); 
    final_locations_row_z=talus_contactelementsnodes(j,[23 26 29 32]); 
    

talus_contactelementsnodes(j,33)=mean(final_locations_row_x(final_locations_row_

x~=0)); 
    

talus_contactelementsnodes(j,34)=mean(final_locations_row_y(final_locations_row_

x~=0)); 
    

talus_contactelementsnodes(j,35)=mean(final_locations_row_z(final_locations_row_

x~=0)); 
end 

  
% talarimplant 

  
for i=2:5 
    for j=1:length(talarimplant_contactelementsnodes(:,1)) 
        

index=find(micromotions_nodes(:,2)==talarimplant_contactelementsnodes(j,i)); 
        if isfinite(index) 
            talarimplant_contactelementsnodes(j,6+(i-2)*3:8+(i-

2)*3)=micromotions_nodes(index,3:5); % copying the original locations of the 

nodes from micromotions into talarimplant_contactelementsnodes 
            talarimplant_contactelementsnodes(j,21+(i-2)*3:23+(i-

2)*3)=micromotions_nodes(index,9:11); % copying the final locations of the nodes 

from micromotions into talarimplant_contactelementsnodes 
        end 
    end 
end 

  
for j=1:length(talarimplant_contactelementsnodes(:,1)) 
    % calculating the original location of the centroid as the mean 
    % of the nodes around it 
    original_locations_row_x=talarimplant_contactelementsnodes(j,[6 9 12 15]); 
    original_locations_row_y=talarimplant_contactelementsnodes(j,[7 10 13 16]); 
    original_locations_row_z=talarimplant_contactelementsnodes(j,[8 11 14 17]); 
    

talarimplant_contactelementsnodes(j,18)=mean(original_locations_row_x(original_l

ocations_row_x~=0)); 
    

talarimplant_contactelementsnodes(j,19)=mean(original_locations_row_y(original_l

ocations_row_y~=0)); 
    

talarimplant_contactelementsnodes(j,20)=mean(original_locations_row_z(original_l

ocations_row_z~=0)); 
    % calculating the final location of the centroid as the mean of 
    % the nodes around it 
    final_locations_row_x=talarimplant_contactelementsnodes(j,[21 24 27 30]); 
    final_locations_row_y=talarimplant_contactelementsnodes(j,[22 25 28 31]); 
    final_locations_row_z=talarimplant_contactelementsnodes(j,[23 26 29 32]); 
    

talarimplant_contactelementsnodes(j,33)=mean(final_locations_row_x(final_locatio

ns_row_x~=0)); 
    

talarimplant_contactelementsnodes(j,34)=mean(final_locations_row_y(final_locatio

ns_row_x~=0)); 
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talarimplant_contactelementsnodes(j,35)=mean(final_locations_row_z(final_locatio

ns_row_x~=0)); 
end 

  
% extracting the surface element centroids 
[shared_elements_nodeslocations,i_talus_contactelementsnodes,i_talarimplant_cont

actelementsnodes]=intersect(talus_contactelementsnodes(:,18:20),talarimplant_con

tactelementsnodes(:,18:20),'rows'); 
talus_shared_elements_nodeslocations=talus_contactelementsnodes(i_talus_contacte

lementsnodes,:); 
talarimplant_shared_elements_nodeslocations=talarimplant_contactelementsnodes(i_

talarimplant_contactelementsnodes,:); 

  
% add more nodes %? 

  
% calculating micromotions for the element centroids on the implant-bone surface 

  
micromotions_centroids(:,1)=talus_shared_elements_nodeslocations(:,1); 
micromotions_centroids(:,2)=talarimplant_shared_elements_nodeslocations(:,1); 
micromotions_centroids(:,3:5)=talus_shared_elements_nodeslocations(:,18:20); 
micromotions_centroids(:,6:8)=talus_shared_elements_nodeslocations(:,33:35); 
micromotions_centroids(:,9:11)=talarimplant_shared_elements_nodeslocations(:,33:

35); 
micromotions_centroids(:,12:14)=talus_shared_elements_nodeslocations(:,33:35)-

talarimplant_shared_elements_nodeslocations(:,33:35); 

  
for i=1:size(micromotions_centroids,1) 
    micromotions_centroids(i,15)=norm(micromotions_centroids(i,12:14),2); 
end 

  
% calculating planes 

  
% talus 

  
talus_shared_elements_nodeslocations_copy=NaN(size(talus_shared_elements_nodeslo

cations,1),9); 
for i=1:size(talus_shared_elements_nodeslocations,1) % rows 
    k=1; 
    for j=21:32 %columns 
        if talus_shared_elements_nodeslocations(i,j)~=0 
            

talus_shared_elements_nodeslocations_copy(i,k)=talus_shared_elements_nodeslocati

ons(i,j); 
            k=k+1; 
        end 
    end 
end 

  
talus_vector1_x=talus_shared_elements_nodeslocations_copy(:,4)-

talus_shared_elements_nodeslocations_copy(:,1); 
talus_vector1_y=talus_shared_elements_nodeslocations_copy(:,5)-

talus_shared_elements_nodeslocations_copy(:,2); 
talus_vector1_z=talus_shared_elements_nodeslocations_copy(:,6)-

talus_shared_elements_nodeslocations_copy(:,3); 
talus_vector1=[talus_vector1_x,talus_vector1_y,talus_vector1_z]; 
talus_vector2_x=talus_shared_elements_nodeslocations_copy(:,7)-

talus_shared_elements_nodeslocations_copy(:,1); 
talus_vector2_y=talus_shared_elements_nodeslocations_copy(:,8)-

talus_shared_elements_nodeslocations_copy(:,2); 
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talus_vector2_z=talus_shared_elements_nodeslocations_copy(:,9)-

talus_shared_elements_nodeslocations_copy(:,3); 
talus_vector2=[talus_vector2_x,talus_vector2_y,talus_vector2_z]; 
talus_normalstoplanes=cross(talus_vector1,talus_vector2); 
talus_normalstoplanes=[micromotions_centroids(:,1), talus_normalstoplanes]; 

  
% talar implant 

  
talarimplant_shared_elements_nodeslocations_copy=NaN(size(talarimplant_shared_el

ements_nodeslocations,1),9); 
for i=1:size(talarimplant_shared_elements_nodeslocations,1) % rows 
    k=1; 
    for j=21:32 %columns 
        if talarimplant_shared_elements_nodeslocations(i,j)~=0 
            

talarimplant_shared_elements_nodeslocations_copy(i,k)=talarimplant_shared_elemen

ts_nodeslocations(i,j); 
            k=k+1; 
        end 
    end 
end 

  
talarimplant_vector1_x=talarimplant_shared_elements_nodeslocations_copy(:,4)-

talarimplant_shared_elements_nodeslocations_copy(:,1); 
talarimplant_vector1_y=talarimplant_shared_elements_nodeslocations_copy(:,5)-

talarimplant_shared_elements_nodeslocations_copy(:,2); 
talarimplant_vector1_z=talarimplant_shared_elements_nodeslocations_copy(:,6)-

talarimplant_shared_elements_nodeslocations_copy(:,3); 
talarimplant_vector1=[talarimplant_vector1_x,talarimplant_vector1_y,talarimplant

_vector1_z]; 
talarimplant_vector2_x=talarimplant_shared_elements_nodeslocations_copy(:,7)-

talarimplant_shared_elements_nodeslocations_copy(:,1); 
talarimplant_vector2_y=talarimplant_shared_elements_nodeslocations_copy(:,8)-

talarimplant_shared_elements_nodeslocations_copy(:,2); 
talarimplant_vector2_z=talarimplant_shared_elements_nodeslocations_copy(:,9)-

talarimplant_shared_elements_nodeslocations_copy(:,3); 
talarimplant_vector2=[talarimplant_vector2_x,talarimplant_vector2_y,talarimplant

_vector2_z]; 
talarimplant_normalstoplanes=cross(talarimplant_vector1,talarimplant_vector2); 
talarimplant_normalstoplanes=[micromotions_centroids(:,2), 

talarimplant_normalstoplanes]; 

  
% calculating normal and tangential componenets of centroid micromotion 

  
% talus 

  
for i=1:length(micromotions_centroids(:,1)) 
    

talus_angle_micromotionplane_centroids(i)=acosd((dot(micromotions_centroids(i,12

:14),talus_normalstoplanes(i,2:4)))/(norm(micromotions_centroids(i,12:14),2)*nor

m(talus_normalstoplanes(i,2:4),2))); 
    

talus_micromotion_normal_centroids(i)=norm(micromotions_centroids(i,12:14))*cosd

(talus_angle_micromotionplane_centroids(i));   
    

talus_micromotion_tangential_centroids(i)=norm(micromotions_centroids(i,12:14))*

sind(talus_angle_micromotionplane_centroids(i)); 
end 
talus_angle_micromotionplane_centroids=talus_angle_micromotionplane_centroids'; 
talus_micromotion_normal_centroids=talus_micromotion_normal_centroids'; 
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talus_micromotion_tangential_centroids=talus_micromotion_tangential_centroids'; 
micromotions_centroids(:,16)=talus_angle_micromotionplane_centroids; 
micromotions_centroids(:,17)=talus_micromotion_normal_centroids; 
micromotions_centroids(:,18)=talus_micromotion_tangential_centroids; 

  
% talar implant 

  
for i=1:length(micromotions_centroids(:,1)) 
    

talarimplant_angle_micromotionplane_centroids(i)=acosd((dot(micromotions_centroi

ds(i,12:14),talarimplant_normalstoplanes(i,2:4)))/(norm(micromotions_centroids(i

,12:14),2)*norm(talarimplant_normalstoplanes(i,2:4),2))); 
    

talarimplant_micromotion_normal_centroids(i)=norm(micromotions_centroids(i,12:14

))*cosd(talarimplant_angle_micromotionplane_centroids(i));   
    

talarimplant_micromotion_tangential_centroids(i)=norm(micromotions_centroids(i,1

2:14))*sind(talarimplant_angle_micromotionplane_centroids(i)); 
end 
talarimplant_angle_micromotionplane_centroids=talarimplant_angle_micromotionplan

e_centroids'; 
talarimplant_micromotion_normal_centroids=abs(talarimplant_micromotion_normal_ce

ntroids'); 
talarimplant_micromotion_tangential_centroids=abs(talarimplant_micromotion_tange

ntial_centroids'); 
micromotions_centroids(:,19)=talarimplant_angle_micromotionplane_centroids; 
micromotions_centroids(:,20)=talarimplant_micromotion_normal_centroids; 
micromotions_centroids(:,21)=talarimplant_micromotion_tangential_centroids; 

  
% plotting and saving centroids micromotions 

  
data_to_save{1, 1} = 'Centroids - talus'; 
data_to_save{1, 2} = 'Centroids - talar implant'; 
data_to_save{1, 3} = 'original location - x'; 
data_to_save{1, 4} = 'original location - y'; 
data_to_save{1, 5} = 'original location - z'; 
data_to_save{1, 6} = 'talus final location - x'; 
data_to_save{1, 7} = 'talus final location - y'; 
data_to_save{1, 8} = 'talus final location - z'; 
data_to_save{1, 9} = 'talar implant final location - x'; 
data_to_save{1, 10} = 'talar implant final location - y'; 
data_to_save{1, 11} = 'talar implant final location - z'; 
data_to_save{1, 12} = 'micromotion - x'; 
data_to_save{1, 13} = 'micromotion - y'; 
data_to_save{1, 14} = 'micromotion - z'; 
data_to_save{1, 15} = 'micromotion - magnitude'; 
data_to_save{1, 16} = 'micromotion - angle (talus)'; 
data_to_save{1, 17} = 'micromotion - normal magnitude (talus)'; 
data_to_save{1, 18} = 'micromotion - tangential magnitude (talus)'; 
data_to_save{1, 16} = 'micromotion - angle (talar implant)'; 
data_to_save{1, 17} = 'micromotion - normal magnitude (talar implant)'; 
data_to_save{1, 18} = 'micromotion - tangential magnitude (talar implant)'; 
for i=1:size(micromotions_centroids,1); 
    data_to_save{i+1, 1} = micromotions_centroids(i,1); 
    data_to_save{i+1, 2} = micromotions_centroids(i,2); 
    data_to_save{i+1, 3} = micromotions_centroids(i,3); 
    data_to_save{i+1, 4} = micromotions_centroids(i,4); 
    data_to_save{i+1, 5} = micromotions_centroids(i,5); 
    data_to_save{i+1, 6} = micromotions_centroids(i,6); 
    data_to_save{i+1, 7} = micromotions_centroids(i,7); 
    data_to_save{i+1, 8} = micromotions_centroids(i,8); 
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    data_to_save{i+1, 9} = micromotions_centroids(i,9); 
    data_to_save{i+1, 10} = micromotions_centroids(i,10); 
    data_to_save{i+1, 11} = micromotions_centroids(i,11); 
    data_to_save{i+1, 12} = micromotions_centroids(i,12); 
    data_to_save{i+1, 13} = micromotions_centroids(i,13); 
    data_to_save{i+1, 14} = micromotions_centroids(i,14); 
    data_to_save{i+1, 15} = micromotions_centroids(i,15); 
    data_to_save{i+1, 16} = micromotions_centroids(i,16); 
    data_to_save{i+1, 17} = micromotions_centroids(i,17); 
    data_to_save{i+1, 18} = micromotions_centroids(i,18); 
    data_to_save{i+1, 19} = micromotions_centroids(i,19); 
    data_to_save{i+1, 20} = micromotions_centroids(i,20); 
    data_to_save{i+1, 21} = micromotions_centroids(i,21); 
end 
xlswrite(filename,data_to_save,'Contactelements_Micromotions'); 
clear data_to_save 

  
% max_micromotion_centroids=max(micromotions_centroids(:,15)); 
% blue_upperlimit=0.5*max_micromotion_centroids; 
% green_upperlimit=0.6*max_micromotion_centroids; 
% yellow_upperlimit=0.8*max_micromotion_centroids; 
% orange_upperlimit=0.9*max_micromotion_centroids; 
% for i=1:size(micromotions_centroids,1) 
%     if micromotions_centroids(i,15) < blue_upperlimit 
%         micromotions_centroids_colour(i,:)=[0 0 1]; 
%     elseif micromotions_centroids(i,15) < green_upperlimit 
%         micromotions_centroids_colour(i,:)=[0 1 0]; 
%     elseif micromotions_centroids(i,15) < yellow_upperlimit 
%         micromotions_centroids_colour(i,:)=[1 1 0]; 
%     elseif micromotions_centroids(i,15) < orange_upperlimit 
%         micromotions_centroids_colour(i,:)=[1 0.5 0]; 
%     else 
%         micromotions_centroids_colour(i,:)=[1 0 0]; 
%     end 
% end 
% max_micromotion_centroids=max(abs(micromotions_centroids(:,17))); 
% blue_upperlimit=0.5*max_micromotion_centroids; 
% green_upperlimit=0.6*max_micromotion_centroids; 
% yellow_upperlimit=0.8*max_micromotion_centroids; 
% orange_upperlimit=0.9*max_micromotion_centroids; 
% for i=1:size(micromotions_centroids,1) 
%     if abs(micromotions_centroids(i,17)) < blue_upperlimit 
%         micromotions_centroids_normal_colour(i,:)=[0 0 1]; 
%     elseif abs(micromotions_centroids(i,17)) < green_upperlimit 
%         micromotions_centroids_normal_colour(i,:)=[0 1 0]; 
%     elseif abs(micromotions_centroids(i,17)) < yellow_upperlimit 
%         micromotions_centroids_normal_colour(i,:)=[1 1 0]; 
%     elseif abs(micromotions_centroids(i,17)) < orange_upperlimit 
%         micromotions_centroids_normal_colour(i,:)=[1 0.5 0]; 
%     else 
%         micromotions_centroids_normal_colour(i,:)=[1 0 0]; 
%     end 
% end 
% max_micromotion_centroids=max(abs(micromotions_centroids(:,18))); 
% for i=1:size(micromotions_centroids,1) 
%     if abs(micromotions_centroids(i,18)) < blue_upperlimit 
%         micromotions_centroids_tangential_colour(i,:)=[0 0 1]; 
%     elseif abs(micromotions_centroids(i,18)) < green_upperlimit 
%         micromotions_centroids_tangential_colour(i,:)=[0 1 0]; 
%     elseif abs(micromotions_centroids(i,18)) < yellow_upperlimit 
%         micromotions_centroids_tangential_colour(i,:)=[1 1 0]; 
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%     elseif abs(micromotions_centroids(i,18)) < orange_upperlimit 
%         micromotions_centroids_tangential_colour(i,:)=[1 0.5 0]; 
%     else 
%         micromotions_centroids_tangential_colour(i,:)=[1 0 0]; 
%     end 
% end 

  
%{ 
figure; 
subplot(2,2,1); 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,15),'fill'); 
colorbar 
axis equal 
hold on 
quiver3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_cen

troids(:,5),micromotions_centroids(:,12),micromotions_centroids(:,13),micromotio

ns_centroids(:,14),'k','Linewidth',1.5) 
title('Micromotions of centroids - total (talus)'); 
subplot(2,2,3); 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,17),'fill'); 
colorbar 
axis equal 
title('Micromotions of centroids - normal (talus)'); 
subplot(2,2,4); 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,18),'fill'); 
colorbar 
axis equal 
title('Micromotions of centroids - tangential (talus)'); 
subplot(2,2,2); 
hist(abs([micromotions_centroids(:,17),micromotions_centroids(:,18)])); 
legend ('normal micromotion', 'tangential micromotion'); 
title('Distribution of normal and tangential micromotions (talus)'); 
xlabel('micromotion [mm]'); 
ylabel('number of occurrences'); 
suptitle(strcat('Micromotions of centroids - talus - ',fname)); 
print(strcat('Micromotions of centroids - talus - ',fname),'-djpeg'); 

  
figure; 
subplot(2,2,1); 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,15),'fill'); 
colorbar 
axis equal 
hold on 
quiver3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_cen

troids(:,5),micromotions_centroids(:,12),micromotions_centroids(:,13),micromotio

ns_centroids(:,14),'k','Linewidth',1.5) 
title('Micromotions of centroids - total (talar implant)'); 
subplot(2,2,3); 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,20),'fill'); 
colorbar 
axis equal 
title('Micromotions of centroids - normal (talar implant)'); 
subplot(2,2,4); 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,21),'fill'); 
colorbar 
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axis equal 
title('Micromotions of centroids - tangential (talar implant)'); 
subplot(2,2,2); 
hist(abs([micromotions_centroids(:,20),micromotions_centroids(:,21)])); 
legend ('normal micromotion', 'tangential micromotion'); 
title('Distribution of normal and tangential micromotions (talar implant)'); 
xlabel('micromotion [mm]'); 
ylabel('number of occurrences'); 
suptitle(strcat('Micromotions of centroids - talar implant - ',fname)); 
print(strcat('Micromotions of centroids - talar implant - ',fname),'-djpeg'); 
%} 

  
%% Saving graphics for thesis - all other graphics has been switched off 

  
figure; 
scatter3(micromotions_nodes(:,3),micromotions_nodes(:,4),micromotions_nodes(:,5)

,[],micromotions_nodes(:,15)*1000,'fill'); 
axis equal 
set(gca,'xtick',[]) 
set(gca,'ytick',[]) 
set(gca,'ztick',[]) 
h=colorbar; 
set(h,'fontsize',20); 
title(strcat('Total micromotion of nodes - ',fname)); 
print(strcat('Total micromotion of nodes - ',fname),'-djpeg'); 
%dlmwrite(strcat('Total micromotion of nodes - 

',fname),micromotions_nodes(:,15)*1000); 

  
figure; 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,20)*1000,'fill'); 
colorbar; 
axis equal 
set(gca,'xtick',[]) 
set(gca,'ytick',[]) 
set(gca,'ztick',[]) 
h=colorbar; 
set(h,'fontsize',20); 
title(strcat('Normal micromotion of centroids - ',fname)); 
print(strcat('Normal micromotion of centroids - ',fname),'-djpeg'); 
%dlmwrite(strcat('Normal micromotion of centroids - 

',fname),micromotions_centroids(:,20)*1000); 

  
figure; 
scatter3(micromotions_centroids(:,3),micromotions_centroids(:,4),micromotions_ce

ntroids(:,5),[],micromotions_centroids(:,21)*1000,'fill'); 
colorbar; 
axis equal 
set(gca,'xtick',[]) 
set(gca,'ytick',[]) 
set(gca,'ztick',[]) 
h=colorbar; 
set(h,'fontsize',20); 
title(strcat('Tangential micromotion of centroids - ',fname)); 
print(strcat('Tangential micromotion of centroids - ',fname),'-djpeg'); 
%dlmwrite(strcat('Tangential micromotion of centroids - 

',fname),micromotions_centroids(:,21)*1000); 

 

 



  Appendices 

 

 

 

  261  

function [dataset_talus_ROI, outputs1] = processing (fname, micromotions_nodes, 

talus_allelementsnodes) 

  
clc 
% clearvars -except micromotions_nodes talus_allelementsnodes 

  
micromotions_magnitude=micromotions_nodes(:,15); 
micromotions_magnitude_um=micromotions_magnitude*1000; 
%hist(micromotions_magnitude_um); 
micromotions_magnitude_um_above100=micromotions_magnitude_um(micromotions_magnit

ude_um>100); 
proportion_micromotionabove100=length(micromotions_magnitude_um_above100)/length

(micromotions_magnitude); 
max_micromotion_um=prctile(micromotions_magnitude_um,95); 
mean_micromotion_um=mean(micromotions_magnitude_um); 

  
fileID = fopen(strcat('E:\Specimen Scan BRC12111191-Right-KingEdwardVII-

Apr2014\5 - Abaqus\Considerable shear included\Mobility 

talar\',fname,'_Results.txt')); 
dataset=textscan(fileID, '%f %s %f %s %f %s %f %f %f %f %f %f %s %f %f %f %f %f 

%f','delimiter', ','); 
fclose(fileID); 

  
separation_talus_talarimplant=size(talus_allelementsnodes,1); 

  
dataset_copy=dataset; % Element no. 
dataset_copy(:,2)=datasetASTM−F2665-09, ; % EVOL 
dataset_copy(:,3)=dataset{6}; % ESEDEN 
dataset_copy(:,4)=dataset{7}; % LE11 
dataset_copy(:,5)=dataset{8}; % LE22 
dataset_copy(:,6)=datasetASTM−F2665-09, ; % LE33 
dataset_copy(:,7)=dataset{10}; % LE12 
dataset_copy(:,8)=datasetAbaqus Analysis User's Manual (version 6.11), ; % LE13 
dataset_copy(:,9)=dataset{12}; % LE23 
dataset_copy(1:size(dataset_copy,1),10:17)=0; 
dataset_copy(:,18)=dataset{14}; % S11 - MPa 
dataset_copy(:,19)=dataset{15}; % S22 
dataset_copy(:,20)=dataset{16}; % S33 
dataset_copy(:,21)=dataset{17}; % S12 
dataset_copy(:,22)=dataset{18}; % S13 
dataset_copy(:,23)=dataset{19}; % S23 
dataset_copy(1:size(dataset_copy,1),24:26)=0; 

  
dataset_talus=dataset_copy(1:separation_talus_talarimplant,:); 
dataset_talarimplant=dataset_copy(separation_talus_talarimplant+1:end,:); 

  
% min and max principal strains 
for i=1:size(dataset_talus,1); 
    

principal_LE=eig([dataset_talus(i,4),dataset_talus(i,7)/2,dataset_talus(i,8)/2; 

dataset_talus(i,7)/2,dataset_talus(i,5),dataset_talus(i,9)/2; 

dataset_talus(i,8)/2,dataset_talus(i,9)/2,dataset_talus(i,6)]); 
    LE_minprincipal=min(principal_LE); 
    if LE_minprincipal<0 
        dataset_talus(i,10)=LE_minprincipal; % min principal strains 

(compressive) 
    end 
    LE_maxprincipal=max(principal_LE); 
    if LE_maxprincipal>0 
        dataset_talus(i,11)=LE_maxprincipal; % max principal strains (tensile) 
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    end 

     
    safetyfactor=min(((-7300*10^-6)/(LE_minprincipal)),((6500*10^-

6)/(LE_maxprincipal))); % safety factor according to Mahmut's paper 
    if safetyfactor>0 
        dataset_talus(i,12)=safetyfactor; 
    end 

     
    if LE_minprincipal<-7300*10^-6 
        dataset_talus(i,13)=dataset_talus(i,2); % volume subjected to 

compressive strain (yield) > 7300ue 
    end 
    if LE_maxprincipal>6500*10^-6 
        dataset_talus(i,14)=dataset_talus(i,2); % volume subjected to tensile 

strain (yield) > 6500ue 
    end 
    if (dataset_talus(i,12)<1 & dataset_talus(i,12)>0)  
        dataset_talus(i,15)=dataset_talus(i,2); % volume subjected to 

safetyfactor < 1 (i.e. compressive strain > 7300ue OR tensile strain > 6500ue - 

yield) 
    end 
    if (max(abs(LE_minprincipal),abs(LE_maxprincipal))>3000*10^-6 & 

max(abs(LE_minprincipal),abs(LE_maxprincipal))<6500*10^-6) 
        dataset_talus(i,16)=dataset_talus(i,2); % volume subjected to 

tensile/compressive strain larger than 3000ue (remodelling threshold) but lower 

than yield strain 
    end 
    if max(abs(LE_minprincipal),abs(LE_maxprincipal))<300*10^-6 
        dataset_talus(i,17)=dataset_talus(i,2); % volume subjected to 

tensile/compressive strain lower than 300ue (resorption threshold) 
    end 

     
    

principal_S=eig([dataset_talus(i,18),dataset_talus(i,21),dataset_talus(i,22); 

dataset_talus(i,21),dataset_talus(i,19),dataset_talus(i,23); 

dataset_talus(i,22),dataset_talus(i,23),dataset_talus(i,20)]); 
    S_minprincipal=min(principal_S); 
    if S_minprincipal<0 
        dataset_talus(i,24)=S_minprincipal; % min principal stresses 

(compressive) 
    end 
    S_maxprincipal=max(principal_S); 
    if S_maxprincipal>0 
        dataset_talus(i,25)=S_maxprincipal; % max principal stresses (tensile) 
    end 
    dataset_talus(i,26)=sqrt(0.5*((dataset_copy(i,18)-

dataset_copy(i,19))^2+(dataset_copy(i,19)-

dataset_copy(i,20))^2+(dataset_copy(i,20)-

dataset_copy(i,18))^2+6*(dataset_copy(i,23)^2+dataset_copy(i,22)^2+dataset_copy(

i,21)^2))); % von Mises stress 
end 

  
%{ 
dataset_talus(size(dataset_talus,1)+1,1:end)=0; 
dataset_talus(size(dataset_talus,1)+1,1:end)=sum(dataset_talus); 
dataset_talus(size(dataset_talus,1)-1,1:end)=NaN; 

  
proportion_compressivestrainaboveyield_allbone=dataset_talus(end,13)/dataset_tal

us(end,2); 
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proportion_tensilestrainaboveyield_allbone=dataset_talus(end,14)/dataset_talus(e

nd,2); 
proportion_aboveyield_allbone=dataset_talus(end,15)/dataset_talus(end,2); 
%} 

  
% looking only at the non-fixed elements 

  
index_ROI=[]; 
for i=1:size(dataset_talus,1)-2 
    if dataset_talus(i,3)>0 
        index_ROI=[index_ROI i]; 
    end 
end 
dataset_talus_ROI=dataset_talus(index_ROI,:); 

  
max_SED_MPa_ROI=prctile(dataset_talus_ROI(:,3),95); 
mean_SED_MPa_ROI=wmean(dataset_talus_ROI(:,3),dataset_talus_ROI(:,2));  
std_SED_MPa_ROI=sqrt(var(dataset_talus_ROI(:,3),dataset_talus_ROI(:,2))); 
normalisedstd_SED_MPa_ROI=abs(std_SED_MPa_ROI/mean_SED_MPa_ROI); 
max_minprincipalstrain_ROI=prctile(dataset_talus_ROI(:,10),5); 
mean_minprincipalstrain_ROI=wmean(dataset_talus_ROI(:,10),dataset_talus_ROI(:,2)

);  
std_minprincipalstrain_ROI=sqrt(var(dataset_talus_ROI(:,10),dataset_talus_ROI(:,

2))); 
normalisedstd_minprincipalstrain_ROI=abs(std_minprincipalstrain_ROI/mean_minprin

cipalstrain_ROI); 
max_maxprincipalstrain_ROI=prctile(dataset_talus_ROI(:,11),95); % indication for 

cracking (Clarke, 6.5.2) 
mean_maxprincipalstrain_ROI=wmean(dataset_talus_ROI(:,11),dataset_talus_ROI(:,2)

); 
std_maxprincipalstrain_ROI=sqrt(var(dataset_talus_ROI(:,11),dataset_talus_ROI(:,

2))); 
normalisedstd_maxprincipalstrain_ROI=abs(std_maxprincipalstrain_ROI/mean_maxprin

cipalstrain_ROI); 
max_minprincipalstress_MPa_ROI=prctile(dataset_talus_ROI(:,24),5); 
mean_minprincipalstress_MPa_ROI=wmean(dataset_talus_ROI(:,24),dataset_talus_ROI(

:,2)); 
std_minprincipalstress_MPa_ROI=sqrt(var(dataset_talus_ROI(:,24),dataset_talus_RO

I(:,2))); 
normalisedstd_minprincipalstress_MPa_ROI=abs(std_minprincipalstress_MPa_ROI/mean

_minprincipalstress_MPa_ROI); 
max_maxprincipalstress_MPa_ROI=prctile(dataset_talus_ROI(:,25),95); 
mean_maxprincipalstress_MPa_ROI=wmean(dataset_talus_ROI(:,25),dataset_talus_ROI(

:,2)); 
std_maxprincipalstress_MPa_ROI=sqrt(var(dataset_talus_ROI(:,25),dataset_talus_RO

I(:,2))); 
normalisedstd_maxprincipalstress_MPa_ROI=abs(std_maxprincipalstress_MPa_ROI/mean

_maxprincipalstress_MPa_ROI); 

  
dataset_talus_ROI(size(dataset_talus_ROI,1)+1,1:end)=0; 
dataset_talus_ROI(size(dataset_talus_ROI,1)+1,1:end)=sum(dataset_talus_ROI); 
dataset_talus_ROI(size(dataset_talus_ROI,1)-1,1:end)=NaN; 

  
proportion_compressivestrainaboveyield_ROI=dataset_talus_ROI(end,13)/dataset_tal

us_ROI(end,2); 
proportion_tensilestrainaboveyield_ROI=dataset_talus_ROI(end,14)/dataset_talus_R

OI(end,2); 
proportion_aboveyield_ROI=dataset_talus_ROI(end,15)/dataset_talus_ROI(end,2); 
proportion_remodelling_ROI=dataset_talus_ROI(end,16)/dataset_talus_ROI(end,2); 
proportion_resorption_ROI=dataset_talus_ROI(end,17)/dataset_talus_ROI(end,2); 
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outputs1=[proportion_micromotionabove100 NaN NaN max_micromotion_um 

mean_micromotion_um max_SED_MPa_ROI mean_SED_MPa_ROI max_minprincipalstrain_ROI 

mean_minprincipalstrain_ROI max_maxprincipalstrain_ROI 

mean_maxprincipalstrain_ROI max_minprincipalstress_MPa_ROI 

mean_minprincipalstress_MPa_ROI max_maxprincipalstress_MPa_ROI 

mean_maxprincipalstress_MPa_ROI    proportion_compressivestrainaboveyield_ROI 

proportion_tensilestrainaboveyield_ROI proportion_aboveyield_ROI 

proportion_remodelling_ROI proportion_resorption_RO 

 

 

function [dataset_talus_offsetROI] = offsetROI (talus_nodes_original_locations, 

talus_shared_nodes_alllocations, dataset_talus_ROI, talus_allelementsnodes) 

  
talus_interface_nodeslist=talus_shared_nodes_alllocations(:,1:4); % the nodes at 

the implant-bone interface and their locations 
talus_ROI_elementlist=dataset_talus_ROI(1:end-2,1); % list of the talus elements 

in the ROI (non-fixed elements) 
talus_ROI_elementsnodeslist=talus_allelementsnodes(talus_ROI_elementlist,:); % 

list of the elements in the ROI (non-fixed elements) and the nodes forming them 

  
for i=2:5 
    for j=1:length(talus_ROI_elementsnodeslist(:,1)) 
        

index=find(talus_nodes_original_locations(:,1)==talus_ROI_elementsnodeslist(j,i)

); 
        if isfinite(index) 
            talus_ROI_elementsnodeslist(j,6+(i-2)*3:8+(i-

2)*3)=talus_nodes_original_locations(index,2:4); % copying the original 

locations of the nodes 
        end 
    end 
end 

  
% calculating the original location of the centroid as the mean of the 
% nodes around it for all elements in the ROI (non-fixed elements) 
talus_ROI_centroidlist(:,1)=talus_ROI_elementsnodeslist(:,1); 
talus_ROI_centroidlist(:,2)=mean(talus_ROI_elementsnodeslist(:,[6 9 12 15]),2); 
talus_ROI_centroidlist(:,3)=mean(talus_ROI_elementsnodeslist(:,[7 10 13 16]),2); 
talus_ROI_centroidlist(:,4)=mean(talus_ROI_elementsnodeslist(:,[8 11 14 17]),2); 

  
figure; 
scatter3(talus_ROI_centroidlist(:,2),talus_ROI_centroidlist(:,3),talus_ROI_centr

oidlist(:,4)) 

  
centroids_offsetROI_rowindexindatasettalusROI=[]; 
for i=1:size(talus_ROI_centroidlist,1) 
    for j=1:size(talus_interface_nodeslist,1) 
        point1=talus_ROI_centroidlist(i,2:4); 
        point2=talus_interface_nodeslist(j,2:4); 
        distance=norm(point1-point2); 
        if distance<10 
            

centroids_offsetROI_rowindexindatasettalusROI=[centroids_offsetROI_rowindexindat

asettalusROI; i]; 
            break; 
        end 
    end 
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end 

  
dataset_talus_offsetROI=dataset_talus_ROI(centroids_offsetROI_rowindexindatasett

alusROI,:); 

  
talus_offsetROI_centroidlist=talus_ROI_centroidlist(centroids_offsetROI_rowindex

indatasettalusROI,:); 
figure; 
scatter3(talus_offsetROI_centroidlist(:,2),talus_offsetROI_centroidlist(:,3),tal

us_offsetROI_centroidlist(:,4)) 
axis equal 

 

 

function [dataset_talus_offsetROI, outputs2] = processing2 

(dataset_talus_offsetROI) 

  
% looking only at the offset elements 

  
max_SED_MPa_offsetROI=prctile(dataset_talus_offsetROI(:,3),95); 
mean_SED_MPa_offsetROI=wmean(dataset_talus_offsetROI(:,3),dataset_talus_offsetRO

I(:,2));  
std_SED_MPa_offsetROI=sqrt(var(dataset_talus_offsetROI(:,3),dataset_talus_offset

ROI(:,2))); 
normalisedstd_SED_MPa_offsetROI=abs(std_SED_MPa_offsetROI/mean_SED_MPa_offsetROI

); 
max_minprincipalstrain_offsetROI=prctile(dataset_talus_offsetROI(:,10),5); 
mean_minprincipalstrain_offsetROI=wmean(dataset_talus_offsetROI(:,10),dataset_ta

lus_offsetROI(:,2));  
std_minprincipalstrain_offsetROI=sqrt(var(dataset_talus_offsetROI(:,10),dataset_

talus_offsetROI(:,2))); 
normalisedstd_minprincipalstrain_offsetROI=abs(std_minprincipalstrain_offsetROI/

mean_minprincipalstrain_offsetROI); 
max_maxprincipalstrain_offsetROI=prctile(dataset_talus_offsetROI(:,11),95); % 

indication for cracking (Clarke, 6.5.2) 
mean_maxprincipalstrain_offsetROI=wmean(dataset_talus_offsetROI(:,11),dataset_ta

lus_offsetROI(:,2)); 
std_maxprincipalstrain_offsetROI=sqrt(var(dataset_talus_offsetROI(:,11),dataset_

talus_offsetROI(:,2))); 
normalisedstd_maxprincipalstrain_offsetROI=abs(std_maxprincipalstrain_offsetROI/

mean_maxprincipalstrain_offsetROI); 
max_minprincipalstress_MPa_offsetROI=prctile(dataset_talus_offsetROI(:,24),5); 
mean_minprincipalstress_MPa_offsetROI=wmean(dataset_talus_offsetROI(:,24),datase

t_talus_offsetROI(:,2)); 
std_minprincipalstress_MPa_offsetROI=sqrt(var(dataset_talus_offsetROI(:,24),data

set_talus_offsetROI(:,2))); 
normalisedstd_minprincipalstress_MPa_offsetROI=abs(std_minprincipalstress_MPa_of

fsetROI/mean_minprincipalstress_MPa_offsetROI); 
max_maxprincipalstress_MPa_offsetROI=prctile(dataset_talus_offsetROI(:,25),95); 
mean_maxprincipalstress_MPa_offsetROI=wmean(dataset_talus_offsetROI(:,25),datase

t_talus_offsetROI(:,2)); 
std_maxprincipalstress_MPa_offsetROI=sqrt(var(dataset_talus_offsetROI(:,25),data

set_talus_offsetROI(:,2))); 
normalisedstd_maxprincipalstress_MPa_offsetROI=abs(std_maxprincipalstress_MPa_of

fsetROI/mean_maxprincipalstress_MPa_offsetROI); 

  
dataset_talus_offsetROI(size(dataset_talus_offsetROI,1)+1,1:end)=0; 
dataset_talus_offsetROI(size(dataset_talus_offsetROI,1)+1,1:end)=sum(dataset_tal

us_offsetROI); 
dataset_talus_offsetROI(size(dataset_talus_offsetROI,1)-1,1:end)=NaN; 
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volume_offsetROI=dataset_talus_offsetROI(end,2); 
volume_compressivestrainaboveyield_offsetROI=dataset_talus_offsetROI(end,13); 
proportion_compressivestrainaboveyield_offsetROI=volume_compressivestrainaboveyi

eld_offsetROI/volume_offsetROI; 
volume_tensilestrainaboveyield_offsetROI=dataset_talus_offsetROI(end,14); 
proportion_tensilestrainaboveyield_offsetROI=volume_tensilestrainaboveyield_offs

etROI/volume_offsetROI; 
volume_strainaboveyield_offsetROI=dataset_talus_offsetROI(end,15); 
proportion_strainaboveyield_offsetROI=volume_strainaboveyield_offsetROI/volume_o

ffsetROI; 
volume_remodelling_offsetROI=dataset_talus_offsetROI(end,16); 
proportion_remodelling_offsetROI=volume_remodelling_offsetROI/volume_offsetROI; 
volume_resorption_offsetROI=dataset_talus_offsetROI(end,17); 
proportion_resorption_offsetROI=volume_resorption_offsetROI/volume_offsetROI; 

  
outputs2=[max_SED_MPa_offsetROI mean_SED_MPa_offsetROI 

max_minprincipalstrain_offsetROI mean_minprincipalstrain_offsetROI 

max_maxprincipalstrain_offsetROI mean_maxprincipalstrain_offsetROI 

max_minprincipalstress_MPa_offsetROI mean_minprincipalstress_MPa_offsetROI 

max_maxprincipalstress_MPa_offsetROI mean_maxprincipalstress_MPa_offsetROI 

proportion_compressivestrainaboveyield_offsetROI 

proportion_tensilestrainaboveyield_offsetROI 

proportion_strainaboveyield_offsetROI proportion_remodelling_offsetROI 

proportion_resorption_offsetROI volume_offsetROI 

volume_compressivestrainaboveyield_offsetROI 

volume_tensilestrainaboveyield_offsetROI volume_strainaboveyield_offsetROI 

volume_remodelling_offsetROI volume_resorption_offsetROI]; 
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12. Copyright permissions 

 

Figure # Copyright permissions (first page only)  

Figure 2.2, 

Figure 2.3, 

Figure 2.4 
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Figure 2.5 

 



  Appendices 

 

 

 

  270  

 



  Appendices 

 

 

 

  271  

 



  Appendices 

 

 

 

  272  

Figure 2.7, 

Figure 2.8, 

Figure 2.9 

 



  Appendices 

 

 

 

  273  

 



  Appendices 

 

 

 

  274  

Figure 2.10, 

Figure 2.12 
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Figure 2.11 
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Figure 2.13a, 

Figure 2.13b, 

Figure 2.13c 
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Figure 2.13b 

 



  Appendices 

 

 

 

  280  

Figure 2.13d 
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Figure 2.14a 
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Figure 2.14b 
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Figure 2.14c 
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Figure 2.15a 
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Figure 2.15b 
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Figure 2.15c 
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Figure 2.16a 
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Figure 2.16b 

 



  Appendices 

 

 

 

  296  

 



  Appendices 

 

 

 

  297  

Figure 4.3, 

Figure 4.4 
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Figure 5.1, 

Figure 5.8 
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