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Abstract 

Total knee arthroplasty is a widely used and relatively successful procedure, designed to 

relieve pain and restore function to patients suffering from osteoarthritis. However, 

satisfaction following the procedure is low. One of the primary sources of pain and a cause 

of functional limitations following knee arthroplasty is the patellofemoral joint. Reasons for 

pain in the patellofemoral joint are not well understood but adverse patellofemoral 

biomechanics are thought to contribute. 

Many in vitro methods exist for the investigation of patellofemoral joint biomechanics but 

there is no consistent standard protocol. It is therefore difficult to draw any general 

conclusions regarding the effect of specific design or alignment factors on the biomechanics 

of the patellofemoral joint. The present study aimed to improve current understanding of 

factors contributing to patellofemoral complications.  

A knee simulator, which was based on the Oxford Knee Rig and included synthetic models for 

a number of soft tissue and bony structures, was developed. The simulator was 

demonstrated to provide a simplified but physiologically relevant model of the human knee, 

which allowed effective assessment of patellofemoral joint biomechanics under physiological 

loads. The system eliminated the need for cadaveric tissue and therefore demonstrated 

reduced variability, enabling the efficient assessment of a number of potentially influencing 

factors. 

A number of investigations were carried out using the simulator to assess the effect of patella 

component design and position, and femoral component alignment on patellofemoral 

biomechanics using the Scorpio NRG system. The results of these studies indicate the benefit 

of medialisation of the apex of the patella component and warn against excessive femoral 

component sagittal plane malalignment. However, in general they indicated the relatively 

forgiving nature of the Scorpio system to malalignment and highlighted that irrespective of 

alignment and patella component design, pressures in excess of material limits are frequently 

achieved in deep flexion. 
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Chapter 1 

1. Introduction 
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The human knee is a complex structure comprising multiple bones and soft tissue structures.  

It forms two articulations; the tibiofemoral joint (TFJ) and the patellofemoral joint (PFJ). Both 

articulations are subjected to significant forces during activities of daily living, but it is within 

the PFJ that joint reaction forces are highest, often exceeding seven times body weight [1]. 

The considerable demand placed on the human knee puts it at high risk of disabling 

osteoarthritis (OA) [2]. 

Total knee arthroplasty (TKA) is a surgical procedure which involves replacing the articulating 

surfaces of the knee, with the aim of relieving pain and restoring function to patients with 

OA [3,4]. Increases in life expectancy, patient expectations and rates of obesity are fuelling 

an unparalleled demand for TKA procedures [2]. Procedures in the USA alone are predicted 

to increase sevenfold from 400,000 in 2003 to 3.48 million in 2030 [5]. TKA is associated with 

good survival rates, but patient satisfaction is low [6]. Hip replacement patients are often 

said to forget they have had their hip replaced, but this is rarely the case for TKA patients [7].  

There is no consensus regarding whether or not to resurface the patella during TKA [8-12]. 

However, in either case, the PFJ is a common source of pain and complications following TKA, 

which can contribute to substantial functional limitations [13-17]. In England and Wales in 

2011, 27% of OA case revisions were carried out purely on the PFJ [18]. The PFJ is the most 

common, non-infectious, reason for pain after TKA [16] and up to 25% of patients report 

difficulties when carrying out everyday extension activities, which can imply a PFJ 

complication [15,17]. 

The reasons for pain in the PFJ are not fully understood [19]. The cartilage of the patella does 

not contain any nerve endings, but the synovium, the retinaculum, and the subchondral bone 

are highly innervated [20-22]. Changes in PFJ loading magnitudes and patterns may induce 

pain within these structures by causing inflammation and pain in the retinaculum, irritation 

in the synovium, and by stimulating intraosseous nerve cells [20-22]. 

The loading and contact situation within the PFJ may be influenced by a multitude of factors 

relating to the patient, component design, and alignment during surgery. The effect of these 

factors on the PFJ can probably be most accurately assessed using systematic in vitro 

methods. Multiple in vitro studies of the PFJ have been reported in the literature, but no 

consistent protocol has been used. Previous investigations have suggested that using a single 

femoral condylar radius and/or a posterior stabilised bearing may reduce pressures within 

the PFJ [23-27]; mal-rotation in the  transverse plane or excessive flexion of the femoral 

component may increase joint pressures [28-30]; and lateralisation of the patella 
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component, patella alta or increased patella component thickness may contribute to  

increased PFJ forces [30-41]. However, the weight of evidence supporting any one of these 

trends is far from convincing, and there are many other factors which may contribute to PFJ 

complications that have never been studied.  

The research presented in this thesis therefore aimed to improve understanding of the 

multitude of factors which influence changes in PFJ loading, and ultimately may contribute 

to the relatively high rate of PFJ pain, complications, and associated functional limitations 

following TKA. The research was structured around three investigations: 

The first concerned the specification of the parameters and approaches most appropriate for 

the systematic assessment of PFJ biomechanics following TKA.  

The second investigation involved the development of a robust, consistent and efficient 

protocol for the in vitro experimental assessment of the PFJ after TKA. This included the 

development of a reliable simulator and repeatable methods for assessing the specified 

parameters.  

The third, and final, investigation involved the experimental assessment of the effect of a 

number of component design and alignment factors on the loading and contact situation 

within the PFJ. The scope of this experimental work was limited to the assessment of the PFJ 

following primary TKA with a single, posterior stabilised fixed bearing, implant system.  

Many recent studies have focussed on improving the accuracy of the placement of the tibial 

and femoral TKA components during surgery [42]. Significant emphasis has also been placed 

on developing new tibial and femoral component designs [43]. Considerably less time and 

effort has been focussed on the design and alignment of patella resurfacing components 

[44,45]. This study therefore intended to inform how research could be better targeted, with 

regards to improving PFJ outcomes, by identifying design factors and alignment errors, which 

have a significant and detrimental effect on the PFJ. The research also aimed to highlight the 

importance of the design and placement of the patella component and produce an efficient 

in vitro simulator and protocol that could be used for future investigations into the multitude 

of factors which may influence PFJ biomechanics following TKA. 
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2.1.  Introduction 

The human knee is a complex structure which comprises multiple bone and soft tissue 

structures, and two complimentary articulations. Replacement of the joint surfaces to 

provide relief to arthritis sufferers is a very common, but not wholly successful procedure 

[5,46]. This chapter focuses on pertinent details relating to the anatomy and kinematics of 

the natural knee, and to the components and philosophies employed during total knee 

arthroplasty. The in vitro methods commonly used to assess the knee and specific details of 

the current understanding of the impact of total knee arthroplasty on the patellofemoral 

joint are also examined. 

2.2.  Anatomy of the Knee  

The knee is an inherently unstable joint, comprising four bone structures, the femur, tibia, 

fibular and patella, which form two separate, but intrinsically linked, articulations: the 

tibiofemoral (TFJ) and patellofemoral joints (PFJ) (Figure 2-1). The knee is stabilised by a 

number of intrinsic and extrinsic muscles, and various soft tissue structures. This sub-section 

provides a brief introduction to the anatomy of the bone and soft tissue structures present 

in the human knee, which are relevant to this study. 

 

Figure 2-1: The two articulating joints of the knee  

2.2.1. The Femur 

The femur is the longest bone in the human body and connects the hip and knee providing 

insertion points for a number of muscles. The bone is often described as having two axes; a 

mechanical axis and an anatomical axis. The anatomical axis is defined as passing through the 

centre of the femoral shaft (Figure 2-2) [47]. The mechanical axis is defined as the line 

between the centre of the femoral head and the centre of the knee joint (Figure 2-2) [47]. 
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Figure 2-2: Tibial and femoral axes 

The distal femur comprises medial and lateral condyles (Figure 2-3). These are separated 

inferiorly by the interchondylar notch, and superiorly by the trochlear groove [47]. The 

trochlear groove has a radius of approximately 24 mm and subtends an arc of 90° [48,49]. It 

articulates with the patella during active flexion and lies slightly lateral to the midplane of 

the distal femur [50]. The trochlear groove coincides with neither the mechanical, nor the 

anatomical axes of the knee [50,51].  

 

Figure 2-3: Distal femoral anatomy 

The medial condyle is approximately 12.5% larger than the lateral condyle and is more 

spherical in shape [50,52]. The most prominent medial and lateral aspects of the distal femur 

are known as the medial and lateral epicondyles respectively (Figure 2-3). The line formed 

between these epicondyles is known as the transepicondylar axis (TEA) [50]. Weber and 

Weber, first described the functional anatomy of the distal femur as comprising three 

separate curves (Figure 2-4) [49,53]. The flexion facet (FF) is the largest; it has a 110 - 140° 

arc depending on the specimen and condylar side. It is the portion of the femur that 

articulates with the tibia during most activities of daily living [53].  

The most anterior curve  of the femoral condyle is the extension facet (EF), which articulates 

with the meniscus during full extension (Figure 2-4). The EF also has a constant radius, which 

is slightly larger than that of the FF. This radius is smaller on the lateral side [53,54]. The most 

posterior curve is the posterior horn facet (PHF). It is slightly larger on the lateral side, and 

only interacts with the tibia during passive deep flexion [49]. 
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Figure 2-4: Sagittal plane sections of the femoral and tibial facets. Adapted with permission from Iwaki, et al. 
(2000) [53]. 

2.2.2. The Tibia 

The tibia is one of the two long bones present in the lower human leg. It provides an 

attachment point, the tibial tuberosity, for the patella tendon [47] (Figure 2-5). The second 

bone, the fibula, runs laterally alongside the tibia, providing insertion points for some soft 

tissue structures in the knee. The fibular does not provide a proximal articulating surface [55]. 

The tibial mechanical axis is defined as the line joining the knee and ankle joint centres (Figure 

2-2). The angle between the femoral and tibial mechanical axes, the hip-knee angle, is used 

to describe the mechanical alignment of the knee (Figure 2-2) [56].  

 

Figure 2-5: Proximal tibial anatomy 

The proximal tibial surface, the site of articulation with the femur, also comprises a lateral 

and a medial condyle, separated by the intercondylar eminence (Figure 2-5) [47]. In a similar 
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manner to the femur, the proximal tibial surface is considered to comprise a number of facets 

(Figure 2-4) [53]. The anterior horn facet (AHF) accommodates the anterior horn of the 

meniscus, which articulates with the femoral EF in extension [53]. The central, and largest, 

section of the lateral tibial plateau is called the tibial articular facet (TAF) (Figure 2-4). The 

TAF is relatively flat, and contacts the femoral lateral FF during most activities of daily living 

[53]. On the medial tibial plateau this facet is split into two; the steep extension facet (EF) 

and the relatively flat flexion facet (FF) [53]. The most posterior tibial facet is the posterior 

horn facet (PHF) (Figure 2-4). The PHF is substantially more sloped on the lateral side than 

the medial. It articulates with the femoral PHF in deep flexion [53].    

2.2.3. The Patella 

The patella is a sesamoid bone located within the quadriceps tendon [51,57]. For reasons of 

clarity the soft tissue proximal to the patella is normally referred to as the quadriceps tendon, 

and that distal to it as the patella tendon, or ligamentum patellae (Figure 2-1) [47,57].The 

patella has an almost triangular shape when viewed from the posterior side, with the apex 

directed distally [55,57] (Figure 2-6). The posterior surface forms two concave facets split by 

a vertical ridge; the medial and the larger lateral [57] (Figure 2-6). The geometry of the two 

facets ensures high congruency with the femoral surface. This increases the PFJ contact area 

and reduces the joint contact pressure [44].  

 

Figure 2-6: Posterior patella anatomy 

The PFJ is subjected to significant joint reaction forces, which exceed those of the TFJ at 

flexion angles greater than 25° [44]. In high flexion activities, such as stair climb, peak flexion 

moments can exceed 40 Nm [1,58,59] which can induce PFJ reaction forces in excess of four 

times body weight [1]. Joint reaction forces during squatting can exceed seven times body 
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weight [1]. The posterior surface of the patella, which articulates with the femur, is therefore 

covered with a very thick layer of hyaline cartilage to protect the underlying bone [47,55].  

The presence of the patella reduces the quadriceps force required for a given motion. It 

increases the patella tendon moment arm (PTMA), the moment arm of the quadriceps 

mechanism (Figure 2-7), relative to a situation where the tendon contacts directly with the 

femur and tibia [44,60,61].  

 

Figure 2-7: Patella tendon moment arm 

2.2.4. Active Supporting Structures 

The movement of the knee joint is primarily controlled by two muscle groups; the extensors 

and the flexors. These two muscle complexes work antagonistically to move and stabilise the 

knee joint [47].  

The quadriceps complex dominates the extensor mechanism of the knee and comprises the 

rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius muscles (Figure 2-8) 

[47]. These four muscles work together to facilitate knee extension, but are thought to 

activate at different loads and at different degrees of flexion [47].  

The different muscles of the quadriceps complex merge, via the patella, to the same broad 

distal insertion point; the tibial tuberosity. The vastus medialis attaches distally on the base 

and medial border of the patella producing a medial restraining force. The larger, vastus 

lateralis mirrors this insertion on the lateral border of the patella [47,55].  

Proximally, the separate quadriceps muscles have very different insertion points. Each 

muscle therefore has a distinctive line of action, and applies different forces and moments at 

the knee joint [47]. The rectus femoris inserts proximal to the hip joint, on the acetabulum 

and the inferior iliac spine. In contrast, the vastus lateralis has a broad insertion point, which 

begins on the lateral intertrochanteric line. This insertion is mirrored by the vastus medialis 
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on the medial side of the intertrochanteric line. The vastus intermedius is the deepest portion 

of the quadriceps complex, and arises from a long attachment point covering the proximal 

half of the femoral shaft [47,55]. 

 

Figure 2-8: Quadriceps muscles 

The seating of the patella in the trochlea  groove of the distal femur, guides the extensor 

mechanism [44]. In full extension, the patella tendon is kept relatively parallel to the tibial 

axis in the coronal plane. In contrast, the quadriceps tendon maintains a lateral angle, relative 

to the patella tendon due to the location of the proximal insertions of the quadriceps 

muscles. This angular offset between the patella and quadriceps tendons is known as the Q-

angle (Figure 2-9) [44,57]. In natural knees the Q-angle is approximately 15° in full extension 

[39,44,51,62]. As a consequence of the Q-angle a lateral force acts on the patella [44,63]. In 

order to prevent subluxations, the anterior surface of the lateral femoral  condyle is therefore 

more pronounced, and the vastus medialis is stronger than the vastus lateralis [44].  
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Figure 2-9: Q-angle 

The hamstrings complex maintains trunk stability and is the primary knee flexor. The 

hamstrings also regulate the effect of inertial forces when the leg is extended and stabilise 

the tibia in terms of both anterioposterior and rotational movement [47]. The hamstrings 

complex comprises the semitendinosus, semimembranosus and biceps femoris muscles 

(Figure 2-10) [47]. 

 

Figure 2-10: Hamstrings 

The semitendinosus muscle, and one arm of the biceps femoris, attach to the pelvis via a 

combined tendon, proximal to the ischial tuberosity. The semimembranosus muscle inserts 

just above this combined insertion point. The shorter arm of the biceps femoris inserts 

proximally over a large area of the femoral shaft [47]. 
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The semitendinosus is a relatively short muscle which develops into a tendon proximal to the 

knee joint. This long tendon passes behind the femoral medial condyle, alongside the medial 

collateral ligament, and inserts onto the tibial medial condyle. The semimembranosus muscle 

forms a shorter tendon, and inserts distally into a horizontal groove just proximal to the 

semitendinosus muscle [47]. The two arms of the biceps femoris combine together proximal 

to the patella. The muscle then becomes tendinous and passes over the lateral femoral 

condyle inserting distally onto the head of the fibular [47].  

2.2.5. Passive Supporting Structures 

The TFJ is a complex structure comprising multiple ligaments, cartilaginous constructions and 

an all-encompassing joint capsule. The major structures, which are commonly considered to 

support the TFJ, are the meniscus, the collateral ligaments, and the cruciate ligaments (Figure 

2-11).  

 

Figure 2-11: Soft tissue structures of the TFJ  

The medial collateral ligament (MCL) resists valgus motion of the knee, and limits tibial 

anterioposterior motion and rotation [64]. The MCL is able to provide this varied pattern of 

restraint because it comprises three separate structures: the superficial MCL (sMCL), the 

deep MCL, and the posteriomedial capsule [65]. 

The sMCL is comprised of relatively parallel fibres. They strain as one if the joint is in valgus, 

but are recruited progressively during tibial rotation and anterioposterior motion [64]. As the 

primary restraint to tibial internal rotation and valgus motion [64], the sMCL is the strongest 

component of the MCL [65]. Unlike other ligaments in the body, the sMCL does not 

commonly operate within its toe region. It remains relatively taut throughout flexion, 

providing a fairly isometric restraining force [64,66]. It undergoes less than a 2% change in 

length during flexion of the knee [66]. 
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The lateral collateral ligament (LCL) inserts proximally on the femur and distally on to the 

fibula (Figure 2-11). The LCL resists tibial internal rotation in flexion, and external rotation in 

extension [67]. The ligament also provides the primary restraint to varus motion of the knee 

[68]. Unlike the MCL, the LCL is not taut throughout flexion; it slackens by approximately 12% 

as the knee flexes from 0-120° [66-68].  

The popliteofibular ligament (PFL) is an additional primary stabilising structure located in the 

posterolateral corner of the knee (Figure 2-12). The PFL originates proximally from the 

tendinous junction of the popliteous tendon femoral attachment. It inserts distally on to the 

fibular head [69]. 

 

Figure 2-12: Posterolateral corner of the knee 

Multiple studies have assessed the posterolateral corner of the knee by sequentially 

sectioning the various structures on cadaveric specimens. Differences in the cutting sequence 

and the position of the popliteus tendon resection between different investigators has 

influenced the conclusions drawn. However, all studies concur that the PFL contributes to 

constraint of tibial posterior translation, and varus and external rotational [70-75]. 

The PFJ is mainly stabilised by the action of the quadriceps muscle components. However, 

the medial and lateral retinacula provide additional passive support [55]. The patella 

retinaculae are the portions of the overall knee joint capsule directly attached to the patella. 

They constrain the patella to the femur [47,51] and have been termed the collateral 

ligaments of the PFJ [47,49,76]. 

The medial retinaculum comprises the medial patellofemoral ligament (MPFL), the medial 

meniscopatellar ligament and a number of other fibrous tissue bands [77,78]. The MPFL 

varies in size considerably between specimens, but is considered to be the primary constraint 

to lateral patella motion during early flexion of the TFJ [77-79]. The MPFL remains relatively 

taut in early flexion of the TFJ providing a resistance to the lateral quadriceps force on the 
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patella [77-79]. As the knee continues to flex the ligament slackens as the patella enters the 

trochlear groove and bone geometry offers the primary resistance to lateral patella motion 

[77-79]. 

The lateral retinaculum is considered to comprise iliotibial band-patella fibres, the lateral 

patellofemoral ligament and the lateral meniscopatellar ligament [80]. These structures are 

essentially characterised by a thickening of the retinaculum [80]. Their kinematic roles are 

therefore difficult to define [77,80]. 



 

 
37 

2.3.  Kinematics of the Knee  

The seemingly simple act of flexing and extending the knee results in complex interactions 

between the three bones that form the knee. Although the kinematics of the human knee 

have been investigated for over 150 years, this complexity was not appreciated until 

relatively recently. The periods of development that have led to the current understanding 

of knee kinematics can be broadly split into three; early understanding of knee kinematics, 

classical theory of knee kinematics, and a modern interpretation of knee kinematics. 

2.3.1. Early Understanding of Knee Kinematics 

The anatomy, shape and kinematics of the bones within the TFJ have been studied for 

centuries. In 1836 the Weber brothers [81] dissected a human cadaver and examined the 

shapes and relative movements of the bones within various lower limb joints. They 

demonstrated the circular nature of the posterior femoral condyles, and that longitudinal 

rotation, around a medial pivot, occurs alongside flexion. Further early work, using primitive 

motion capture systems, supported the assertion that the knee joint experiences longitudinal 

rotation coupled to any flexion movement [82].  

The first radiographic study to be carried out on the knee led to the suggestion that it could 

be modelled as a linkage mechanism. Zuppinger assumed that the cruciate ligaments remain 

taut throughout the flexion range and, along with the tibia and femur, formed a rigid four 

bar linkage. Other early work disputed the assumption that the posterior cruciate ligament 

(PCL) was taut throughout the range of flexion. However, it was only the four bar linkage 

image that persisted and was incorporated into classical theory in the 1970’s [82].   

Many other early studies, carried out largely by anatomists, were in German and largely 

forgotten as English became the primary language of science [82]. The PFJ was largely ignored 

in these early investigations of the knee as it was considered to act as a simple two 

dimensional pulley [51,83].  

2.3.2. Classical Interpretations of Knee Kinematics 

Little work to evolve understanding of knee joint kinematics was carried out in the period 

from 1917 to 1970. However, in the 1970’s, scientists and engineers, unaware of much of the 

early work published in German and French, utilised x-rays and other imaging techniques to 

understand and describe knee kinematics [82].  

Sagittal plane x-rays were taken of cadaveric and in vivo knees. The axis of tibiofemoral 

flexion was assessed using the Rouleaux method, making the assumption that the two axes 
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of the joint are planar. This assumption results in significant errors if images are not taken in 

the plane of motion. These analyses indicated that the femoral FF was elliptical or egg shaped 

[84], and that the instantaneous centre of rotation of the knee moves in a semi-circle or J 

shaped curve during flexion [52,85-87].  

The four bar linkage mechanism, originally proposed by Zuppinger, and reprinted by 

Kapandji, has classically been used to describe the complex motion inferred by the moving 

centre of rotation. This model was demonstrated to describe not only flexion-extension of 

the knee joint, but also the femoral posterior translation and rotation known to occur with 

flexion [86,88].  

During this period the PFJ was again rarely studied. Sagittal plane x-rays resulted in the 

continued pursuit of simple pulley models of the PFJ. Such models assume that the tension 

in the patella tendon and the quadriceps tendon remain the same throughout the flexion 

range [89]. In 1977 Bishop demonstrated, empirically and experimentally, that this was not 

the case. This caused researchers to reconsider the PFJ model, and ultimately led to the 

development of modern understanding of the PFJ [57]. 

2.3.3. Modern Interpretations of Knee Kinematics 

In the 1980’s there was renewed interest in the anatomy of the distal femur, and how this 

may inform understanding of knee kinematics. Kurosawa et al. [90], used x-ray images and 

calliper measurements of cadaveric knees to demonstrate, in line with the work of the Weber 

brothers [81], that the posterior femoral condyles can be modelled as spheres. The circular 

nature of the distal femoral condyles was further demonstrated by Elias et al. [49], who 

indicated that the centre of the lateral and medial spheres corresponded with the insertion 

points of the collateral ligaments.  

In 1993, Hollister et al. [91] demonstrated, using cadaveric specimens, that knee motion can 

be described as rotations around two non-orthogonal axes: the flexion axis and the 

longitudinal axis (Figure 2-13). These axes are not related to normal planes of motion and 

can be difficult to interpret anatomically and surgically [91].  
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Figure 2-13: Axes of rotation  

It has been demonstrated, using techniques such as MRI, CT, and fluoroscopy, that the 

posterior section of the femoral condyles can be modelled as cylinders with a coincident axis 

(Figure 2-14) [50,53,91-94]. This is the flexion axis (or cylindrical axis) of the knee. It does not 

correspond with the surgical TEA [95], but does coincide with the circular centres described 

by Elias et al. [49]. The longitudinal axis of the knee passes though the medial plateau of the 

tibia and is not in the same plane as the flexion axis [91]. 

 

Figure 2-14: Cylindrical posterior femoral condyles. Adapted with permission from: Eckhoff, et al. (2005) [92] 

In 1980 Ellis et al. [89] continued the work of Bishop and others [57,61] and demonstrated, 

using a geometric model, that the simple pulley model of the PFJ was inconsistent with 

radiographic images. Ellis et al. and others [57,89], demonstrated that the patella acts as an 

amplifying lever during dynamic motion (Figure 2-15). 
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Figure 2-15: PFJ soft tissue moment arms (LHS: Flexion of the TFJ; RHS: Extension of the TFJ) [89] 

The patellofemoral contact point is not located at the centre of the proximodistal axis of the 

patella [96]. When positioned distally of the patella centre, as is the case in extension of the 

TFJ, the moment arm of the quadriceps tendon is larger than that of the patella tendon. As 

the contact point moves proximally with flexion of the TFJ this difference reduces [48]. 

Therefore, in early flexion, less quadriceps force will be required to move the tibia and flex 

the knee [96]. In order to maintain a constant patella tendon force, the required quadriceps 

force increases with flexion as the moment arm ratio decreases [57].  

The work of Hollister, Freeman, Ellis, and others has led to the formulation of modern knee 

kinematic theory [54,57,89,91,97]. Modern kinematic theory is based around the notion that 

knee motion occurs in three distinct phases, as depicted by Figure 2-16.  

 

Figure 2-16: Phases of knee motion  

The Screwhome arc of motion describes flexion-extension of the TFJ from full extension to 

approximately 20° of flexion. In full extension both the collateral and cruciate ligaments are 

taut [98]. During an extension motion, at approximately 20° of flexion, the knee appears to 

rock as the femoral condyles shift from the femoral FFs to the femoral EFs. The medial 

condyle rolls up on to the tibial EF causing its centre to move approximately 1.2 mm 

posteriorly. The lateral condyle rolls down the tibial AHF moving up to 2 mm distally as the 

LCL relaxes. This results in posterior roll back and a net internal tibial rotation, relative to the 

femur, in the order of 1° axial rotation for every 2° of flexion [54,97-100].   
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At, and near, full extension of the TFJ, the patella is located proximal to the trochlear groove 

of the femur [44]. During this phase of motion, the Q-angle is at its largest and puts the patella 

under a significant lateral force [44]. Femoral geometry offers little lateral constraint to 

patella movement in full extension. The lateral pull of the quadriceps is therefore, restricted 

largely by soft tissues, namely the retinaculum [101]. 

During the active flexion arc, approximately 20-120° of flexion, the femur rotates about the 

flexion axis [54,91,97]. During this range of flexion, the femoral medial condyle moves very 

little anterioposteriorly, whereas the lateral condyle moves consistently posteriorly. This 

equates to a small amount of posterior roll back, and tibial internal rotation (approximately 

10-20°) around a medial pivot [54,97,99,102-106]. There are multiple theories as to the cause 

of this tibial rotation which is reduced under active flexion [103]. It has been suggested that 

tibial rotation may be a result of the lack of symmetry in the collateral ligaments: throughout 

flexion the medial collateral ligament (MCL) remains isometric, but the LCL slackens slightly 

with flexion [66,98]. The posterior distal insertion point of the LCL also acts to force the lateral 

femoral condyle posteriorly and hence induce rotation [66].  Alternatively, it may be due to 

the difference in constraint and conformity provided by the lateral and medial menisci 

[54,107]. Tibial rotation is undoubtedly necessary in deeper flexion, to facilitate the femur 

and tibia moving in relation to each other [108]. However, its role in early flexion is less clear. 

Although tibial rotation is passively coupled to flexion, it can be reversed or prevented, and 

may be an evolutionary hangover [53,97,103,104,108]. The accompanying posterior rollback 

is largely driven by the action of the cruciate ligaments and stabilised by the MCL in the 

natural knee [64,98,109].  

During active flexion, the patella rotates around the femoral condyles with an axis of rotation 

that is parallel to the femoral flexion axis [60,110-113]. Patella flexion is proportional to 

tibiofemoral flexion, but lags by approximately 30% [114]. The patella contacts the trochlear 

groove at approximately 10-20° of tibiofemoral flexion [44,101]. From this point until 

approximately 90° of flexion of the TFJ, the patella runs deep within the congruent trochlear 

grove. Throughout this range of motion, femoral geometry forms the primary constraint to 

patella subluxation [101].  

From approximately 30° of tibiofemoral flexion onwards, the patella initially translates 

medially and then laterally (Figure 2-17) [39,44,57,110-112,115-117]. This lateral translation, 

coupled with rotation of the tibia, reduces the Q-angle, and hence the lateral pull of the 

quadriceps [51]. With increased flexion of the TFJ, the patella also rotates medially to a 
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maximum of approximately 15° at 50° of tibiofemoral flexion [44]. This pattern is highly 

variable, even within the healthy population, and is greatly affected by foot orientation 

[110,115,118].  

The reported patterns of patella tilt also vary widely. Many studies report a medial tilt during 

early flexion of the TFJ, which becomes lateral from approximately 30-90° of flexion of the 

TFJ [110,115,118]. Conversely, other studies have indicated an entirely lateral tilt, often 

demonstrating a medial lean in deep flexion of the TFJ [110-112,117,119,120].  

 

Figure 2-17: Patella degrees of freedom  

Flexion of the TFJ in excess of approximately 120° (deep flexion) is a passive motion as the 

muscles have insufficient moment arms to actively move the limb. Deep flexion is, therefore, 

only possible with additional external forces, such as body weight [54]. During the passive 

flexion arc of motion the femur as a whole begins to move posteriorly as the femoral condyle 

PHFs articulate with the tibial PHFs [54]. During this range of motion the patella sits deep 

within the intercondylar notch [51].  
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2.4.  Total Knee Arthroplasty 

Total knee arthroplasty (TKA) or total knee replacement is a major surgical procedure. It 

involves resurfacing the articular surfaces of the TFJ, and in some cases the patella. It is 

generally indicated for patients suffering with severe disability as a result of arthritis, which 

is causing pain, deformity or is significantly limiting function [3,4].  

TKA primarily aims to relieve pain and restore acceptable function [4,84,121]. As patient 

expectations rise however, there is also a drive to improve function, enable high flexion, and 

restore the knee to a natural, pre-disease state. Osteoarthritis (OA), the primary indicator for 

TKA, is the most prevalent joint condition in the USA, affecting 11.5% of over 50s [2]. As the 

baby boomer population ages, and life expectancies increase, a greater proportion of the 

population will suffer from arthritis [2]. This will increase the demand on TKA procedures. 

The increasing rate of obesity in the developing world is also causing an increase in traumatic 

joint injuries; a risk factor for TKA [2]. 

In 2011, in England and Wales alone, more than 84,000 primary knee replacements were 

carried out [122]. This was greater than the number of total hip arthroplasties carried out 

and represented an increase on the preceding year, continuing the exponential rise seen 

throughout the developed world [123,124]. In 2003 approximately 400,000 primary TKAs 

were carried out in the USA [5]. The number of procedures carried out each year rose to 

more than 600,000 in 2008 and is predicted to reach 3.48 million by 2030 [5,125]. 

TKA is a very successful procedure in terms of surgical outcomes and is characterised by high 

survival rates. Most studies report survival rates of approximately 83-94% at 15 years and 77-

91% at 21+ years [3,6,126,127]. Multiple indications for revision are recorded in the 2012 

National Joint Registry for England and Wales [122]. The reasons for many indications are 

unclear but, with the exception infection and progressive arthritis, they could be attributed 

to surgical error, the choice of surgical technique, or the implant design.  

Sharkey et al., 2002 [126] carried out a comprehensive review of 212 revisions carried out by 

a number of surgeons. The authors indicated that 55.6% of revisions occurred within two 

years, with 25.4% of them due to infection. Of the revisions that occurred after two years, 

44.4% were due primarily to wear. No early failures, within two years of implantation, were 

due to wear but there was evidence of polyethylene damage in 11.8% of cases. The data also 

indicated that malalignment, a purely surgical factor, was the primary cause of revision in 

11.8% of cases. 
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In England and Wales in 2011, revision operations in 27% of OA and 15% of rheumatoid 

arthritis cases were carried out purely on the PFJ [18]. There is some debate as to whether 

this was due to inappropriate patella resurfacing. However, it does highlight the substantial 

number of failures that are related to PFJ complications. The prominent role PFJ 

complications play in the need for revision was also highlighted by Sharkey et al. [126]. 

Extensor deficiency, avascular necrosis and resurfacing of the patella were the primary 

indications for revision in 6.6%, 4.2% and 0.9% of cases respectively and were reported in 

approximately 20% of all revision cases. 

In terms of patient satisfaction, TKA is noticeably less successful than THA. Even when 

adjusted for age, TKA patients report significantly lower satisfaction, pain, and function 

scores than contemporary THA patients [46,128]. Satisfaction with the procedure, something 

which is difficult to define, is only reported in 80-95% of cases [17,123,126,127,129]. Hip 

replacement patients are often said to forget they have had their hip replaced, but this is 

rarely the case for TKA patients, who commonly suffer from pain or, more commonly, 

abnormal or restricted knee motion [7,128].  Only 66% of young active patients report that 

their joint felt “normal” after TKA and nearly a third of patients report pain within the joint 

[17]. 

Various studies have highlighted the significant role of the PFJ in the development of constant 

pain after surgery which can cause substantial functional limitations [13-17]. The PFJ is the 

most important non-infectious reason for pain following TKA [16]. Anterior knee pain (AKP), 

which is often associated with complications relating to the PFJ or localised around the 

patella, is suffered by 8-10% of patients after TKA [13-15]. Similarly, up to 25% of patients 

report difficulties in carrying out extension activities such as stair ascent and descent or rising 

from a chair, which indicates PFJ pain or an extensor mechanism deficiency [15,17]. 

Similar to the native knee, the likely sources of AKP in the replaced knee are not fully 

understood [19]. AKP is often associated with an imbalance in the quadriceps mechanism, 

possibly as a result of pre-existing vastus medialis weakness; hip abductor insufficiencies due 

to hip osteoarthritis; or component malpositioning. Such problems can be treated by 

physiotherapy, hip replacement and knee joint revision respectively [19]. Other sources of 

AKP are less well understood [19].  

The cartilage of the patella does not contain any nerve endings but the synovium, 

retinaculum and subchondral bone have many [20-22]. Excessive loading of the cartilage, 

either due to an unexpected impact, or repetitive loading below the material yield stress, 
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may damage the structure causing a localised tissue response. This may induce  inflammation 

and pain in the retinaculum, irritation in the synovium, or a reduction in cartilage thickness 

[20,21]. Excessive loading, or simply an alteration in the loading pattern, with or without 

cartilage present, may also stimulate intraosseous nerve cells within the patella bone [20-

22].  

2.4.1. Tibiofemoral Implant Designs 

The concept of knee arthroplasty has been around for over a century [130,131]. However, it 

was not until the 1950‘s and 1960’s that modern TKA really took shape.  Two distinct 

philosophies were developed; constrained or hinged prostheses, and total condylar knees 

[130]. Hinged prostheses are still widely available and used where a patient’s soft tissues are 

severely compromised. Hinged prostheses are rarely required for primary surgery and will 

not be considered within the scope of this study [18,121]. The present report will concentrate 

on total condylar knee systems, which resurface the femoral and tibial articulating surfaces 

with two separate, unlinked components [131]. 

Modern total condylar knee replacements comprise three parts, a femoral component, a 

tibial component and a polyethylene bearing (Figure 2-18). Various materials have been used 

historically, but most commonly available implants have metallic femoral and tibial 

components and polyethylene bearings [18]. In some cases the patella may also be 

resurfaced. 

The design of the femoral component varies widely (Figure 2-18) [4]. The vast majority of 

traditional implant designs were based on the classical J curve theory of TFJ kinematics. They 

exhibit a range of radii (multiradius TKA designs) in the functional range of motion, and have 

been reported to suffer from mid-range instability [23,24,132]. The remaining implant 

systems, and the majority of most recently introduced designs, take modern theory of knee 

kinematics into account and have only one condylar radius in the functional arc (single radius 

TKA designs).  

In vitro and in vivo studies comparing single radius and multiradius designs have 

demonstrated that single radius TKAs have a reduced quadriceps force requirement, and 

hence an improved extensor mechanism efficiency [23,24,133,134]. This may be due to the 

perceived increase in PTMA as a result of the posterior single axis of rotation, or may be a 

consequence of the deeper trochlear groove present in all single radius designs which may 

alter the patella flexion angle [24].  
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Figure 2-18: Modern TKA prosthesis design (Adapted from: [135-139]) 

In the majority of commercially available designs the polyethylene bearing and tibial base 

plate are separate components  to allow ease of manufacture, flexibility within surgery and, 

if required, the ability to replace the bearing without requiring a full revision [43]. The bearing 

can either be fixed or mobile (Figure 2-18). In the fixed configuration the bearing insert is 

permanently locked to the tibial base plate to prevent micromotion. In the mobile bearing 

configuration, the bearing is allowed to rotate and/or translate with respect to the tibial base 

plate [121].  

The level of constraint provided by the proximal geometry of the bearing is commonly 

defined as Cruciate Retaining (CR), Cruciate Sacrificing (CS) or Posterior Stabilised (PS) (Figure 

2-18) [18,140]. As well as the level of constraint, bearing geometries are also described in 

terms of conformity [140]. A higher degree of conformity will increase the joint surface area. 

However, it may also increase the joint constraint, cause increased shear forces, higher forces 

at the implant fixation surfaces, and a reduction in  the range of motion [140].  

Most modern total condylar implants require the removal of the ACL to enable placement of 

the prosthesis. CR bearings have anterior cut outs to allow retention of the PCL. They provide 

little constraint to axial rotation or anterioposterior motion, instead relying on the PCL to 

resist excessively anterior contact positions and rotations [4,84].  

Studies have indicated that the PCL may be unable to provide sufficient anterioposterior 

constraint without the ACL [141]. Some surgeons therefore routinely resect it. It may also be 
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necessary to resect the PCL due to damage or degeneration. In these cases the surgeon may 

choose to use a CS or PS bearing.  

CS bearings are similar in design to CR bearings, but are all highly conforming [4]. They often 

have high anterior lips to prevent excessive anterior motion and guide femoral roll back 

[121]. PS bearings have a cam-post system, which provides additional anterioposterior, but 

not mediolateral constraint [121]. The interaction of the post and cam guides joint motion, 

often inducing posterior roll back of the femur, and preventing excessive anterioposterior 

motion and rotation [84].  

2.4.2. Patella Resurfacing 

The percentage of patellae, which are resurfaced during primary TKA procedures varies 

widely by country (Figure 2-19). The National Joint Registry for England & Wales, indicated 

that 34% of primary TKA operations carried out in 2011 included the implantation of a patella 

component [122]. This is a significant fall from the 65.2% reported in 2007 [142], but shows 

a slight increase from the 33.5% recorded in 2010 [18]. In Australia and New Zealand there 

has been a trend in recent years towards a higher proportion of patella resurfacing [143,144]. 

In contrast, the Swedish Knee Register Annual Report for 2011 indicates that only 3% of 

primary TKAs carried out in 2010 included a patella resurfacing procedure. The number of 

patellae resurfaced in Sweden, Canada and Denmark is diminishing year on year [6,144,145].  

 

Figure 2-19: Percentage of primary total condylar knee procedures carried out with patella resurfacing 
[122,124,144-148] 
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The complex effect of patella resurfacing on implant failure has been investigated by 

registries in Australia and Sweden, which suggest a slightly increased risk of failure for non-

resurfaced patellae [124]. Recent reviews and retrospective registry studies have also 

highlighted the increased risk of failure in non-resurfaced joints. However, they note the lack 

of reliable evidence to support or explain this and disagree as to its significance [8-12]. There 

is no consistent evidence regarding the effect of resurfacing on pain and function following 

TKA.  

Lygre et al. 2011 [8] demonstrated that resurfacing led to a significant reduction in the risk 

of revision due to pain, but a significant increase in the risk due to osteolysis or polyethylene 

failure. Evidence such as this has led some to suggest that patella resurfacing should be 

reserved for use in minor revisions, when patellofemoral pain has become an issue. However, 

data from the Australian registry indicates that secondary resurfacing (i.e. resurfacing at a 

later date following primary TKA) is associated with a 15% chance of revision compared to 

3.1% for patients resurfaced during a primary procedure [9].  

2.4.3. Patella Component Design 

A variety of patella component designs are used in modern TKA, reflecting a lack of 

convergence  in the design philosophies (Figure 2-20) [44,45]. The components are either 

inset within the patella bone remnant, or simply resurface it, the latter being more common. 

Almost all commonly used TKA systems include a dome patella component option [149-156]. 

Dome shaped components, which may have a simple dome profile or a sombrero shaped 

periphery (Figure 2-20), are relatively forgiving to mal-placement and soft tissue changes 

within the joint [44]. A few systems also provide asymmetric components [151,154], or 

anatomical designs [155]. Asymmetrical and anatomical designs (Figure 2-20) are believed to 

facilitate more congruent tracking in the femoral trochlea. They are designed to increase 

contact area within the PFJ and hence reduce wear [44]. However, the maximum contact 

area achieved with these designs is still reported to be only 40% of that seen in the native 

joint [44].  

 

Figure 2-20: Patella component designs (Adapted from: [157,158]) 

The majority of modern TKA systems only provide all polyethylene patella components as 

opposed to metal backed patella components [149-156]. This is probably due to a number of 
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historical failings associated with metal backed components. These failures were considered 

to be a consequence of substantially reduced patella bone stock following the introduction 

of metal backed polyethylene components [159]. However, there are a few modern mobile 

bearing patella components which have demonstrated good clinical results [44,155]. 

2.4.4. Surgical Techniques 

The current gold standard for TKA involves the restoration of the knee joint to a 0°, or neutral, 

mechanical alignment; a straight line from the hip to the ankle passing through the centre of 

the knee. This method aims to promote approximately equal loading in the medial and lateral 

joint compartments, and hence a lower wear rate. In order to achieve this surgically, the 

femoral component is aligned with the femoral TEA, the posterior condyles or Whiteside’s 

line [56,92].  

A neutral mechanical alignment, and correct component position in other planes of motion, 

is most commonly achieved using intra and extra-medullary guides and jigs [56]. Guides are 

relatively user-friendly [56], but associated with significant placement errors due to issues of 

poor resolution, surgeon errors, and patient factors such as obesity [84]. Computer 

navigation was developed as a method to more accurately place implants. Computer 

navigation has a steep learning curve, and causes a substantial increase in theatre time and 

procedure cost [160]. It reduces alignment variability [42], but has not been demonstrated 

to have any effect on functional outcomes or satisfaction [160-162].  

Early wear and failure studies, using now redundant implants, indicated a failure rate of 24% 

in knees aligned with a mechanical axis in more than 3° varus or valgus. Knee replacements 

aligned closer to neutral (<± 3°) only failed in 3% of cases [159,163]. These studies led to the 

conclusion that aiming for neutral  (0°) is the ideal joint alignment following TKA [42]. 

Perhaps, a more appropriate interpretation of the findings was that there was a range of ± 

3° from a neutral mechanical axis for safe placement. 

Studies using modern implants have failed to identify a relationship between alignment and 

early failure [164-168]. This suggests that modern designs and materials can support the 

loading patterns associated with small variations in varus or valgus knee alignment [164-168]. 

Recent in vivo studies have also shown that the normal, healthy knee does not, on average, 

display a neutral alignment [92,169,170]; only 2% have a neutral joint alignment and only 63-

80% of healthy individuals fall within a range of ± 3° from a neutral mechanical axis 

[92,169,171].  
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This has led to a debate about whether the drive to achieve neutral mechanical alignment is 

leaving patients with unnatural anatomy, predisposing them to pain and poor functional 

outcomes. The theory of kinematic alignment advocates the need to replicate the patient’s 

natural, pre-disease, alignment rather than a general correction to a 0° mechanical 

alignment. Kinematic alignment can be achieved by aligning the femoral component with the 

knees natural flexion axis, using surgical pre-planning and/or patient specific cutting guides 

[56].  

2.4.5. Surgical Accuracy 

Whichever method or technique is used to align the components during a TKA procedure, 

errors will be made due to human error, surgical inaccuracies, cement fixation issues and 

bone cutting errors [172,173]. Poor component alignment, in the coronal and other planes, 

does not always correlate with patient dissatisfaction, but has been linked to poor functional 

outcomes [174]. Table 2-1 details the levels of surgical malalignment commonly reported in 

the literature. Translational tibiofemoral errors and many patella errors are rarely reported. 

Due to widespread concern regarding coronal joint alignment, surgical methods have been 

developed to reduce the risk of malalignment in this plane. As a consequence a high 

percentage of tibial and femoral components are reported to be within ± 3° of neutral 

mechanical alignment (Table 2-1) [162,175-179]. Less effort has been concentrated on 

improving sagittal plane alignment. A significant proportion of patients therefore continue 

to demonstrate errors in the placement of tibial and femoral components of more than 3° of 

flexion or extension (Table 2-1) [162,172,177,179,180].  

Internal and external rotational alignment of the femoral component is relatively accurate 

using both conventional and computer navigation methods (Table 2-1) [162,179]. In contrast, 

tibial internal and external rotational alignment is very variable (Table 2-1) [162]. There is a 

lack of well-defined landmarks available on the tibial side of the joint to guide component 

rotational alignment [181-183].  

Surgical error during patella resection is a major cause of early revision [184]. However, 

despite implant systems being supplied with patella resection guides, patella resection is 

most commonly carried out by hand without the use of templates [3,184]. Surgeons simply 

use vernier callipers to measure the resection depth and place the patella component by eye. 

Unlike femoral and tibial resection, there is little consensus as to which landmarks are most 

appropriate to use, and most reliable, when defining the patella resection plane [185].  
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Table 2-1: Literature reported values of surgical error 

 
Computer 
Navigation 

Traditional 
Methods 

 

Femoral Component 

Coronal Plane 
93% within ±3° 

68% 0° error 

82-89% within ±3° 
Maximum errors 3° 

varus - 4° valgus 
[162,176,177,179] 

Sagittal Plane 
84% 0° error 

Maximum error of 
3.5° 

Significant number 
not within ±3° 

Maximum error 7° 
[172,177,179,180] 

Transverse Plane 
97% within ±3° 

Maximum errors 
4.7°IR – 2.2°ER 

89% within ±3° 
Maximum error of 5° 

[162,179] 

Tibial Component 

Coronal Plane 
93% within ±3° 

82% 0° error 
81-82% within ±3° 
Maximum error 6° 

[162,175-178] 

Sagittal Plane 
62% within ±3° 

66% 0° error 

Significant number 
not within ±3° 

Maximum error 4.7° 
[162,172,177,180] 

Transverse Plane 
Maximum errors 
27.1°IR – 15°ER 

Maximum errors 
21.2°IR – 19.6°ER 

[162] 

Patella Component 

Mediolateral 
Rotation 

- 
4.6±10° medial 

average placement 
[185-187] 

Flexion - 
Extension 

- 
4.2±10.7° flexion 

average placement 
[187] 

Thickness - 1.4±1.9mm [187] 
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2.5.  In Vitro Investigation Methods 

In vitro testing of knee replacement systems is routinely carried out to assess implant wear 

as part of pre-clinical evaluation tests (for example ISO 14243). However, kinematic testing 

of implants is largely confined to research. Within this sub-section, common methods of in 

vitro testing and the factors which need to be considered when developing protocols, such 

as specimen type and loading levels, will be discussed. The anatomical and biomechanical 

elements of the knee joint that must be considered when developing a knee simulator are 

also reviewed. 

2.5.1. Simulators 

The majority of modern biomechanical studies are carried out using derivatives of the Oxford 

Knee Rig (OKR) [38,96,188-192]. Other methods employ systems which fix the tibia or more 

commonly the femur [25,26,193,194], are adaptations of wear test rigs, or make use of 

simple surgical leg holders. 

2.5.1.1.  Oxford Knee Rig & Derivatives 

In 1975 Perry et al. [195] published a study carried out using a static, table-top, knee rig, 

which was the precursor to the OKR. This rig fixed the tibia to a single plane hinge, which only 

allowed flexion. The femur could be flexed to position the knee at a specific degree of 

tibiofemoral flexion, whilst maintaining the hip position vertically above the ankle. The 

quadriceps mechanism was then loaded via a cable until the knee was balanced. A variable 

compressive force was also applied at the hip joint. Bourne et al., 1978 first described the 

modern OKR [196]. Bourne developed Perry’s rig to include ankle and hip gimbal joints, 

facilitating rotation around the tibial axis. This rig only allowed static testing.  

In order to evaluate dynamic movements such as squatting, stair climbing, or gait many 

authors have modified the original OKR [96,196-200] (Figure 2-21), or used standard 

materials testing machines adapted to produce similar motions [188,190]. Such rigs either 

dynamically move the hip or ankle joint vertically against a quadriceps force [96] or use a 

quadriceps force to move the knee joint against a simulated body weight [196].  

OKRs allow repeatable testing of a knee joint in a dynamic manner, under a range of 

simulated body weights, up to and including physiological levels of loading. However, the 

dynamic range of knee motion is often limited to 20-120° or less, due to inertial forces 

induced by movement, and frequent dislocations in full extension [96,197-200]. OKRs are 

also limited by the structural (but not physiological) requirement for the hip and ankle to 

remain vertically aligned. This prevents the replication of physiological loading profiles for 
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activities such as gait, or rising from a chair. When carrying out such a motion naturally, the 

effect of body weight would be moderated by trunk anterioposterior motion [196]. 

 

Figure 2-21: Example of an Oxford Knee Rig. Adapted with permission from: Long (2011) [196].  

Different authors have used varying ankle and hip attachment methods to allow the knee to 

be tested with a full six degrees of freedom. Many rigs, including the traditional OKR, force 

the tibia to rotate longitudinally around the tibial mechanical axis [196]. However, naturally 
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tibial rotation occurs around a more medial axis [91]. Some studies therefore use ball joints 

at the ankle, or relocate the bearing which allows tibial rotation from the tibial shaft to below 

the ankle [201]. The latter of these configurations is employed in the Kansas Knee Simulator, 

which has been reported in a number of studies [96,192,199,200]. The Kansas Knee Simulator 

actuates the knee in a different way to the traditional OKR. This will be discussed later in this 

chapter. 

2.5.1.2.  Fixed Femur Rigs 

A second common simulator design involves fixing the tibia [194] or, more frequently, the 

femur [23,25,26,202-204]. The knee is then allowed to move freely in all degrees of freedom 

with the exception of flexion and extension, which is constrained to a fixed arc (Figure 2-22). 

In most cases the flexion and extension motion is actuated via the quadriceps against a 

constant extension moment. Fixed femur rigs allow relatively natural motion of the knee joint 

under any level of loading up to and including physiological levels and facilitate testing up to 

120° of flexion. However, they are limited to use with cadaveric specimens as they rely 

heavily on natural joint integrity.  

 

Figure 2-22: Example of a fixed femur rig 

Fixed femur rigs do not facilitate the simulation of body weight. They model the isokinetic 

extension carried out by patients during rehab rather than activities of daily living. Similar to 

many OKRs the bearing, which allows longitudinal rotation of the tibia, is located along the 

tibial axis. Once again tibial rotation is therefore constrained to a central axis, which is not 
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physiological [91]. In contrast to the OKR design this cannot be changed as there is no scope 

to alter the bearing configuration.  

2.5.1.3.  Other Simulators 

Verlinden, et al. [28] carried out kinematic testing of the PFJ using a wear test rig. A standard 

knee wear test rig was modified to accept femoral and patella components. Soft tissue 

constraints of the PFJ were modelled with springs. Flexion-extension and tilt of the patella 

component and the PFJ reaction force were continuously controlled to model gait. This 

method applies unnatural levels of constraint to the joint, and does not allow for tibiofemoral 

interactions, or the simulation of any muscular structures.  

Other studies have included investigations carried out under simulated intra-operative 

conditions [63,119]. A full cadaveric leg is typically placed in a surgical leg holder and either 

moved by hand, or using a passive motion machine. These methods have no provision for the 

actuation of any muscles, and can suffer from a lack of repeatability. 

2.5.2. Specimens 

In vitro studies are most commonly carried out using cadaveric specimens and most 

computational models are also based on cadaveric data. Cadaveric models have high 

physiological relevance. They are also the only way to feasibly assess the effect of resurfacing 

of the patella; comparing the native and resurfaced patella. The majority of studies are 

carried out using cadavers, which have been fresh frozen following harvesting 

[37,38,188,189,205], but embalmed cadavers have also been used [194,206]. The authors of 

these studies specify that the embalming process did not affect the tissue properties of the 

specimen. However, work with cadaveric spines has indicated that embalming affects soft 

tissue laxity, and hence joint range of motion [207]. 

Human tissue properties depend on the conditions under which samples are stored and 

tested [208,209]. Specimens may also deteriorate over time and suffer damage each time 

prostheses are implanted or modified. This limits the number of conditions that can be tested 

on a single specimen [31]. The susceptibility of cadaveric samples to deterioration may also 

result in a systematic bias in experimental data, if the order of the conditions to be tested is 

not randomised. Human tissue properties vary greatly between individuals, resulting in high 

inter-specimen variability. However, cost, ethical, and time implications prevent the testing 

of large numbers of cadaveric samples [37,38,63,188-190,205,210], which can substantially 

restrict the ability of studies to detect statistically relevant effects.  
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Investigations have also been carried out without using cadaveric tissues. For instance during 

wear testing implants are mounted directly into the wear rig [28]. In these cases the 

constraints normally provided by the soft tissues within the knee are provided by springs and 

actuators. In other studies components have been implanted in to synthetic bones [211,212] 

or metal fixtures [192,196]. The resulting construct is then treated in a similar manner to a 

cadaveric specimen. Synthetic bones are considered to provide a good anatomical 

representation of natural bones and have comparable physical properties [211-213]. The 

quadriceps mechanism has generally been modelled and used to apply force using these 

methods. However, other soft tissues are not modelled, and instead joint stability is 

maintained through the application of a compressive joint force [211,212]. 

2.5.3. Loading Conditions 

In vitro and computational investigations can be classed as either static or dynamic. The 

majority of daily living activities, such as walking, climbing stairs or rising from a chair are 

however, dynamic. Standing, with the knee joint in approximately full extension puts the PFJ 

under relatively little stress [1], and few other activities involve static loading of the joint. 

However, limitations associated with some measurement techniques, which mean they must 

occur in a static environment, has frequently resulted in static measurements at a range of 

tibiofemoral flexion angles being carried out [29,38,188-190,194,206]. This is normally 

achieved either by positioning the joint at a chosen flexion angle and applying a constant 

quadriceps force, or by controlling the applied quadriceps force so as to achieve a specific 

ground reaction force [29,38,188-190,194,206]. The results of such studies can provide an 

insight into the biomechanics of the PFJ, but often do not provide information which is 

directly relevant to activities of daily living. 

OKRs are generally used to simulate dynamic motion at the knee, during activities such as 

stair climbing or squatting, by altering the distance between the hip and ankle. This is 

achieved either by actuating the quadriceps against a simulated body weight and allowing 

the hip or ankle complex to move vertically [31,61,197,214-219], or through a combined 

actuation of the quadriceps and hip position to maintain a constant ground reaction force 

[96,191,192,220].  

OKRs can only fully represent activities such as squatting against a wall, where the hip 

remains vertically above the ankle. In other motions, such as stair climbing or gait, patients 

will also move their upper body to reduce the body weight moment arm and thus the joint 

reaction forces [1]. OKRs are able to model the peak flexion moment applied to the knee 
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during an activity such as stair climbing. However, they cannot model more complex changes 

in the flexion moment induced by trunk motion in vivo, as the hip, and the associated body 

weight component, is fixed vertically above the ankle. 

OKRs are also unable to model other external forces such as mediolateral ankle forces.  The 

Kansas knee simulator [199,200] has a similar outward appearance to the OKR. However, it 

has actuators, which not only act vertically at the hip and replace the quadriceps, but also 

drive tibial rotation and mediolateral ankle translation. All of these actuators are force or 

displacement controlled with profiles designed to replicate daily living activities such as gait. 

The Kansas knee simulator has the potential to provide a more physiological dynamic loading 

envelope than an OKR. However, the replication of human movement by the Kanas knee 

simulator is only as good as the underlying, experimentally measured, loading profiles. 

Measuring joint forces during activity in vivo is a complex process and can result in highly 

variable results [221,222]. 

Fixed femur rigs are also unable to replicate complex activities of daily living. They are not 

able to model body weight and instead apply a constant flexion moment, modelling dynamic 

isokinetic flexion-extension [23,203,204,223].  

Fixed femur rigs are commonly designed to maintain a constant flexion moment of 31 Nm 

[23,25,26,193,202-204,223]. In contrast, studies using the OKR quote peak moments of 

approximately 40 Nm [61,196]. Mason’s review of patella joint forces [1], indicates that the 

maximum knee joint moment experienced during stair climbing, a relatively high force 

activity, can be approximated as 0.04 times the multiple of a patient’s body weight and 

height. This relationship was also confirmed through experimental work by Andriacchi et al. 

[58] and equates to an approximate peak moment of 40 Nm for an average woman [59]. 

It is important to carry out experiments at physiological levels of loading [215]. However, the 

quadriceps forces during high-flexion activities such as squatting can easily exceed 2 kN [1]. 

Such high forces can damage cadaveric specimens [215]. Many studies are therefore carried 

out with reduced quadriceps loading or the simulation of a reduced body weight 

[29,38,63,188,191,194,206,210].  

In addition to the forces which are applied, the speed of joint movement must also be 

considered. Testing speeds have been reported in the range of 3-8°/sec 

[26,192,196,202,215,224]. During preliminary work Long [196], measured the quadriceps 

forces required to flex and extend hinged knee replacements at 3, 6 and 12°/sec and 
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indicated that, within this range, speed had no statistically significant effect on the 

quadriceps force at any flexion angle.  

2.5.4. Musculature Modelling 

Motion of the human knee is primarily controlled by the quadriceps and the hamstring 

mechanisms [47]. Although these are not the only muscles which act at the knee, for reasons 

of simplicity, they are the only ones considered during in vitro testing.  

2.5.4.1.  Quadriceps  

The quadriceps complex is almost always simulated as part of the joint actuation. The 

quadriceps mechanism is generally modelled as either multiple muscles loaded with constant 

forces [39,101,116,194,206,225] or a single muscle dynamically actuated against a constant 

flexion moment or to maintain a constant ground reaction force [23-26,61,190,192,193,201-

204,217,218,223,225] (Figure 2-23). However, two more recent investigations have involved 

the dynamic actuation of three separate muscles to maintain a constant ground reaction 

force [191,198].     

 

Figure 2-23: Alternative methods of in vitro quadriceps actuation Adapted with permission from: 
[37,114,189,196]. 

Studies which have loaded multiple quadriceps muscles have all used cadaveric specimens 

[39,101,116,191,194,198]. The isolated activation of different muscles of the quadriceps, and 

changes in the relative loading levels of the individual muscles, has been demonstrated to 

alter knee joint kinematics and internal joint loading [198,220,226,227]. For instance, 

cadaveric work has indicated that asymmetrical quadriceps loading has a significant effect on 

patella rotation and tilt [228]. The lack of information regarding the exact activation pattern 

of the different muscles, and the complexity associated with multiple actuators, has meant 

that most models only apply a constant load to each muscle [39,101,116,194]. This is a 

simplification of the actual loading naturally experienced by the knee [1].  
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Cadaveric specimens are normally supplied without the pelvis [39,101,116,191,194,198], the 

primary proximal attachment point for the quadriceps muscles [47]. The lines of action used 

in in vitro testing are therefore based on general literature values and may not directly 

resemble the anatomy of the specimen being used [39,194]. Approximating the different 

muscles of the quadriceps by applying load through a single line of action undoubtedly 

simplifies the natural system. However, it requires the estimation of fewer anatomical points, 

and can also be employed when using models which do not include cadaveric tissue.   

Models which only represent a single line of action of the quadriceps complex generally 

simulate the rectus femoris [196]. This can be achieved by locating an actuator parallel to the 

femur [31,189]. However, it is more physiological to replicate the natural Q-angle, so as to 

preserve the natural lateral force applied at the PFJ [196].  

2.5.4.2. Hamstrings 

Many studies do not simulate  the hamstrings, choosing instead to concentrate on the larger 

extension forces of the quadriceps [24,96,101,110,111,199,200,211,214,229-232]. It has 

been demonstrated however, that co-contraction of the hamstrings during flexion and 

extension significantly affects the required quadriceps force, the patellofemoral and 

tibiofemoral contact forces, and tibial stability, by reducing tibial anterior shift [193,204,233-

235].  

The accurate, physiological, modelling of the hamstrings is hindered by the paucity of data 

available in the literature relating to the anatomy or loading of the hamstrings. The 

semitendinous and the semimembranous muscles have lines of action that can be grossly 

approximated [47]. The biceps femoris however, follows a distinctly different path, producing 

a significantly more lateral force than the other muscles [47,236]. Loading of the medial and 

lateral muscles of the hamstring complex have distinctly different effects on tibial 

anterioposterior position and rotation [236]. Therefore, in order to provide a physiologically 

relevant model of the hamstrings, it is appropriate to at least model the hamstrings as two 

muscles as achieved by a number of studies [25,26,201,202,204,218,225]. Other studies 

however, simply attach a spring or actuator to one or all of the hamstring tendons 

[23,194,223].  

The variable nature of the flexion force produced by the hamstrings has been modelled in 

previous studies, using extension springs [197] or actuators [237], with little evidence 

provided to support the chosen loading patterns [197,237]. The majority of studies have 

represented the hamstrings with constant forces throughout the flexion range, using 
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constant force springs, pulleys or actuators [23,25,26,194,202,204,218,223,225]. This 

simplifies the natural hamstrings action and does not allow for the differences between the 

muscle’s role in extension and flexion to be modelled [47]. The magnitude of hamstring force 

modelled in vitro varies widely; from 20 N to 200 N [23,25,26,42,197,198,201,202,236]. 

These relatively small loads reflect the relatively low activation levels of the hamstring 

complex during squat activities [238]. Where more than one compartment has been loaded 

most studies have split the total load evenly between the compartments [201,204,218,225].  

All studies, which have to date modelled the hamstrings, have made use of cadaveric 

specimens [23,25,26,194,197,201,202,204,218,223,225,237]. Such studies model a 

physiological distal insertion point by attaching to the tendon(s) of the muscles to be loaded. 

As the cadaveric specimens used are normally dissected distal to the hip joint, the proximal 

insertion points are harder to accurately model.  Most authors fail to state how the 

hamstrings line of action has been modelled [23,25,26,197,201,202,204,218,223,225,237].  

2.5.5. Ligamentous Modelling 

The knee is constrained by the complimentary action of a multitude of ligamentous 

structures. These are inherently accounted for when cadaveric specimens are used, but 

mechanical replacements are required when cadaveric material is not included.  

The ACL is removed in the majority of TKA procedures to prevent impingement of the tibial 

tray and in many cases the PCL may also be resected. It is therefore only the action of the 

collaterals, which is generally considered [212]. The PFL has not been considered in previous 

in vitro simulators.  

Many models which do not include cadaveric tissue neglect to specifically model the 

collaterals, simply applying a constant compressive force to the joint to prevent dislocation 

[212]. This does not take into account the changing restraint supplied by the ligaments 

through the range of motion of the joint and therefore may not simulate the physiological 

kinematics of the knee [65,67].  

There is little data in the literature relating to LCL and PFL properties and, due to differences 

in loading rates, inconsistent data regarding MCL properties. However, the human MCL has 

been demonstrated to have a stiffness of, on average, 67 N/mm [65,67,209,239,240]. The 

LCL is slightly less stiff (approximate stiffness of 58 N/mm) [67,209].   
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2.6.  The Patellofemoral Joint after Total Knee Arthroplasty 

Issues associated with the PFJ have been implicated as a contributing factor in around 20% 

of TKA revisions, most commonly due to pain, instability, fracture or wear [126]. The PFJ, and 

associated AKP, are also commonly cited as reasons for dissatisfaction by TKA patients who 

have not had a revision, but suffer with functional limitations [15]. The reasons for AKP and 

PFJ complications are not fully understood, but are thought to be related to the biomechanics 

and loading within the PFJ of the replaced knee [19-22]. 

There are a variety of surgical and implant factors which can affect the PFJ after TKA. Different 

design geometries, material properties of the articulating surfaces, soft tissue damage during 

surgery, and malalignment of components can all contribute to mal-tracking, alter the 

kinematics of the PFJ and change the patterns of joint loading [25,60,116]. Changes in the 

kinematics of the PFJ are important to understand, however, it is most appropriate in the 

first instance to assess changes to the biomechanics and loading of the PFJ.   

PFJ biomechanical and contact characteristics can be assessed using various methods. Joint 

loading directly relates to stress in the components and is closely linked to pain, and 

component wear and failure [20,21,241]. Assessment therefore, generally involves the 

measurement of the contact pressure distribution between the patella and distal femur, 

compressive joint forces and joint contact areas. This sub-section will discuss what is 

currently understood regarding the effect of TKA, patella resurfacing, implant design and 

surgical mal-alignment on the biomechanics of the PFJ. 

2.6.1. The Effect of Arthroplasty 

Numerous in vitro and computational studies have investigated the biomechanics, contact 

characteristics and loading within the PFJ, before and after TKA 

[29,63,189,191,193,194,205,206,210,242]. The peak and mean pressures, and the mean 

contact areas that have been reported before and after TKA are summarised in Figure 2-24, 

Figure 2-25 and Figure 2-26. Previous studies use a variety of experimental methods and a 

wide range of implant systems (Figure 2-24, Figure 2-25 and Figure 2-26).  

Most studies are carried out using fresh frozen cadaveric specimens 

[63,189,191,193,205,210]. However, two studies have used embalmed cadavers [194,206], 

one a subject specific computational model [242], and one a mathematical computational 

model [29]. Some of the studies were carried out under dynamic loading, driven by the 

quadriceps either in an OKR [191,242] or using fixed femur configurations [193]. Other 
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authors have used static OKR methods [189,194,205,206], and a few have moved the joint 

passively by hand [63,210].  

 

Figure 2-24: PFJ peak pressure values recorded in peer reviewed literature during in vitro biomechanical testing 
[29,63,189,191,193,205,206,210,242] 

 

Figure 2-25: PFJ mean pressure values recorded in peer reviewed literature during in vitro biomechanical testing 
[189,193,194,206,242] 
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Previous studies of the PFJ have also differed with regards to measurement techniques. Some 

have assessed contact pressures and areas using the relatively thin Prescale pressure film 

(Fujifilm Europe GmbH, Dusseldorf, Germany) [206]. This is only possible under static loading 

conditions. Other authors have therefore made use of pressure arrays, which can assess joint 

contact pressures under dynamic loading conditions. Most studies use the less flexible, but 

more accurate Tekscan system (Tekscan, Boston, USA) [189,191,193,205,243], but a few have 

used the Pliance system (Novel, Munich, Germany) [63,194,210,243].  

 

Figure 2-26: PFJ mean contact area values recorded in peer reviewed literature during in vitro biomechanical 
testing [189,191,193,194,206,242] 

All reported studies which have taken measurements under physiological levels of loading 

report peak pressures less than 6 MPa for the native knee [193,242]. This is well below the 

threshold of healthy human cartilage with regards to fatigue or impact damage (10-15 MPa 

[244]), and explains why the majority of the population carry out everyday tasks without pain 

or injury.  

The peak contact pressure within the PFJ increases after TKA by 105-531%, and the mean 

contact pressure by 120-308% compared to the native joint (Figure 2-24 and Figure 2-25) 

[29,63,189,191,193,194,205,206,210,242]. Similarly, the PFJ contact area reduces after TKA 

(Figure 2-26) to between 30 and 87% of the pre-TKA value [189,191,193,194,206,242]. These 

results highlight that modern knee replacement designs do not provide the same levels of 
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congruency as the native PFJ. Such increases in the PFJ force may lead to cartilage damage 

and/or bone remodelling, which may initiate a pain response [19-22]. 

The wide variability between the published results, both for native and replaced knees 

(Figure 2-24, Figure 2-25 and Figure 2-26) highlights how the results are affected by variations 

in experimental protocols and how different implant designs may affect the biomechanics of 

the PFJ. The inconsistent nature of the protocols used by different studies, and the different 

implant systems employed, limit the number of general conclusions that can be drawn with 

regards to the effect of TKA on the PFJ. 

2.6.2. The Effect of Patella Resurfacing 

Resurfacing of the patella generally results in an increase in peak and mean PFJ contact 

pressures, and a reduction in the contact area in comparison to the un-resurfaced state 

(Figure 2-24, Figure 2-25 and Figure 2-26) [29,63,189,191,193,194,205,206,210,242]. Figure 

2-27 summarises the peak pressure measurements previously reported over a full range of 

flexion of the TFJ. There is a clear trend towards a greater peak pressure throughout the 

flexion range after patella resurfacing. Patella resurfacing also appears to cause a spike in PFJ 

contact pressure in mid flexion, which is not present when the patella is not resurfaced 

[29,189,205,242].  

 

Figure 2-27: Relative PFJ peak pressure measurements over flexion cycle recorded in peer reviewed literature 
during in vitro biomechanical testing [29,189,205,242] 
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The geometry of commercially available patella components is different to that of the native 

patella [44,45]. This may lead to an alteration in the tracking of the patella within the 

trochlear groove, as has been observed in in vitro tests [194,245]. This in turn may lead to a 

shift in the contact characteristics of the PFJ due to changes in PFJ contact area, and 

quadriceps forces arising from alterations in the PTMA. The change of patella articulating 

material from compliant cartilage, to less compliant UHMWPE, will also reduce the PFJ 

contact area, which will increase the contact pressures within the joint [190]. 

The degree to which the PFJ contact pressure is greater after resurfacing of the patella, 

compared to a joint in which only the tibiofemoral surfaces have been replaced, appears to 

be dependent, to some degree, on the prosthesis design. Cadaveric investigations, using 

static OKR protocols and simulating passive flexion, have indicated that the Profix (Smith & 

Nephew, Memphis, USA) and NexGen (Zimmer, Warsaw, USA) systems demonstrate 

significant increases in contact pressures after patella resurfacing [63,189,190,210]. In 

contrast, the Genesis 2 implant (Smith & Nephew, Memphis, USA) has been reported, using 

a dynamic fixed femur protocol, to demonstrate similar peak PFJ contact pressures whether 

the patella is, or is not, resurfaced [193]. 

A domed patella component and a natural patella are geometrically very different. Femoral 

component geometry cannot be fully optimised for both situations. The literature suggests 

that the Profix and NexGen femoral components, which have deepened trochlear grooves 

and are described as “patella friendly” [63,210], are better suited to an unresurfaced patella 

than the dome components which are available for these implants [63,189,190,210]. 

Conversely, the Genesis 2 femoral component has a lateralised, deepened, trochlear groove 

[246], which appears to be equally well suited, in terms of absolute pressures, for the oval 

patella component design that is used with this implant and with the native patella [193]. 

This may suggest that the Genesis 2 patella component design is more anatomical. 

Due to the increased pressure the patella is subjected to, and the consequent increased 

activation of intraosseous nerve cells, resurfaced patellae may be considered to be at a 

greater risk of AKP. However, little is understood about the thresholds of force or pressure 

that will induce such responses.  

Knowledge of the forces and associated stresses that occur at the patella contact surfaces 

also allows an analysis of the likelihood of fracture or wear of the articulating surfaces. 

Human articular cartilage and UHMWPE respond differently to loading and contact stresses. 

UHMWPE can be approximated as an elastic material with an offset yield strength of 
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approximately 13 MPa and a fatigue limit, for 1 million cycles, of less than this [190,247,248]. 

The viscoelastic, time-dependent, nature of hyaline cartilage renders the quotation of a yield 

strength redundant. However, cartilage, which has little propensity for repair, does exhibit a 

fatigue response, if sufficient time for relaxation (approximately 90 min) is not allowed, under 

repetitive loading, as experienced in daily life. Cyclic loading of as little as 10 MPa can initiate 

fatigue failure after less than 100 cycles [244]. Human cartilage can also be damaged by 

excessive static or impact loads [244].  It has been suggested that a static load for as little as 

500 ms or impact loads at levels greater than 15 MPa can initiate damage in the cartilage 

layer [244]. These values are likely to over-estimate the thresholds in the case of elderly, 

osteoarthritic, cartilage [190,249]. Increased levels of static or dynamic loading on articular 

cartilage, which is articulating with a metal surface, will also result in increases in the 

coefficient of friction between the articulating surfaces [249-251]. This occurs because the 

non-physiological bearing coupling prevents efficient rehydration of the cartilage. This trend 

is exacerbated by increased joint loading time. It may also increase the rate of wear and 

surface damage within the joint associated with a given loading level [249]. 

In vitro investigations, which have assessed the pressures within the PFJ under physiological 

levels of loading, indicate that the cartilage surface of an unresurfaced patella is subjected to 

peak pressures of 9-12 MPa during activities of daily living [190,242]. This level of loading, 

even if only carried out intermittently when stair climbing, rising from a chair or carrying out 

sport or exercise, is likely to initiate damage in the cartilage layer of an elderly TKA patient 

[244]. Similar investigations with resurfaced patellae indicate peak pressures greater than 25 

MPa occur within the PFJ in high flexion activities. Once again, this suggests fatigue or yield 

damage of the UHMWPE patellae used during the investigations would be likely during 

extended clinical use [96,190,192].  

Randomised control trials have so far failed to provide sufficient evidence to support whether 

the patella should or should not be resurfaced at the time of primary TKA [12]. The in vitro 

biomechanical studies available in the literature do not provide any further insight. However, 

they do indicate that both resurfacing and non-resurfacing results in levels of contact stress 

that may cause damage to the patella articulating surface over time. 

2.6.3. Design Factors 

Whether the patella is resurfaced or not during TKA, the femoral articulating surface will have 

been changed from natural, compliant, cartilage to a much stiffer metal. Computational work 

has indicated that this material change alone, independent of geometric alterations, gives 
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rise to a 50% increases in pressure values within the joint and a reduction of up to 35% in the 

joint contact area [252]. Cartilage is much less stiff than cobalt chrome or titanium, and will 

therefore undergo significantly more deformation under load. This will result in an increase 

in the contact area, and hence a reduction in the contact pressure within the PFJ.  

Traditionally, femoral implant design paid little attention to the PFJ, as the importance of the 

role it plays was poorly understood. Older designs, which are no longer used in the UK, have 

been demonstrated to result in significantly higher peak pressures after TKA without patella 

resurfacing, compared to more modern implants [205]. As the importance of the PFJ became 

more apparent, and AKP and PFJ complications were more widely reported, the design of the 

trochlear groove and patella component has become more important. This has culminated 

in a recent trend towards more anatomical, laterally orientated or asymmetrical trochlear 

grooves [101]. This has significantly reduced pressures in the PFJ after TKA [205]. 

Analysis of the PFJ following TKA with a variety of modern prostheses, without resurfacing of 

the patella, indicates that all of the implants demonstrated statistically increased pressures 

compared to a design with a component whose geometry exactly matched the natural knee 

[242]. All of the implants tested were produced by the same manufacture and therefore 

these results do not apply to the market as a whole. However, they do support the suggestion 

that knee replacement femoral geometries are not good replications of the natural joint 

surface [253]. 

Modern kinematic theory has led to the development of prostheses characterised by a single 

femoral sagittal radius in the functional arc. In vitro work comparing the single radius Scorpio 

(Stryker, Rutherford, NJ) implant with the traditional multi radius Series 7000 (Stryker, 

Rutherford, NJ) prosthesis, using the same patella component for both, has indicated that 

the single radius design resulted in statistically lower compressive forces behind the patella 

component at flexion angles greater than 60° [61]. This may reduce the risk of AKP. The 

reduction in forces experienced in the PFJ after TKA with a single radius knee may be a result 

of the increased and more stable PTMA associated with the designs, which reduces the force 

required by the quadriceps for a given motion [23,24]. Femoral roll back has also been 

hypothesised to reduce the hamstring moment arm, reducing the applied strength of the 

flexor mechanism [61]. However, there is analytical evidence that the force reduction may, 

at least in part, be due to the deepened trochlear groove associated with most single radius 

designs [24]. 
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Presently, there are no studies assessing whether a reduction in force behind the patella 

component is mirrored at the contact surfaces of the PFJ, and therefore to what degree it 

may reduce the risk of wear or failure.  Experimental work, focussing on the pressures and 

contact areas within the PFJ, but not the forces, indicates that the changes in the two 

variables are not necessarily correlated [242]. This would suggest that variations in pressure 

and force may also not always follow the same pattern, possibly due to the additional effect 

of changes in the PFJ contact area.  

Tibial component design and bearing type will also affect the PFJ.  Many studies do not report 

what type of bearing, whether CR or PS, fixed or mobile, has been used. This not only makes 

comparisons difficult, but also adds an additional uncertainty to other trends highlighted in 

this section and in review papers on the topic.  

There is limited evidence that the use of a mobile, as opposed to a fixed, tibial bearing may 

cause a slight, but not significant, reduction in PFJ contact pressures [193]. The only study 

available which assesses this directly, has been performed on cadaveric specimens using a 

single implant without randomisation of the order of implantation for each test.  Given that 

in this study the mobile bearing variant was consistently tested last, there is uncertainty as 

to the true cause of the observed reduction in compressive contact force.  

Due to the increased bone and soft tissue removal required for the implantation of PS 

bearings as opposed to CR bearings, studies assessing the effect of bearing constraint on the 

PFJ suffer from similar issues relating to non-randomised experimental sequences. There is 

however, evidence that the use of a PS bearing significantly reduces the peak and mean 

pressures within the PFJ compared to CR bearings [25,26,119]. This may indicate that the 

post-cam system of PS designs induces posterior roll back of the femoral component. This 

would increase the PTMA, reducing the required quadriceps force, and hence the force 

within the PFJ. While contact force measurements are not available to fully evaluate this 

hypothesis, a reduction in the required quadriceps force for PS compared to CR knees has 

been established [31,202]. In addition it has been reported that larger quadriceps forces 

result from use of a highly conforming CS implant compared to a PS design [202]. This 

supports the assertion that it is the post-cam geometry and not the absence of a PCL, which 

affects the PTMA. 

Despite significant geometric differences between the various commercially available patella 

components, and the substantial forces the PFJ is subjected to during activities of daily living 

[44], little research has been carried out to investigate the relative merits or effects of 
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different patella component design philosophies [16]. Few studies even specify the patella 

component type used during testing. Many studies purporting to investigate the effect of 

patella component design alter the femoral component as well as the patella component  

between trials, which does not allow comparisons of patella component designs [189,254]. 

Symmetric domed patellae are frequently reported to be easier to implant. Dome implants 

demonstrate less kinematic variability when subjected to malalignments than anatomic 

implants, but maintain significantly reduced contact areas, often displaying little more than 

point contacts [44,255,256]. Dome implants have therefore been shown to suffer from 

increased wear, compared to anatomic or medialised components due to higher contact 

forces and stresses [61]. This is supported by evidence from retrieval studies, which 

demonstrate that domed patella are often worn down to sombrero or medialised geometries 

[257].  

2.6.4. Surgical Factors 

Different philosophies are used in clinical practice to align prostheses during TKA surgery. 

Multiple studies have demonstrated that errors in the placement of the components occur 

irrespective of alignment philosophy due to human error, bone resection inaccuracies, and 

the effects of variations in the cement mantle [162,172,175-180,185-187].  

Probabilistic analyses using a subject specific computational PFJ model have indicated that 

femoral transverse plane rotation of the femoral component, which has been linked to 

increased incidences of AKP [258], has a significant effect on PFJ mediolateral shear forces 

and kinematics [256]. It has been suggested that these affects are substantially larger than 

any seen following mal-placement of the patella component. However, the values of mal-

placement modelled are relatively optimistic [256]. 

Investigations have demonstrated that internal rotation (IR) of the femoral component 

affects the flexion gap [259], causes lateral shifts of the centre of pressure, increased joint 

forces and induces an overall increase in patellofemoral contact pressures [28-30,260]. 

Conversely, femoral component external rotation (ER) has been shown to effect rotational 

laxity, cause joint opening [259] and again an overall increase in patellofemoral contact 

pressures [28-30]. The increases in pressures caused by rotation may be due to altered 

tibiofemoral angles, which alter the Q-angle, and hence the PFJ reaction forces [33,261,262]. 

However, the degree to which femoral rotation affects forces within the PFJ and the required 

quadriceps force is debated [216,261,263].  
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Peak pressures in the PFJ have been demonstrated to rise by up to a factor of 1.3 following 

5° femoral ER and a factor of 1.7 following 5° IR and appear to be affected significantly by as 

little as 2.5° mal-rotations [29,264]. However, the studies carried out to date assess the effect 

of femoral rotation on the PFJ contact characteristics using sub-physiological loads and/or 

rigs which excessively constrain the knee joint [28-30,260]. It is therefore not possible to 

assess the degree to which commonly observed femoral rotation values will cause pressure 

within the joint to exceed acceptable levels during activities of daily living.  

Alignment of the femoral component in the sagittal plane is harder to achieve (even with 

navigated surgery) than coronal or transverse plane alignment, and is therefore often the 

source of more substantial errors [172,177,179,180]. The effect of femoral component 

flexion or extension has been sparsely investigated. However, there is evidence to suggest 

that increased femoral flexion contributes to significant PFJ contact pressure increases. This 

is possibly a result of overstuffing of the PFJ [29]. 

Attaining appropriate tibial component rotation is challenging, with errors in excess of 25° 

frequently reported [162]. Excessive internal rotation has been clinically linked to increased 

incidences of AKP [258]. However, in contrast,  in vitro studies have demonstrated that tibial 

rotations up to 15-20° have little effect on the PFJ and have significantly fewer effects on PFJ 

kinematics than comparable levels of femoral flexion [261,265].  

Anterior mal-placement of the tibial prosthesis has also been demonstrated to cause 

relatively small increases in PFJ contact forces, pressures and patella bone strains. This is 

possibly a result of the anterior shift of the tibial component causing an alteration of the 

PTMA, and overstuffing of the PFJ [192,219]. 

The patella component can be malaligned mediolaterally due to surgical inaccuracy, or may 

be deliberately medialised by the surgeon in an attempt to better replicate natural patella 

geometry [31,266,267]. Several studies have reported reductions in the PFJ contact force and 

pressure in deeper flexion, following medialisation of as little as 4 mm [31,35]. The same 

studies reported an alteration in the location of the centre of pressure with medialisation 

[31,35]. In contrast, alternative studies have demonstrated little effect on PFJ and quadriceps 

forces of up to 5 mm of medialisation [33,38]. In terms of forces on the patella,  a lateral shift 

of the patella by as little as 5 mm, has been reported to double shear forces on the patella 

when compared to a neutral placement [36]. The effect of mediolateral alignment of the 

patella may therefore be dependent on the implant design and possibly the approach used 

in the investigation.  
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The patella resection angle, or tilt, is a term which generally relates to the mediolateral angle 

formed by the resection cut and is likely to be fairly inaccurate as surgeons frequently choose 

not to use a template or jig to perform the resection. Patella tilt has been correlated to 

changes in PFJ kinematics [187]. Lateral tilt of the patella component has been shown to 

cause a modest increase in shear forces of 6.4% per 1° of tilt and have a corresponding impact 

on PFJ contact pressures, whereas medial tilting of the component appears to have a 

substantially reduced effect [35]. The greater effect of lateral titling may be, at least partially, 

explained by the natural tendency of the patella to contact more with the lateral shoulder of 

the trochlear grove due to the lateral force on the patella induced by the Q-angle of the 

quadriceps mechanism.  

Changes to the patella thickness have been demonstrated to lead to reductions in joint 

contact area and increases in patella compressive forces [39-41]. A 2 mm increased thickness 

of the patella post-implantation may result in as much as a 174% increase in the PFJ 

compression force [39], which may result in increased levels of pain and/or wear. From a 

biomechanical perspective, a thicker patella could be considered beneficial due to the 

associated increase in the PTMA. This is however, only a benefit in early flexion, beyond 

which, the effects of changes in the patellofemoral contact point dominate. Throughout the 

flexion cycle the increased patella thickness causes an overstuffing of the joint, which over 

stretches the soft tissues and potentially leads to increased pressures and forces within the 

PFJ.  

The superioinferior position of the patella relative to the TFJ is in part defined by the natural 

height of the patient’s patella, which may naturally sit in an infera/baja (distal) or alta 

(proximal) position. However, it may also be artificially altered by a shift in the joint line due 

to incorrect levels of tibial and/or femoral resection or a proximodistal error in the placement 

of the patella component. Different methodologies and implants have been used to model 

patella height using alterations in different components; the patella position on the 

quadriceps tendon, the tibial bearing thickness and the patella component proximodistal 

position [37,38,96]. There is some evidence that an increasingly superior position of the 

patella relative to the tibia results in increased contact pressures and reduced contact areas 

[30] and an increase in the required quadriceps force, potentially, because it causes a 

reduction in the PTMA [268]. The increase in pressure and forces demonstrated with patella 

alta may also be a result of the increased patella height delaying the contact of the quadriceps 

tendon with the femur and hence the load sharing this provides. Conversely, inferior 
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placement has  been shown to result in an 8% reduction in contact area for each 1 mm of 

mal-placement [35].   
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2.7.  Summary of Main Literature Findings 

The human knee is a complex structure comprising two intrinsically linked joints; the TFJ and 

the PFJ. The joints are restricted and guided by bony geometry and constrained by a complex 

array of soft tissue structures. Of the numerous structures which stabilise and control the 

joint, some of the most important are commonly considered to be the quadriceps and 

hamstring muscle complexes, and the cruciate, collateral and popliteofibular ligaments [47].  

The patella affords a biomechanical advantage to the human knee; acting as a pulley to guide 

the quadriceps mechanism across the TFJ with minimal friction. It increases the moment arm 

of the quadriceps complex, reducing the amount of force required to achieve a given 

movement [44,60,61]. The patella also acts as a lever amplifying the quadriceps force, hence 

further reducing the required muscle force [61,96].  

The PFJ is subjected to significant compressive joint forces. These are in part mitigated by 

high joint contact areas, and load sharing with the quadriceps tendon in deeper flexion, but 

can still result in significant contact pressures, often exceeding seven times body weight [1]. 

The PFJ is also subjected to shear forces and moments due to the bony geometry of the 

trochlear groove and the Q-angle of the quadriceps mechanism [44,57]. 

Modern kinematic theory proposes that, during the functional flexion arc, the TFJ flexes and 

extends about an axis coincident with the femoral cylindrical axis. The tibia simultaneously 

rotates longitudinally around a medial pivot point during active flexion with respect to the 

femur [50,92,93,95]. During the majority of the flexion arc, the patella flexes around an axis 

parallel to the tibiofemoral flexion axis with a lag of approximately 30° [114]. The patella also 

tilts and shifts during the flexion cycle as it tracks within the trochlear groove, and then into 

the intercondylar notch [44]. The exact patterns of patella motion are debated. The high 

variability in reported patella kinematics may be a result of the inherent joint instability, but 

may also be due to the wide range of methodologies and the assumptions that have to be 

made when assessing bone kinematics [118,221,222].   

In the USA 11.5% of over 50’s suffer from OA of the articulating surfaces of the TFJ and/or 

the PFJ [2]. TKA is a high volume surgical procedure aimed at reliving pain and restoring 

function for patients with severe knee disability as a result of arthritis [5]. TKA implant 

systems comprise tibial baseplate, polyethylene bearing, femoral and patella components. 

The tibiofemoral components of modern TKA prosthesis systems each have distinctly 

different design philosophies, but also many common design features and a shared general 
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structure. Patella component design is much more varied. The need, or appropriateness, for 

resurfacing the patella in TKA is also widely debated. Studies report increased incidences of 

AKP in patients who do not have the patella resurfaced, and increased rates of implant failure 

when it is replaced [8-12]. Randomised control trials and meta-analyses have however, so far 

failed to define standard guidelines [8-12].  

Satisfaction following TKA is poor [46]; 32% of patients report pain and only 66% class 

themselves as “satisfied” [17]. Whether the patella is or is not resurfaced, the PFJ is a 

significant cause of pain, discomfort, instability, and failure following TKA. Patellofemoral 

complications are a primary indication in 20% of revision cases, [126] and more than 25% of 

patients, who have not had a full revision, have issues with high flexion activities of daily 

living, or report AKP [15].  

AKP is poorly understood, but it is thought, in part, to be a consequence of excessive 

magnitudes or altered patterns of loading within the PFJ. This can cause cartilage 

deterioration in unresurfaced knees, synovial inflammation, and the stimulation of 

intraosseous nerves within the patella whether it has or has not been resurfaced [20-22]. It 

is therefore important to assess the changes in PFJ forces and pressures caused by TKA, in 

order to better understand the reasons for pain and functional limitations following TKA.  

The pressures and forces within a joint are best assessed using in vitro methods. Fixed femur 

simulators can be used to assess the knee joint [23,25,26,202-204]. However, only OKRs 

allow the dynamic application of physiological forces and the simulation of body weight, 

whilst giving both joints in the knee full kinematic freedom [96,196-200]. The Kansas knee 

simulator may simulate more physiological knee joint loading patterns than OKRs, but it is 

significantly more complex and dependent on potentially unreliable input data [221,222]. 

OKRs are most commonly used with cadaveric specimens. Cadaveric specimens are good 

representations of the in vivo situation, but they demonstrate high inter-specimen variability 

and are often damaged by testing at physiological loads [31]. Synthetic bones are considered 

to be a good anatomical representations of human bone, have similar mechanical properties, 

and have been used previously in place of cadaveric specimens for biomechanical testing 

[211-213]. No previous study, using synthetic bones, has however attempted to model the 

passive soft tissue structures within the knee, such as the collateral ligaments, with anything 

more than a simple compressive force [211,212]. Using synthetic bone and tissue analogues, 

rather than cadaveric specimens, can reduce the inter-specimen variability and limit the 

introduction of multiple compounding factors. This may allow a more accurate and efficient 
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assessment of the effect of a single factor on the PFJ. However, any synthetic joint model will 

be substantially simpler than the human knee due to the absence or simplification of many 

important soft tissue structures. This must be borne in mind when extrapolating results to 

the in vivo situation.  

Multiple quadriceps muscles of cadaveric specimens have been simultaneously loaded during 

in vitro investigations [39,101,116,194,206,225]. However, the dynamic actuation of the 

quadriceps mechanism as a single muscle is more common [23-26,61,190,192,193,201-

204,217,218,223,225] and is more adaptable to studies which do not utilise cadaveric tissue 

[212]. The second major muscle complex, the hamstrings, is most commonly actuated with a 

constant tensioning force as two compartments because the natural muscle activation 

patterns are poorly understood  [25,26,201,202,204,218,225]. 

It is well documented in previous  in vitro studies that TKA results in an increase in PFJ contact 

pressure, and a reduction in the joint contact area independent of whether the patella is 

resurfaced or not [29,63,189,191,193,194,205,206,210,242]. This is likely to be a result of the 

PFJ kinematic changes induced by the alterations in surface geometry and materials 

associated with TKA. Patellar resurfacing is also widely reported to cause an increase in PFJ 

pressures, and a reduction in joint contact area, and may therefore increase the risk of pain 

within the patella bone remnant [29,63,189,191,193,194,205,206,210,242]. Following 

patella resurfacing, PFJ pressures in excess of 13 MPa, the offset yield stress of UHMWPE, 

have been reported [190,247,248]. Similarly, without resurfacing, the patella is subjected to 

peak pressures in the range of 9-12 MPa. This level of stress is sufficient to cause damage to 

the patella cartilage layer [244]. Patella resurfacing does not therefore appear to increase 

the risk of surface damage or wear within the PFJ. In line with survival and outcome studies 

[8-12], there is currently insufficient biomechanical evidence to guide best surgical practice 

regarding management of the patella. 

Irrespective of the choice of patella treatment, the degree to which TKA affects the pressures 

and forces within the PFJ is highly variable  [29,63,189,191,193,194,205,206,210,242]. This is 

in part due to the use of inconsistent investigative protocols, but also suggests that 

component design variations may have a significant impact. Modern implant designs allow 

for smoother patella tracking and as such are associated with reduced joint loading and 

pressures [205]. However, they are not true replicas of the natural situation [242]. The use 

of a single femoral condylar radius and/or a PS bearing has been demonstrated to result in 

reduced PFJ contact pressures [23-27]. It has also been suggested that anatomically shaped 
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patella components suffer from less wear than dome shaped components [44]. However, 

few other attributes of TKA component design have previously been studied. 

Whichever implant design is used, there are a number of alignment philosophies that 

surgeons may choose to utilise during a TKA procedure. Each philosophy is open to error; 

surgical mal-placement of up to 6° in a number of orientations is commonly reported for each 

component [162,172,175-180,185-187]. Femoral internal and external rotation, of as little as 

2.5°, has been demonstrated, in overly constrained and insufficiently loaded studies, to cause 

a significant increase in PFJ pressures [28-30]. Conversely, tibial internal and external rotation 

has been shown to have little effect on PFJ biomechanics [261,265]. Excessive femoral flexion 

has also been suggested to increase PFJ pressures, but an insufficient number of studies are 

available for review [29]. 

Patella component lateralisation has been linked to PFJ force and pressure increases, 

whereas medialisation may be linked to a reduction in joint forces and contact pressures 

[31,35,36]. Similarly, patella alta and increased patella thickness are associated with 

increased joint reaction forces [30,37-41]. The effect of other femoral, tibial and patella 

component mal-alignmentss has not been systematically investigated with respect to the 

biomechanics of the PFJ.  
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2.8.  Literature Review Conclusions 

The PFJ is a significant source of pain, a potential reason for persistent functional limitations, 

and a primary cause of revision following TKA. TKA alters the TFJ and PFJ surface materials 

and surface geometries, causes an increase in PFJ pressures, and is susceptible to errors in 

surgical component placement. Multiple in vitro methods exist for the investigation of the 

PFJ after TKA, but there is no consistent, standard protocol. Multiple investigations have 

therefore been carried out, using a variety of implants and a number of different protocols, 

making general conclusions hard to draw.  

It can be concluded that the use of a CR bearing, a multi-radius femoral condylar design, 

femoral component internal and external rotation, patella component lateralisation, femoral 

component flexion and an increased patella thickness may increase the risk of PFJ 

complications, but the weight of evidence is far from compelling. Inferences regarding the 

effect of many other factors, such as patella implant design, cannot be made as the 

investigations simply have not been carried out. The systematic analysis of factors that may 

potentially influence PFJ biomechanics is needed to increase the general understanding of 

the effect of TKA on the PFJ so as to inform future implant designs and surgical protocols.  

Traditionally PFJ biomechanics have been investigated using in vitro cadaveric investigations, 

but issues of high inter-specimen variability and tissue degradation may make the systematic 

assessment of such a large number of factors costly and impractical. Methods which do not 

include cadaveric tissue but utilise the well validated OKR and an appropriate number of soft 

tissue models may provide an efficient alternative for initial investigations into the factors 

which affect PFJ biomechanics after TKA.   
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2.9.  Project Aim and Objectives 

The overall aim of this research study was to gain a better understanding of the biomechanics 

of the PFJ and factors that may contribute to the high reported rates of PFJ complications 

following TKA. The risk of PFJ complications and AKP is hypothesised to be associated with 

changes in the biomechanics of the PFJ after TKA, which may originate from a multitude of 

factors related to the design and alignment of the implant components used in TKA 

procedures. In order to understand these complex issues fully, a large number of factors must 

be assessed. The development of a reliable standardised experimental protocol for the 

efficient analysis of the biomechanics of the PFJ was therefore a primary component of the 

research. 

The overall project aim was addressed through completion of the following objectives: 

1. Develop an in vitro human knee simulator, which enables the dynamic assessment of the 

PFJ after primary TKA. 

2. Develop in vitro test methods to measure pressures, contact areas, and forces in the PFJ, 

as well as the quadriceps force and patella tendon moment arm during a dynamic knee 

movement.  

3. Evaluate the effect of design and component alignment on the variables detailed in 

Objective 2. 

3.1. Evaluate the effect of patella component design. 

3.2. Evaluate the effect of patella component mediolateral placement. 

3.3. Evaluate the effect of femoral component transverse plane rotation.  

3.4. Evaluate the effect of femoral component sagittal plane rotation.  
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Chapter 3 

3. Methods & Materials 
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3.1.  Introduction 

In order to achieve the primary study aim, and specifically fulfil objectives 1 and 2, it was 

necessary to develop a dynamic in vitro knee simulator and methods to accurately measure 

pressures, contact areas, and forces in the PFJ, as well as the quadriceps force and PTMA. 

Using cadaveric specimens within the knee simulator would have provided the most 

physiological test set up. However, cadaveric specimens suffer from a high inter-specimen 

variability and are commonly damaged under physiological loads [31]. Therefore a system, 

which allowed implant testing without the use of a cadaveric knee, was developed.  The 

objective was to provide a structured testing system with good repeatability and reduced 

variability, which permits extended periods of testing under physiological loads [269].  

This chapter details the development of the knee simulator and the associated measurement 

techniques to facilitate the physiological assessment of PFJ biomechanics. The results of 

preliminary studies carried out to enable the development of a soft tissue analogue to 

replicate natural soft tissue structures and assess the suitability of various measurement 

options are also discussed. 

3.2.  Dynamic Knee Simulator 

The first objective of the research project was to develop an in vitro knee simulator to enable 

the dynamic assessment of the PFJ after primary TKA. Previous work within the Centre for 

Orthopaedics at the University of Bath, resulted in the development of a table top knee 

simulator designed for the assessment of hinged knee replacement systems. The axes of 

motion of this simulator were largely dictated by the mechanism of the hinged knee 

replacement. It did not require the simulation of any soft tissue structures other than the 

quadriceps.  

The Scorpio NRG (Stryker, NJ, USA) primary PS fixed bearing TKR which is commonly 

implanted in the UK [122], was used for all investigations carried out as part of this study as 

it represents the first of an increasing generation of knee designs with a single radius femoral 

component. Further investigations must be carried out using alternative systems as well to 

facilitate the assessment of the effect of factors such as femoral component geometry, and 

assess the generality of the results but this is not an insignificant piece of work and was 

outside the scope of the present study. The assessment of the effect of alignment factors and 

patella geometry was prioritised over a comparison of a number of implant systems as such 

factors have rarely been systematically studied before. The Scorpio system is s supplied with 
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central and asymmetrical dome patella components. In order to incorporate this primary 

total knee replacement system, the original knee simulator required further development.  

This sub-section discusses the pertinent features of the original simulator design and details 

the modifications which were required to facilitate repeatable and physiologically relevant 

testing of the Scorpio system. The necessary modifications included, but were not limited to, 

incorporating elements of the soft tissue envelope, simulating the flexor mechanism, and 

altering the ankle model. 

3.2.1. Previously Developed Simulator 

As part of a previous study carried out at the university [196,270], a knee simulator, based 

on the design of the OKR, was developed and built at the Centre for Orthopaedics at the 

University of Bath. Figure 3-1 highlights the principal details of the simulator design.  

The hip and ankle joints were replicated by universal joints and axial rotation was allowed 

around the central longitudinal tibial axis. The action of a single actuator, which represented 

the quadriceps mechanism, dynamically cycled the knee joint through 20-90° flexion and 

extension of the TFJ.  Each cycle took approximately 30 seconds. The simulator was designed 

to replicate an average UK female and a peak flexion moment of 40 Nm [196,270]. 

The simulator was designed for the testing of hinged total knee replacements, and facilitated 

testing of implants without any additional bone or soft tissue models, except those required 

for actuation. The patella and quadriceps tendons were modelled by a looped length of 3 mm 

steel cable attached to the tibial block via a pulley. The patella assembly, which secured the 

patella component, was clamped on to the steel cable. The femoral and tibial component 

stems were accurately placed using a bespoke alignment jig and secured using a low melting 

point alloy [196,270].  
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Figure 3-1: Previous Oxford Knee Rig developed at the University of Bath. Adapted with permission from: 
[196,270]. 

3.2.2. Structural Modifications 

Initial analysis and testing indicated that two modifications were required to the structure of 

the simulator to provide a physiological and repeatable motion for this study. 

The original ankle joint constrained tibial rotation around the central tibial longitudinal axis. 

In order to allow for the longitudinal axis of rotation to be defined by the prosthesis 
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geometry, the rotational bearing was relocated from the tibial shaft to below the simulated 

ankle joint. In this new configuration the tibial rotation could no longer be measured using 

the potentiometer which was employed in the previous study.  

The original rig used brass bushings as a linear bearing surface for the hip frame assembly, 

which required constant application of lubrication to the shafts. This process was deemed to 

be inadequate for the purposes of the present study. The bearings and shafts were therefore 

replaced with linear ball bearings, and bearing grade steel respectively. The hip frame was 

also stiffened. 

These modifications added weight to the structure and altered the frictional properties. The 

counter weight was therefore reassessed to ensure physiological loading levels were 

simulated. The final set up modelled a peak flexion moment of 43 Nm, which corresponds 

with the peak moment reported to be associated with an average UK adult female [1,59].  

3.2.3. Component Mounting 

Hinged total knee replacements are indicated for patients with severe soft tissue 

deficiencies. Their design incorporates a mechanical link between the femoral and tibial 

components [270]. The original rig therefore required no soft tissue restraints and relied on 

the mechanical link between the implant components to facilitate repeatable positioning.  

Implantation of the tibial and femoral components on to synthetic bone models, which are 

fair representations of natural bones [211-213], provides anatomical reference points for the 

location of soft tissue structures. Therefore, for the present study, the size 7 Scorpio tibial 

and femoral components were implanted onto Sawbone (Sawbones Europe AB, Malmo, 

Sweden) medium composite tibia and femur replicas. The implanted Sawbone femur and 

tibia were then mounted onto the rig. The implantation process, which followed standard 

surgical practice, is detailed in Appendix B.  

The femoral and tibial components of a primary total knee system are not mechanically 

linked. The existing method of alignment was therefore not appropriate for the present 

study. A new alignment jig (protocol for use detailed in Appendix C) was developed to 

facilitate the accurate location of the implanted tibial and femoral Sawbones within the 

simulator independently of each other (Figure 3-2).  
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Figure 3-2: Alignment rig 

Holes were drilled into the synthetic bone surfaces at known locations, which would not 

interfere with the joint articulation (Appendix B). Rapid prototype jigs were used to secure 

the synthetic bones so that the holes could be accurately drilled using a milling machine. 

Metal pegs were screwed into the holes and used as reference surfaces for the alignment of 

the tibial and femoral components within the alignment rig in terms of coronal plane 

rotation, sagittal plane rotation, proximodistal height, and mediolateral position. The 

remaining rotational and translational degrees of freedom were referenced using the 

posterior surfaces of the femoral and tibial components. The implanted synthetic femur and 

tibia were aligned to maintain a mechanical axis and comply with the standard operating 

procedures detailed by the manufacture. 

This new alignment method was compared to the system used previously by Long et al 

[196,270] (Appendix D), and demonstrated to reduce quadriceps force and PTMA variability 

for the placement of a hinged implant (Quadriceps Force Standard Deviation (SD) (average 

over flexion range) 2.34 N for the new method compared to 2.78 N for the previous set up; 

patella tendon moment arm SD 0.2 mm for the new method compared to 1 mm for the 

previous set up). The new method was therefore considered sufficient to facilitate the 

repeatable placement of the implanted tibial and femoral components.  

Given the focus on the PFJ of the present study, a method was also required to repeatably 

define the patella tendon length and hence the clamping position of the patella assembly on 

the steel cable which simulated the patella and quadriceps tendons. This is clearly not an 

issue of concern for cadaveric studies reported in the literature [37,38,188,189,205] and 
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previous studies which have not used cadaveric specimens do not report the method of 

location [211,212]. 

In the clinical setting, patella height, i.e. its proximodistal location in relation to the TFJ, is 

assessed radiographically. In order to allow comparisons and assessment across populations, 

various indices have been established. The most applicable method for this application is the 

Modified Insall-Salvati Index (Figure 3-3) [271,272].  

 

Figure 3-3: Modified Insall-Salvati Index [271,272] 

The patella posterior proximodistal length (PG) can be approximated as the proximodistal 

measurement of each patella implant, which is known accurately. The patella tendon length 

(PT), the distance from the most distal point of the patella component to the centre of the 

distal pulley attachment, measured parallel to the steel cable which represents the patella 

tendon, can be assessed accurately using Vernier callipers. The patella tendon length (PT) 

should be maintained as twice the patella length (PG) to replicate a “normal” height patella. 

This can be measured at any tibiofemoral flexion angle.  

3.2.4. Musculature Simulation 

Motion of the human knee joint is driven and stabilised by a number of muscles. The most 

important are considered to be the quadriceps and hamstring complexes [47]. The majority 

of in vitro studies reported in the literature replicate the quadriceps mechanism but the 

hamstrings are commonly overlooked [24,96,101,110,111,199,200,211,214,229-232].  

3.2.4.1.  Quadriceps 

The quadriceps mechanism used by the previous set up [196,270] was maintained. A webbing 

construct was added to the quadriceps tendon, to better distribute load when the tendon 

contacted the femoral component in deeper flexion. In line with Long’s work, [196,270] the 

patella tendon was modelled with a loop of 3 mm steel cable attached, via a pulley, to the 

tibial tuberosity of the Sawbone tibia (Appendix B). Modelling the quadriceps as a single 
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compartment simplified the forces exerted by the extensor mechanism [47], but was 

comparable to multiple previous studies [23-26,61,190,192,193,201-204,217,218,223,225]. 

3.2.4.2. Hamstrings 

The action of the hamstrings significantly affects the forces experienced by the knee joint 

during active motion [57]. It was therefore considered important to simulate their action in 

the present study. In line with previously reported studies, the muscle group was modelled 

using two constant force springs, each producing 50 N; one spring was designed to simulate 

the semi-membranous and the semi-tendinous muscles, and one the biceps femoris 

[201,204,218,223,225]. 

The available literature was collated to allow estimated ideal proximal mounting positions of 

the hamstrings to be defined (Table 3-1, Figure 3-4).  

The actual mounting positions were adapted within the physical constraints of the simulator 

to ensure smooth operation. In line with previous work [201,204,218,223,225], and in the 

interest of simplicity, the proximal insertion of the short head of the biceps femoris was 

ignored. The final mounting dimensions, assessed using CAD software, are detailed in Table 

3-1. 

Table 3-1: Ideal and modelled hamstring proximal mounting locations (Angles relate to reference frame in 
Figure 20)  

 Ideal  Actual 
Biceps Femoris  

Proximal 

29 mm medial, 44 mm 
distal and 61 mm 

posterior to the centre 
of the femoral head 

[273] 

49.36 mm medial, 
43.5 mm distal and 
61mm posterior to 
the centre of the 

femoral head 

Frontal Plane 
Moment Arm 

46.1 mm [274] 47.86 mm 

Sagittal Line of 
Action 

-85° @ 0° Flexion [275] -84° @ 0° Flexion 

Semi-tendinous and Semi-membranous  

Proximal 

Same anterioposterior 
and proximodistal 

positioning and medial 
to Biceps Femoris 

[273,276] 
[276] 

89.36 mm medial, 
43.5 mm distal and 
61mm posterior to 
the centre of the 

femoral head 

Frontal Plane 
Distal Moment 
Arm 

28.2 mm [274] 32.53 mm 

Sagittal Line of 
Action 

-102.5 @ 0° Flexion [275] -78° @ 0° Flexion 
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Figure 3-4: Reference frame used by Herzog et al. Adapted with permission from: [275] 

Data on the precise location of the distal insertion points of the three compartments has not 

previously been published. The distal insertion points were therefore defined using 

anatomical descriptions in the literature [47] and anatomical landmarks on the Sawbone tibia 

(Table 3-2).  

Table 3-2: Hamstring distal attachment point locations [47] 

 
Anterioposterior 

Positioning 
Proximodistal 

Positioning 
Mediolateral Positioning 

Biceps Femoris As close to the PFL as possible. 

20 mm from the tibial lateral 
surface to simulate the fibula. 

(Bone cement was used to 
strengthen the structure) 

Semi-tendinous & 
Semi-membranous 

Posterior to the 
MCL attachment 

As proximal as 
possible 

As close to the bone surface 
as possible. 

A preliminary study was carried out to assess the effect of the addition of the hamstring 

simulation on the measured quadriceps force. Tests were carried out using the Zimmer 

NexGen hinge prosthesis, which was positioned using the new alignment rig detailed in 

Section 3.2.3. The knee simulator was cycled against a peak flexion moment of 43 Nm and 

the quadriceps force measured for the third extension cycle. Two conditions were tested: 

Group 1: hamstring model not engaged; and Group 2: hamstring model engaged. Five repeats 

were carried out for each group, repositioning the components each time. Normality was 

demonstrated therefore the difference between the sample means was assessed using an 

independent ‘t’ test (α = 0.05). All statistical tests carried out as part of this research project 

were completed using SPSS (IBM, NY, USA).  

The results indicated that extension required substantially greater quadriceps forces than 

flexion (Figure 3-5). In extension, the quadriceps actuator was working against the rig weight, 

the body weight simulation, and the friction of the bearings as they traversed along the 

shafts. The extension cycle can therefore be considered the worst case.  
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Figure 3-5: Comparison of average quadriceps force required to extend and flex the knee at a constant rate in 
a simulated squat. Error bars demonstrate standard error in measurement of the mean values. p < 0.05: * 
loaded force significantly greater, † unloaded force significantly greater. 

In early flexion a greater quadriceps force was required when the hamstrings were not loaded 

(Figure 3-5).  However, at all flexion angles greater than 30°, the quadriceps force required 

to extend the knee was significantly larger when the hamstrings were loaded (Figure 3-5). 

This corresponded with the results of cadaveric studies reported in the literature [204,218], 

and demonstrated that the simulated hamstrings were providing a flexion moment about the 

knee joint in a similar manner to the in vivo situation. The significant increase in measured 

quadriceps force could be hypothesised to equate to increased PFJ forces. This preliminary 

study therefore confirmed the importance of including a hamstring model when assessing 

PFJ biomechanics in vitro.   

3.2.5. Ligamentous Simulation 

The kinematics of the human knee are influenced by the action of a number of soft tissue 

structures. Following TKA, with a PS implant, the primary constraining structures are 

considered to be the MCL, LCL and PFL [212]. In order to maintain joint integrity, and ensure 

the replication of physiological knee kinematics, it was therefore important to simulate these 

structures. Previous models which do not include cadaveric tissue have simply replaced the 

action of the collateral ligaments with a compressive spring to prevent dislocation [212]. In 

order to simulate physiological kinematics of the knee joint [65,67,277], a ligament model 
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which better replicated the action of the MCL, LCL and PFL was developed for the present 

study. 

3.2.5.1.  Model Material 

The LCL is slightly weaker than the MCL [67,209].  However, given the paucity of data relating 

to LCL and PFL properties in the literature, and the need for relative simplicity, a single 

synthetic model was developed [277]. Porcine MCL specimens have similar properties to 

human collateral ligaments [278]. Six porcine knees were therefore sourced from a local 

butcher. The porcine MCLs were dissected by an orthopaedic registrar and their mechanical 

properties assessed to provide a baseline for comparison with potential synthetic 

substitutes. 

Testing of the porcine ligaments followed similar protocols to those reported in the literature 

so as to facilitate comparisons [65,278]. It is customary to assess cyclic creep, static creep 

and pure tensile loading. Given the dynamic nature of the rig, static creep was not considered 

to be relevant. A test protocol was therefore developed (Figure 3-6) to include cyclic creep 

and tensile testing to failure using an Instron Materials Testing Machine (Instron, High 

Wycombe, UK).  

 

Figure 3-6: Ligament assessment protocol 

In addition to porcine specimens, the LARS 80 (Corin Ltd, Cirencester, UK) synthetic ligament 

replacement system, designed for use as an ACL replacement, and eight cords and braids 

Pre conditioning: 5 
cycles 0 - 50 N @ 
10 mm/min

Measure ligament 
length & cross-sectional 
dimensions, at three 
locations, under 
nominal zero load

Cyclic Creep Testing: 30 
cycles 0 - 200 N @ 
0.5 Hz

Failure Testing: tensile 
extension @ 100 
mm/min

Pre conditioning: 
5 cycles 0-50 N @ 
10 mm/min

Calculation of 
approximate ligament 
cross-sectional area

Calculation of cyclic 
creep and cyclic strain

Calculation of tensile 
stiffness, elastic 
modulus  & qualatitive 
assessment of ligament 
toe region
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sourced from local hardware stores were tested. Non-parametric Mann-Whitney U tests 

were carried out to compare each synthetic construct to the porcine control. No Bonferri 

correction was used as these were planned comparisons. 

The synthetic materials were secured using standard hand tightened clamps (5 kN). However, 

purely hand tightening or using hydraulically tightened clamps around biological specimens 

has been reported to result in excessive damage at the clamp location [279]. Cryogenic clams, 

which had previously been developed at the university [279,280], were therefore used to 

minimise the risk of damage to the ligament (Figure 3-7).  

 

Figure 3-7: Cryogenic clamping of porcine MCL 

The porcine specimens demonstrated 2.2 ± 0.6 mm (mean ± standard error) extension after 

30 cycles of loading up to 200 N, which equates to 7% ± 1% strain. Tensile extension tests 

indicated that the porcine specimens had a tensile stiffness of 100 Nmm-1 ± 8.9 Nmm-1.  This 

value was comparable, in terms of order of magnitude, to literature values for both porcine 

and human specimens (Figure 3-8) [65,278].  

 

Figure 3-8: Tensile stiffness (Mean ± 1 standard error) of the porcine specimens shown alongside results of 
cadaveric human specimens [65] and porcine specimens [278]. The loading rates the tests were carried out at 
are also shown.  
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The porcine specimens had a toe region of approximately 3 mm (Figure 3-9). This was again 

comparable to that reported in the literature for human specimens [65].  

 

Figure 3-9: Load deformation curves generated from failure testing for pocine specimens.  

The LARS analogue had a tensile stiffness nearly nine times that of the porcine specimens. It 

was not suitable for use as a kinematic model. Of the eight synthetic materials which were 

tested, three had tensile stiffnesses which were not statistically significantly different to the 

porcine samples (p > 0.05) (Figure 3-10): polyester braid, cotton cord and nylon cord.  

 

Figure 3-10: Tensile stiffness values for each porcine specimen and each synthetic material which did not show 
a statistically significant difference to porcine (p>0.05). Average values also shown. 
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An appropriate tensile stiffness is vital, therefore these three potential analogues were 

analysed further and the others discarded. None of the synthetic materials replicated the 

cyclic strain behaviour exhibited by the porcine specimens (Figure 3-11). Generally, kinematic 

test rigs are used for relatively few cycles and therefore replication of cyclic creep behaviour 

was not a high priority. The low recorded creep after 30 cycles for the synthetic materials 

may be beneficial, as it indicated that the properties of the material will not change greatly 

over multiple tests.  

 

Figure 3-11: Cyclic strain values for each porcine specimen and each synthetic material which did not show a 
statistically significantly different tensile stiffness to porcine (p>0.05). Average values also shown. 

The polyester braid demonstrated the most physiologically relevant toe region, falling 

completely within the range of porcine data (Figure 3-12). The polyester braid was therefore 

considered an appropriate synthetic ligament analogue for use in the present study.  
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Figure 3-12: Load deformation curves generated from failure testing of each porcine specimen and each 
synthetic material which did not show a statistically significantly different tensile stiffness to porcine (p>0.05) 

The synthetic ligaments were attached to the Sawbone tibia and femur using the method 

depicted in Figure 3-13.  

 

Figure 3-13: Ligament model attachment method 

3.2.5.2.  Medial Collateral Ligament 

Measurements of the proximal sMCL attachment point relative to anatomical femoral 

landmarks have been reported in the literature [281,282]. These landmarks were not 

palpable on the Sawbone femur. Given that the MCL is isometric throughout normal ranges 

of motion of the knee, in line with the work of Colwell et al [216], it was therefore concluded 

that the axis of rotation of the ideally placed single radius knee joint would be an appropriate 

attachment point for the simulated MCL. Placement relative to the cylindrical axis of the 

femoral prosthesis negated some surgical placement errors and replicated a well-balanced 

resurfaced knee. Placement relative to the implant was achieved using a rapid prototype jig 
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produced using known implant dimensions. Proximally, the sMCL inserts directly onto the 

femoral surface. The ligament attachment was therefore screwed into the bone so that the 

steel tube locating the synthetic substitute was flush with the synthetic bone surface.   

On the tibia, the sMCL inserts approximately 62 mm distal to the TFJ line [281,282], over a 

large surface area just anterior to the posteromedial tibial crest [55]. There is little other data 

available in the literature relating to the sMCL distal insertion point. During active flexion, the 

MCL has been shown to be isometric [66]. Given that the proximal insertion point of the MCL 

is modelled to coincide with the centre of rotation of the knee joint it was therefore 

considered appropriate to position the distal MCL attachment vertically below the proximal 

attachment when viewed in the sagittal plane with the knee at 0° flexion. This was achieved 

using a rapid prototyped guide to mark the Sawbone tibia an appropriate depth, based on 

anatomical studies in the literature [281,282], below the tibial plate top edge (34.7 mm). The 

mediolateral position was then determined using a plumb line, with the knee positioned 

within the rig at 0° of flexion. The ligament attachment was positioned flush with the tibial 

surface of the synthetic tibia.  

3.2.5.3. Lateral Collateral Ligament 

LaPrade et al. [69], indicated that the centre of the femoral insertion of the LCL is 1.4 mm 

proximal and 3.1 mm posterior to the lateral epicondyle. However, due to a lack of palpable 

landmarks on the Sawbone femur, dimensions referenced to the surgical epicondyle were 

difficult to replicate. It was therefore more repeatable, again in line with Colwell et al. [216], 

to link the LCL proximal insertion point to the centre of rotation of the single radius knee 

replacement. This was achieved using the method detailed for the MCL. The LCL proximal 

attachment was also positioned flush to the surface of the synthetic femur.  

Distally, the LCL inserts on the fibula approximately 28.4 mm distal to the proximal tip and 

8.2 mm posterior to the anterior margin of the head of the fibula [69]. The LCL has a 12° 

posterior line of action in the sagittal plane, when the knee is in 0° of flexion [68]. A rapid 

prototyped guide was again used to mark the Sawbone tibia an appropriate depth below the 

tibial plate top edge (44.35 mm) [69]. A 12° posterior line of action could not be fully realised 

due to the geometry of the Sawbone model. Instead, the attachment was placed as posterior 

as possible. The LCL inserts on the fibula rather than the tibia. The attachment screw was 

therefore positioned such that the steel tube location was 20 mm from the Sawbone tibia 

surface, to simulate the presence of the fibula. Bone cement was used to strengthen the 

structure.  
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3.2.5.4. Popliteofibular Ligament 

Proximally the PFL does not have a bony insertion point, but rather forms a connection 

between the muscle-tendinous junction of the popliteus tendon and the proximal fibula [69]. 

It was not feasible to replicate this complex geometry on a synthetic model.  

Surgeons also struggle to replicate this complex geometry when repairing it, and have 

therefore proposed many alternative methods. The modified Larson method (Figure 3-14) 

[73], involves reconstructing the static stabilisers of the knee, the PFL and LCL, but not the 

dynamic stabilisers such as the popliteus tendon. This method has been demonstrated, in 

cadaveric studies, to result in the recreation of a knee joint with appropriate laxity [73]. The 

modified Larson technique models the PFL proximal attachment as the popliteus tendon 

femoral insertion point. 

 

Figure 3-14: Modified Larson method of posterolateral corner reconstruction  

A replication of the modified Larson technique is the most appropriate way to position the 

PFL and LCL on the model. However, given the space limitations on the synthetic model, this 

was modified slightly (Figure 3-15). The LCL proximal attachment point previously detailed 

was used for both ligaments, acting as a loop point. To model the natural attachment of the 

PFL to the tip of the posterior fibula, the attachment was placed as proximally and as 

posteriorly as possible and screwed in so that the steel tube location was 10 mm from the 

surface of the Sawbone tibia, to simulate the presence of the fibula.  
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Figure 3-15: Modified Larson method employed on the rig 

3.2.6. Allowances for Design and Position Variations 

In order to fulfil objective 3 of the study a number of design and alignment factors which 

were hypothesised to effect PFJ biomechanics were investigated. The simulator was 

therefore adapted to allow the assessment of a number factors, specifically: patella 

component design, patella component medialisation, femoral component rotation and 

femoral component flexion and extension. 

The patella components to be tested were placed on plates and located using the three 

polyethylene pegs on the back of the patella components which are used in normal practice 

to locate the patella during cement fixation.  Multiple plates were produced to allow the 

assessment of different patella component designs. Each plate was designed to ensure that 

when placed optimally the centre of the polyethylene component coincided with the centre 

of the quadriceps tendon. Additional patella plates were produced to allow positioning of the 

symmetric dome component 5 mm medial of the centre of the quadriceps tendon. 

The attachment of the femoral mounting box to the femoral shaft was designed with three 

locating screw positions to allow femoral transverse plane alignment to be altered from 

neutral to ± 5° rotation (Figure 3-16). Wedges were also designed, which modelled ± 5° 

flexion and extension of the femoral component. These could be placed between the femoral 

mounting box and the femoral shaft without altering the leg length. 

3.2.7. Final Simulator Design 

The knee joint simulator used for the present study and a summary of key details of its design, 

are depicted in Figure 3-16. 
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Figure 3-16: Final simulator 
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3.3.  Outcome Measures 

There are multiple variables that could be measured using the knee simulator (Figure 3-16) 

to assess the PFJ biomechanics. This sub-section will detail the measurement systems, which 

were re-used, modified or developed for use in the current protocol to measure the variables 

which were considered most important.   

3.3.1. Flexion Angle 

Flexion of the TFJ was important to monitor as it was against this parameter that all other 

variables were evaluated. The method employed by Long to monitor the flexion of the TFJ 

was maintained for this study [196,270]. The height of the hip joint relative to the ankle was 

measured using a pull cable transducer (VPA-40, UniMeasure, Oregon, USA). The transducer 

was connected, via an analogue-to-digital converter card, to a computer running Labview 

(version 11.0.1, NI, Newbury, UK), which allowed data collection at a rate of 100 Hz. The 

voltage output of the sensor was converted to length values (mm) using a calibration factor. 

Flexion angles were calculated using known implant dimensions and Matlab (Mathworks, 

Natick, Massachusetts) during post-processing of the data (Appendix E). 

The calibration factor for the pull cable transducer was assessed by using an Instron Materials 

Testing  Machine to extend the cable in steps of 75 mm from 0 mm to 375 mm five times. At 

each step the voltage generated by the sensor was recorded for a minimum of 5 seconds and 

then averaged. The method of least squares and the calculation of a weighted average was 

then used to calculate the gradient of the calibration slope and the uncertainty in this 

measurement [196]. The calculated calibration factor for the pull cable transducer was 106.8 

± 0.2 mm/V. 

3.3.2. Quadriceps Force 

The quadriceps force required by a patient to achieve a certain movement gives an indication 

of the extensor mechanism efficiency. It determines whether a patient will be able to carry 

out a motion or activity after surgery, as significant muscle strengthening, to levels exceeding 

those seen pre-operatively or in the healthy population, is unlikely [283,284]. 

Multiple studies have measured the quadriceps load using a load cell placed in series with 

the cable loading the quadriceps mechanism [23,24,61,96,199,202,236]. Long’s work was no 

exception, and showed comparable accuracy to published  studies [196]. The quadriceps 

force was therefore measured using the same method for this study. 
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The bespoke quadriceps load cell was connected, via an analogue-to-digital converter card, 

to a computer running Labview. This allowed data collection at a rate of 100 Hz in conjunction 

with the pull cable transducer.  

The quadriceps load cell calibration factor was assessed using the same method as previously 

described for the pull cable transducer, with known loads applied using an Instron Materials 

Testing Machine. The calculated calibration factor was 520.8 ± 0.2 N/V for all tests reported 

here with the exception of the last two repeats for which it was 475.0 ± 0.2 N/V. 

3.3.3. Patella Tendon Moment Arm  

A greater PTMA  may suggest the need for a reduced quadriceps force and may therefore be 

associated with improved patient function [44,60,61]. The PTMA also gives an indication of 

the seating of the patella component within the trochlear groove.   

Long made use of a static 2D method for measuring the PTMA at 10° intervals using a single 

camera [196]. This method was used successfully, but is limited by the camera resolution, is 

highly sensitive to human errors in positioning the camera, and is not dynamic. It is also based 

on the assumption of a planar hinge joint. This assumption is not true of the natural knee, 

but following TKA, tibial rotation of less than 15° [285] is commonly reported. When 

considered mathematically, it can be shown that out of plane rotations of this magnitude (< 

15°) will have minimal effect on the recorded 2D planar measurements.  

Optical marker tracking is a method which has been used widely in a variety of disciplines to 

assess 2D and 3D motion [221]. 3D measurements require complex programming and 

multiple cameras [221,222]. Dynamic 2D measurements can be achieved with a single high 

speed camera, a series of black on white dots to act as markers, and a Matlab script. 

A method to capture and analyse the movement of dots attached to the knee and calculate 

the required lengths and angles dynamically was developed (Figure 3-17). It was 

hypothesised that the new method, as well as being dynamic, was less prone to user error 

than Long’s method [196]. Two preliminary experiments were carried out to test this 

hypothesis and assess the errors associated with the method.  

Firstly, the PTMA of the Zimmer NexGen hinged knee system, mounted without bone or 

ligament models, was measured using Longs’ static measurement method [196], and the new 

dynamic protocol. The measurements were repeated five times, repositioning the tibial and 

femoral components each time. Secondly, the knee was positioned statically at 10° intervals 

and the flexion angle and a known length measured using both methods. These values were 
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compared to those generated by the pull cord transducer and the use of Vernier callipers 

respectively. At each angle, ten images taken were taken with the high speed camera and 

five using the static method.  

 

Figure 3-17: Patella tendon moment arm measurement protocol 

The two protocols resulted in distinctly different absolute values for the PTMA, but followed 

similar patterns of change with flexion (Figure 3-18). Both methods demonstrated similar 

variability of approximately 2% of the measured value (SD: 0.75 mm (range: 0.48-1.63) for 

the new, dynamic, method and 0.79 mm (range: 0.37-1.17) for the original, static, method). 

In contrast, when assessing a known value the new method was substantially more 

repeatable (average SD of 0.07 mm and 0.78° verses 0.45 mm and 1.2°). The original, static 

Position a high speed black and white camera on a 
tripod at a distance from the knee which ensures 
all of the joint is in view throughout a flexion cycle

Place markers on the knee joint.
2 to mark tibia, 2 to mark femur,
3 to mark patella tendon and
1 to mark knee joint centre of
rotation

Calibrate system by taking two images with calibration 
tool (known length) in view

Take 250 photos at 15 fps, using NI image capture 
software (NI, Austin, Texas, USA), whilst knee is flexing 

Analyse images using bespoke Matlab program 
(Appendix F) to produce values of patella moment arm. 
For simplicity of analysis these were reported at 10°
intervals.
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camera, method also consistently showed greater systematic errors than the new dynamic 

method (Figure 3-19). 

 

Figure 3-18: Average moment arm values over the flexion range (mean± SD). 

Both protocols demonstrated varying magnitudes of error with flexion. As the systematic 

errors associated with the out of plane motions vary with tibial rotation it was difficult to 

assess the true error, the combination of the random and systematic, in the new system. For 

this study the true error was estimated by combining the random error and the systematic 

error (the average deviation from the absolute value) in quadrature. An estimation of the 

true random error was achieved by combining, in quadrature, the standard deviations from 

the two preliminary experiments [286]: 

𝑅𝑎𝑛𝑑𝑜𝑚 𝐸𝑟𝑟𝑜𝑟 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

=  √0.072 + 0.752

= 0.75𝑚𝑚 

 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑟𝑟𝑜𝑟 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √0.752 + 0.032 =

0.75𝑚𝑚

𝑅𝑎𝑛𝑑𝑜𝑚 𝐸𝑟𝑟𝑜𝑟 𝐴𝑛𝑔𝑙𝑒 =  √0.82 + 1.22

= 1.44° 

 

 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑟𝑟𝑜𝑟 𝐴𝑛𝑔𝑙𝑒 =  √1.442 + 0.452

= 1.5° 

At any given flexion angle this may be a slight over or underestimate. However, it is sufficient 

to demonstrate that, in line with the camera resolution (0.5 mm), the method can be used 

to measure distances and angles with a resolution in the order of 1 mm or 1°.  
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Figure 3-19: Top: Average flexion angle discrepancies. Bottom: Average distance discrepancies (mean ± SD). 

3.3.4. Patellofemoral Joint Contact Area 

The contact area within the PFJ is important to measure as it is intrinsically linked to the 

pressure within the joint and gives an indication of the PFJ congruency. The pattern of contact 

area also indicates the areas which are most at risk of deformation and long term failure and 

can be used to infer elements of the PFJ kinematics. 

The contact area within articulating joints can be measured using a variety of methods. Early 

studies made use of dyes and rubber to statically assess the contact area within a joint [287]. 

In the 1980’s Fujifilm (Europe GmbH, Düsseldorf, Germany) developed pressure-sensitive 

film, Prescale [287]. Prescale film comes in a range of grades each designed for a different 

pressure range. When subjected to pressure above a threshold, microcapsules within the film 

break down causing a colour change. The intensity of the colour change is related to the 

magnitude of the pressure applied. The film is less than 200 µm thick and can be cut to allow 
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a consistent, and compliant, placement over a curved surface, such as a patella. Prescale film 

is flexible and relatively cheap. However, it is limited to static measurements only [206]. 

The developed Prescale films can be scanned using a standard flatbed scanner [288]. The 

images can then be converted to greyscale and the number of pixels with an intensity above 

a certain threshold counted. Using a scale factor the number of pixels can be converted into 

an area value. This process was automated for this study (Appendix G). 

In order to dynamically record contact pressures and areas, electronic pressure arrays must 

be used. These may be resistive in nature, such as the K-scan sensor system (Tekscan, Boston, 

USA) [189,191,193,205,243], or capacitive, such as the Pliance sensors (Novel GmbH, 

Munich, Germany) [63,194,210,243]. There are advantages and disadvantages associated 

with both types of sensors as assessed by Martinelli, et al. (2006) [243]. The K-scan system 

has a greater sensor density and is thinner, but is substantially less flexible than the Pliance 

system. This prevents the measurement of curved surface contacts without substantial 

buckling of the sensor [243]. The Tekscan system is also more expensive and less hard 

wearing. In situations where high shear forces may occur, such as the PFJ, the sensors may 

be damaged by as few as 16 cycles [287,289]. 

Although the Pliance sensor (Figure 3-20) is less accurate that the Tekscan system, and only 

functional at levels of loading substantially below those which are physiological (maximum 

pressure 2400 KPa), for reasons of cost, durability and pliability it was chosen as the most 

appropriate sensor which could be used within the present system.  

 

Figure 3-20: Novel Pliance sensor system 

The 1.2 mm thickness and relatively low sensor density of the Novel system was hypothesised 

to result in measurements which over-estimated the contact areas within the PFJ. Fujifilm 

has been demonstrated in the literature to measure contact areas with an error of less than 

7% [287]. In order to assess the accuracy of the contact area measurements generated by 
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the Pliance system a preliminary study was therefore carried out to compare static 

measurements of the PFJ contact area measured using the Pliance sensor and Fujifilm Super 

Low Pressure film. As a second objective, the contact area measurements achieved using the 

Pliance system under static and dynamic loads were compared. 

The investigation was carried out using the model detailed in Section 4.2.7, Scorpio NRG PS 

components, and a concentric dome patella. Due to the reduced working loads of the Pliance 

system the tests were carried out at a significantly reduced load (peak flexion moment 

approximately 19 Nm). This was achieved by replacing the physiologically sized 

counterweight with a larger one. Protocols for the use of the sensors are detailed in Section 

3.5. The quadriceps force and the PTMA were also measured. Six repeats were carried out 

repotting the tibial and femoral components between the tests. Wilcoxon signed ranked tests 

were used to assess differences between the results measured using different sensors, and 

under static and dynamic loads (α = 0.05). Due to issues positioning the knee accurately at a 

given flexion angle, the sample number ranged from 3 – 6. 

No statistical differences were reported between the quadriceps force and PTMA 

magnitudes or patterns measured under static loading using the Novel and Prescale systems 

(Figure 3-21 and Figure 3-22). This suggests that the insertion of the thicker Pliance sensor 

(1.2 v 0.2 mm) did not result in a significant change in the PFJ biomechanical environment. 

The Pliance system appeared to measure the pattern of contact area changes with flexion 

appropriately, but overestimated the contact area magnitude by a factor of 10-15 (Figure 

3-23). The Pliance system also demonstrated substantially larger measurement variability 

than the Prescale system (average S.D. 0.64 mm² v 0.07 mm²). This was most likely a result 

of the poor sensor density associated with the system: each sensor segment has an area of 

25 mm². For the purposes of this study, the Pliance system was therefore not considered 

suitable for contact area measurements within the PFJ.  

The measured quadriceps force was substantially higher in deeper flexion under dynamic 

rather than static loading (Figure 3-21). The PTMA measurements did not however show any 

differences between the two loading situations (Figure 3-22). The contact area 

measurements recorded dynamically and statically also demonstrated no notable 

differences (Figure 3-23) indicating, as reported in the literature, that the presence or lack 

thereof of motion does not affect the PFJ kinematics [290], if the knee is allowed sufficient 

time to settle. Static contact area measurements can therefore be used as a surrogate for 

dynamic contact area measurements for investigations utilising this simulator. 
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Figure 3-21: Quadriceps force measurements at 10° intervals of extension measured using different systems 
under static and dynamic conditions (mean ± SD). 

 

Figure 3-22: Patella moment arm measurements at 10° intervals of extension measured using different systems 
and under static and dynamic conditions (mean ± SD). 
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Figure 3-23: Contact area measurements at 10° intervals of extension measured using different systems under 
static and dynamic conditions (mean ± SD). 

Based on this preliminary work it was concluded that Prescale measurements of the static 

contact area would provide the most accurate value for the dynamic PFJ contact area at 10° 

intervals. The Super Low Pressure film (measurement range of 0.5-2.5 MPa) selected for use 

at the levels of loading appropriate for the Pliance sensor can also be used to measure the 

contact area at physiological levels of loading. Excessive loading results in saturation of the 

pressured cells, but has been demonstrated in the literature to not distort contact area 

measurements [287]. 

3.3.5. Patellofemoral Joint Compressive Force 

The magnitude of force that the patella component is subjected to is important to measure 

as it is intrinsically linked to the pressure within the joint and, when combined with the 

measured quadriceps force, gives an indication of the patella lever effect.  

A load cell located behind the patella component has been used by multiple authors to 

dynamically measure the resultant force on the patella component and remaining bone 

[40,41,61,62]. Measurement of the forces in multiple axes would give the greatest 

understanding of the resultant load on the patella component and remaining bone. However, 

miniature three axis loads cells were expensive and too bulky to incorporate in the patella 

assembly. As, based on literature results, the major force component was expected to be 
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perpendicular to the patella component anterior surface [62], a single axis load cell was 

selected to measure the compression force. 

The single axis load cell (Omegadyne INC, Ohio, USA), which was specified to allow up to 2.2 

kN of load, was mounted in the configuration detailed in Figure 3-24. The load cell was 

connected, via an analogue-to-digital converter card, to a computer running Labview, which 

allowed data collection at a rate of 100 Hz in conjunction with the quadriceps load cell and 

pull cable transducer. The calibration factor was assessed using the same method as 

previously described for the quadriceps load cell. This factor was 207.0 ± 0.1 N/V for the first 

two investigations carried out as part of this study. For the third it was 218.3 ±0.1 N/V. 

 

Figure 3-24: Patella configuration 

3.3.6. Patellofemoral Joint Contact Pressure 

The magnitude of contact pressure within the PFJ indicates the potential risk of the 

development of functional limitations relating to the PFJ as a result of excessive pain [20-22]. 

PFJ contact pressures in excess of the yield strength of the component material can also 

indicate the potential risk of long term plastic deformation and failure due to instability or 

patella component delamination [16,248]. 

The Prescale and Pliance systems have been used by multiple studies in the literature to 

measure the contact pressure within the PFJ [63,194,206,210,243]. The Prescale system can 

only be used statically, but the Pliance system can take dynamic measurements. Both 

systems can be used to assess peak and mean values and produce surface pressure maps. 

The Pliance system can also measure the centre of pressure. 

Given the inaccuracies in the contact area measurements achieved using the Pliance system 

it was expected that the pressure measurements, in terms of magnitude, would also be 

erroneous and could not therefore be reported in good faith. In order to assess if the Prescale 

system was a credible alternative, the preliminary work discussed in the previous sub-section 

was re-analysed and the contact pressures recorded for each test calculated.  
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The Prescale system appeared to have been saturated throughout the flexion cycle (Figure 

3-25). This may indicate that the film was inappropriately specified. However, based on visual 

observation it was concluded that surface imperfections and the relative stiffness of the 

articulating surfaces, caused localised stress peaks. The Prescale system was therefore also 

inappropriate for use as a system to measure the PFJ contact pressures in the present study. 

 

Figure 3-25: PFJ peak pressure measurements at 10° intervals of extension measured using different systems 
under static and dynamic conditions (mean ± SD). 

If the patella component was assumed to be a rigid body and the compressive force assumed 

to be the largest component of force acting on it, the force measurements taken using the 

single axis load cell could be used as a surrogate for the contact force. It was therefore 

concluded that the most reliable, available, method to assess PFJ pressures in the present 

study was a calculation based on the measurement of the compressive force acting on the 

PFJ and the Prescale film contact area measurements. 

The PFJ pressure values calculated using this method are not absolute values, as the resultant 

force vector on the patella component was unlikely to correspond directly with the 

measurement axis of the single-axis load cell. However, they could be expected to give a good 

indication of the magnitude of pressure the patella component and remaining bone were 

subjected to during the modelled activity. 

The Pliance and Prescale systems demonstrated similar pressure distribution patterns (Figure 

3-26). The Pliance system was therefore considered sufficient for use to explore pressure 
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distributions within the PFJ. The centre of pressure (COP) values produced by the system, 

were used to understand the transfer of load across different areas of the patella surface 

during the dynamic loading. 

 

Figure 3-26: Example pressure maps produced using Prescale and Pliance systems 

3.3.7. Surface Digitisation 

During preliminary testing, anecdotal observations suggested that the UHMWPE patella 

components were subjected to a degree of plastic deformation during the testing process. It 

was not clear whether this deformation was occurring gradually, or was part of a bedding in 
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process. In order to assess this, a method was developed to measure how the surface 

geometry of each component varied during the study. 

A desktop digitizer, Incise (Renishaw PLC, Wotton-under-edge, UK), which can produce 

surface maps of a variety of small geometries was used.  Renishaw PLC developed a regime 

which allowed the progressive deformation of the patella components to be assessed during 

the study (Figure 3-27). This method involved digitisation of the surface profile of each patella 

component, and the production of a point cloud, before any use. The point cloud was 

converted into a surface profile. After each repetition of testing, the surface was again 

digitised and a surface profile generated. The different surface profiles were compared 

computationally and any differences represented graphically as areas of high or low surface 

deformation.  

 

Figure 3-27: Digitization protocol 

3.3.8.  Summary of Study Outcome Measures 

The output measures, which were assessed in the present study, are summarised in Table 

3-3. 

1. Create a profile grid scan of brand new patella exposed 
surfaces.

2. Create surface using scan points.

3. Use patella for one repeat of the test protocol.

4. Repeat 2 - 3. 

5. Use patella for next repeat.

6. Repeat 4 -5  until all test repeats completed.

7. Register each patella  surface to the original, untested, 
one .

8. Run application add-on to calculate change in surface 
volume between each test.
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3.4. Consecutive Cycle Assessment 

Long’s previous work carried out on the original knee simulator (Figure 3-1) only reported 

the results of a single motion cycle [196,270]. A small preliminary study was therefore carried 

out to confirm that there was no variation between the results of consecutive cycles and that 

therefore the measurement of one cycle was also sufficient when using the final, modified, 

simulator (Figure 3-16). 

The quadriceps load for six consecutive dynamic load cycles was assessed using the Scorpio 

NRG PS system and a concentric dome patella component. In order to protect the patella 

component, the tests were carried out at a reduced level of quadriceps loading (peak flexion 

moment of approximately 19 Nm). Six repeated measurements were carried out repotting 

the joint between each repeat. A Friedman paired samples test was used to assess if there 

were any differences between the quadriceps forces for each consecutive cycle.  

There were no statistical differences between the quadriceps forces recorded over six 

consecutive cycles (Figure 3-28). It was therefore acceptable to measure and report results 

of only one extension cycle.  

 

Figure 3-28: Average quadriceps force variation with flexion angle over six consecutive dynamic cycles 

 

0

50

100

150

200

250

300

350

20304050607080

Q
u

ad
ri

ce
p

s 
Fo

rc
e

 (
N

)

Flexion Angle (deg)

Cycle 1 2 3 4 5 6



 

 114 

3.5. Final Protocol 

Based on preliminary work the following protocol was developed to allow the accurate 

measurement of the variables detailed in Table 3-3. The protocol was used to carry out each 

repeat of all of the experiments detailed in the following chapters. The protocol assumes the 

two load cells and the pull cable transducer had previously been calibrated. 

1. Prosthesis Mounting (See Appendix C for further details) 

1.1. Set up mounting jigs  

1.2. Position implanted tibia and femur 

1.3. Secure tibial and femoral models with Wood’s metal  

2. Rig Set-up 

2.1. Ensure patella plate matches patella component and patella mediolateral position 

to be tested   

2.2. Ensure larger counterweight, which equates to 19 Nm peak flexion moment is 

attached  

2.3. Bolt femoral and tibial mounting blocks to mounting plates. Attach ligaments with 

knee positioned at 90° flexion and no tibial bearing in place. When tibial bearing is 

then inserted a preload is applied to the ligaments to ensure they are operating 

within their linear region 

2.4. Ensure femoral mounting block is at desired internal/external rotation and flexion 

position 

2.5. Set quadriceps actuator and limit switch power supply to appropriate values for 

physiological testing speed [196,270] 

2.6. Start Labview data capture program and set scale values (calibration factors) for the 

two load cells and the pull cable transducer 

2.7. Position rig at 0° of flexion and ensure no load is transferring through the patella or 

quadriceps load cells. Set offsets in Labview program 

3. Reduced Load Assessment Protocol 

3.1. Apply adhesive to reverse of Pliance sensor surface. Place Pliance sensor onto 

patella component and affix firmly  

3.2. Start Pliance X software program and record data for approximately 5 seconds while 

no load is applied to the sensor. Set this pressure map as “Zero” and subtract from 

future measurements to eliminate effects of the curved patella surface 

3.3. Place rapid prototype centre marker on to patella and apply pressure. Record data 

for approximately 5 seconds and save as “COP reference”. This will provide a COP 
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measurement, which can be used during the data analysis to recalculate all the test 

COP measurements in reference to the centre of the modelled patella 

3.4. Apply grease to PFJ & TFJ articulating surfaces 

3.5. Set up camera system and calibrate as detailed in Figure 3-17 

3.6. Ensure limit switches are in the correct position to achieve desired flexion range  

3.7. Carry out dynamic extension test. Position joint at 90° flexion and then record 

images, load cell data and Pliance data for one dynamic extension cycle 

3.8. Remove Pliance sensor and clean grease from the PFJ 

3.9. Reduce actuator power supply voltage to allow fine position control and position 

joint at a flexion angle of 90° 

3.10. Carefully insert Prescale film into joint space and allow application of force for 5 sec 

before removing the film. Note the pull cable transducer reading. Repeat at 10° 

increments to 20° of flexion 

3.11. Repeat dynamic and static tests as required for each test condition altering the 

patella condition, femoral rotation or femoral flexion as required 

4. Physiological Loading Investigations 

4.1. Use a jubilee clip to secure the hip sled and replace the large counterweight with 

the counterweight sized to ensure physiological loading 

4.2. Grease the PFJ and ensure the patella condition, femoral rotation and femoral 

flexion are as required 

4.3. Set quadriceps actuator power supply to appropriate voltage 

4.4. Carry out dynamic extension test. Turn on actuator to begin cycling and then record 

images and load cell data for the third extension cycle 

4.5. Clean grease from PFJ and reduce the actuator power supply voltage to allow fine 

position control and position joint at a flexion angle of 90° 

4.6. Position joint at a flexion angle of 20° and carefully insert Prescale film into joint 

space and allow application of force for 5 sec. Note the pull cable transducer 

reading. Repeat at 10° increments to 90° of flexion  

4.7. Repeat dynamic tests as required for each test condition altering the patella 

condition, femoral rotation or femoral flexion as required 
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Chapter 4 

4. Experimental Investigations 
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4.1.  Introduction 

The primary objectives of the research set out in Chapter 3 (Objectives 1 and 2) and discussed 

in Chapter 4 were to develop an in vitro test methodology to efficiently assess a number of 

parameters influencing the PFJ during dynamic knee movement. These parameters included; 

quadriceps force, PTMA, patellofemoral compressive force, PFJ contact area and PFJ 

pressure.  

To address the remaining objectives set out in Chapter 3 (Objectives 3-5), three separate 

studies were carried out, using the protocols developed, to determine the effect of; patella 

component design, patella component position, and the influence of femoral and sagittal 

plane rotations on the measured parameters.   

Study (i) - The effect of Patella Component Design and Position 

Three patella component design configurations were compared: two involved symmetric 

patella components, one placed in a central and one in a medialised position, and the third a 

centrally placed asymmetric patella component. Comparisons of the PFJ biomechanics 

measured for each scenario addressed Objectives 3.1 and 3.2. The results of this study were 

also analysed to assess the effect of applied load on PFJ biomechanics, the physiological 

relevance of the simulator and the variability in the measured parameters. 

Study (ii) - The effect of Femoral Rotational Alignment Errors 

Three femoral rotational alignment errors were compared to address Objective 3.4: 5° 

internal rotation (IR), optimal placement (as defined by the surgical protocol), and 5° external 

rotation (ER). A centrally placed asymmetric patella component was used for all of the tests.  

Study (iii) - The effect of Femoral Sagittal Plane Alignment Errors 

Three femoral sagittal plane rotations were compared to address Objective 3.5:  5° flexion, 

optimal placement, and 5° extension. A centrally placed asymmetric patella component was 

used for all of the tests.  

All three studies included one comparable configuration; a centrally placed asymmetric 

patella component articulating against an optimally placed femoral component. The long 

term repeatability of the system was therefore also assessed by comparing these results from 

the three studies.  
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4.2. Study (i) - The effect of Patella Component Design and Position 

4.2.1. Aims  

This study focussed on the effect of patella implant design and patella component 

medialisation on the biomechanics of the PFJ during dynamic knee movements. The 

investigation aimed to assess the potential influence of patella component design and the 

effect of component medialisation on the risk of the development of patellofemoral issues 

and pain after TKA. An additional aim was to evaluate the influence of the level of loading 

applied to the knee during dynamic knee movements on the PFJ biomechanics.  

4.2.2. Methods & Materials  

This investigation was carried out with a Scorpio NRG PS fixed bearing implant using the 

simulator and protocol detailed in the previous chapter.  The quadriceps force, PTMA, and 

patellofemoral compressive force were measured during dynamic knee motion under 

physiological (43 Nm peak flexion moment) and reduced (approximately 19 Nm peak 

moment) levels of loading. The PFJ COP was also monitored during the reduced loading tests. 

In addition, the PFJ contact area was measured during static loading at 10° intervals of 

tibiofemoral flexion under both levels of loading.  

Three patella configurations were assessed; a centrally placed concentric dome patella 

component (Concentric), a centrally placed asymmetric patella component (Asymmetric), 

and a concentric dome patella component medialised 5 mm relative to the quadriceps 

tendon (Medialised) (Figure 4-1). Medialisation of 5 mm was chosen to replicate common 

surgical practice [31,266,267]. 

 

Figure 4-1: Tested patella configurations 

Each configuration was assessed six times, repositioning the Sawbone tibia and femur 

between each experimental repeat. The order of the tests for the three patella configurations 

was altered for each repeat. 
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Only one new patella component was available for each of the patella configurations, each 

component was therefore subjected to six test sequences. In order to assess the effect of 

repeated testing the digitising protocol detailed in the previous chapter was used to map the 

surface profile before the testing began and following each experimental repeat. 

4.2.2.1. Statistical Methods 

A sample size of six was used for all configurations with the exception of the Asymmetric 

configuration under a physiological hip load, for which, due to a data collection error, only 

five samples were available. Data has been reported using mean ± standard deviation (SD) to 

give an indication of the variability. The standard deviation values for the reported 

percentage of lateral contact area were capped at 100% as this variable could not physically 

exceed 100%.  

All data was assessed for statistical differences. The p values are not reported but when a 

difference was significant it has been highlighted on the appropriate graph. Non-parametric 

tests were used to assess differences between the configurations to reduce the threat of 

outliers within the relatively small sample. A paired Friedman test and, where appropriate, 

Wilcoxon signed rank post hoc tests, were used to assess any differences for each variable 

between the three patella configurations (α = 0.05). 

Where appropriate, the results were also normalised relative to the results at 20° flexion of 

the TFJ. Differences between the normalised results at the two levels of loading (43 Nm and 

19 Nm peak) were assessed using Wilcoxon signed rank tests (α = 0.05). 

4.2.3. Results 

4.2.3.1. Quadriceps Force 

Quadriceps force is commonly measured when assessing TKA implant systems in in vitro 

studies as it directly impacts the patient’s ability to carry out activities of daily living. An 

increase in the required quadriceps force to complete a task at a given speed, or under a 

specified load, implies an increased requirement in terms of quadriceps strength 

requirement. Elderly patients are unlikely to be able to complete extensive muscle 

strengthening exercises and thus any increased muscle strength requirement may result in 

them being unable to complete a task [283]. 

Measurements during this study were taken during extension of the knee joint from 90 to 

20° of flexion. All of the graphs presented in this thesis are therefore reported with a reversed 

x-axis to indicate the direction of motion. The measured quadriceps force (QF) for all of the 
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patella configurations decreased non-linearly with extension under both levels of loading 

(Figure 4-2). Medialisation and the assessed difference in patella component symmetry had 

few statistically relevant effects on the measured QF. 

 

Figure 4-2: Variation in quadriceps force with flexion angle for each patella configuration (mean ± SD). RL: 
Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; † Concentric vs Medialised; ‡ 
Asymmetric vs Medialised 

Irrespective of the patella configuration, the decrease in measured QF with extension was 

more pronounced under the physiological load. Between 90° and 20° of flexion, the QF 

decreased from 1555.2 ± 51.5 N to 201.7 ± 25.1 N under physiological loading and from 393.3 

± 20.7 N to 67.5 ± 10.5 N under reduced loading. This equated to a reduction by a factor of 

7.8 ± 0.9 under physiological loading compared to only 5.9 ± 0.7 under reduced loading 

(Figure 4-3). 
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Figure 4-3: Variation in quadriceps force normalised relative to the force at 20° of flexion angle for each patella 
configuration (mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Reduced Load vs Physiological 
Load for the Concentric configuration 

The normalised QF for the Concentric configuration was statistically lower, throughout the 

extension cycle, under the reduced loading compared to the physiological loading. For the 

other patella configurations there was only a trend towards a reduction in the normalised QF 

under the reduced loading in deep flexion. 

4.2.3.2. Patella Tendon Moment Arm 

The PTMA is commonly measured in in vivo, but not in vitro studies [224]. Changes in the 

PTMA can imply alterations to the extensor mechanism efficiency, PFJ kinematics, or the 

anterioposterior position of the femur. For all of the tested patella configurations, under both 

levels of loading, the PTMA increased non-linearly with extension (Figure 4-4). 

Measurements were not possible at 20° of flexion under the reduced loading because of 

issues relating to measurements when the joint was close to full extension. The PTMA was 

therefore normalised with reference to the data at 30° rather than 20° of flexion. Data 

collection issues also resulted in some data sets being unattainable in deeper flexion 

(Concentric: 90° N = 4; Medialised: 90° N = 4, 80° N = 5). 

For both the physiological and reduced loading conditions the PTMA increased, on average, 

by 6 mm during the extension cycle. The PTMA was also, on average, 3 mm larger throughout 

the extension movement under the reduced loading. The different patella configurations 

demonstrated few statistical differences with respect to PTMA. 
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Figure 4-4: Variation in patella tendon moment arm with flexion angle for each patella configuration (mean ± 
SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; † Concentric vs Medialised; 
‡ Asymmetric vs Medialised 

The normalised PTMA appeared to increase with extension at a greater rate under the 

physiological loading (Figure 4-5). This was, however, only significant in mid (70 - 50°) and 

deep flexion (90°) for the Asymmetric patella configuration.  

 

Figure 4-5: Variation in PTMA normalised relative to the PTMA at 30° of flexion angle for each patella 
configuration (mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Reduced Load vs Physiological 
Load for the Asymmetric configuration 

4.2.3.3. Patellofemoral Compressive Force 

As observed with the measured quadriceps force, the patellofemoral compressive force also 

decreased non-linearly with extension under both levels of loading for all of the patella 
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configurations (Figure 4-6). In comparison to the quadriceps force, the patella compressive 

force decreased less in early extension (90 – 70°). 

Irrespective of the patella configuration, the decrease in measured patella compressive force 

with extension was also more pronounced under the physiological load. Between 90° and 20° 

of flexion, the patella force decreased from 1247.3 ± 29.5 N to 84.6 ± 8.0 N under 

physiological loading and from 321.9 ± 17.4 N to 43.0 ± 5.4 N under reduced loading. This 

equated to a reduction by a factor of 14.9 ± 1.5 under physiological loading compared to only 

7.6 ± 0.9 under reduced loading (Figure 4-3). The difference between the two loading levels 

was significant throughout the extension movement for the Concentric and Medialised 

patella configurations. 

Under the reduced level of loading, the Concentric and the Asymmetric configurations 

demonstrated similar patellofemoral compressive force patterns. The Medialised 

configuration was however subjected to significantly higher loads in early extension and 

reduced contact forces at flexion angles below 50°. Conversely, under physiological loading, 

throughout the extension movement, the Medialised configuration was subjected to a higher 

compressive force than the Asymmetric configuration, which was in turn under greater 

compression than the Concentric configuration (Figure 4-6). These differences became 

increasingly significant in deeper flexion, reaching a peak difference of 56.5 N. 

 

Figure 4-6: Variation in patellofemoral compressive forces with flexion angle for each patella configuration 
(mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; † Concentric vs 
Medialised; ‡ Asymmetric vs Medialised 
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Figure 4-7: Variation in patellofemoral compressive force normalised relative to the values at 20° of flexion for 
each patella configuration (mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Reduced Load vs 
Physiological Load for the Concentric and Medialised configurations 

4.2.3.4. Ratio of Patella Compressive Force to Quadriceps Force 

The ratio of patella compressive force to quadriceps force was fairly constant for all of the 

patella configurations under both levels of loading, at approximately 0.8 in extension from 

90° to 70° of flexion. Under physiological loading, the ratio then fell with further extension to 

approximately 0.45 at 20° of flexion. Under the reduced loading the ratio levelled out at 

approximately 0.6 at 40° of flexion. 

 

Figure 4-8: Variation in ratio of patella compressive force to quadriceps force with flexion angle for each patella 
configuration (mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; † 
Concentric vs Medialised; ‡ Asymmetric vs Medialised 
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Under both levels of loading the different patella configurations demonstrated statistically 

different patella compressive force to quadriceps force ratios in mid to deep flexion. Under 

the physiological level of loading, at flexion angles greater than 50°, the Medialised 

configuration demonstrated a greater ratio than the Concentric or Asymmetric patella 

configurations. The ratio did not vary significantly with applied load.   

4.2.3.5. Patellofemoral Contact Area 

The patterns of recorded contact area were different under the two levels of loading (Figure 

4-9). Under reduced loading the contact area for all the patella configurations fell slightly in 

early extension and then remained fairly constant in mid flexion, falling again near full 

extension. Under the reduced level of loading, few significant differences were seen between 

the different patella configurations.  

When tested under physiological levels of loading, the contact area decreased consistently 

with extension. At flexion angles greater than 40°, the Concentric configuration resulted in a 

substantially lower contact area than the other patella configurations. This difference was 

more significant in deeper flexion and was seen visually on the contact area plots (Figure 

4-11).  

 

Figure 4-9: Variation in patellofemoral contact areas with flexion angle for each patella configuration (mean ± 
SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; † Concentric vs Medialised; 
‡ Asymmetric vs Medialised 
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Figure 4-10: Variation in patellofemoral contact area normalised relative to the values at 20° of flexion for each 
patella configuration (mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Reduced Load vs 
Physiological Load for the Concentric and Medialised configurations 

In early extension (90° - 50°) the joint contact area fell at a much greater rate under 

physiological loading rather than under reduced loading. Between 90° and 20° of flexion the 

contact area reduced on average by a factor of 5.2 ± 1.2 under physiological loading 

compared to only 2.7 ± 1.0 under the reduced loading. At flexion angles greater than 40° the 

normalised contact area was significantly greater under the physiological loading compared 

to the reduced loading for the Concentric and Medialised configurations (Figure 4-10). 

Throughout the extension cycle, under both levels of loading and for all of the assessed 

patella configurations, at least 65% of the recorded PFJ contact area was on the lateral aspect 

of the patella component (Figure 4-11, Figure 4-12). Irrespective of the loading level, the 

Medialised configuration was also loaded significantly more on the lateral aspect than either 

of the other two patella configurations throughout the extension motion. In deeper flexion 

(> 60°) the Concentric configuration demonstrated a similar level of lateral loading to the 

Asymmetric configuration. However, closer to full extension the Asymmetric configuration 

was loaded significantly more laterally than the Concentric configuration. For all of the patella 

configurations tested, when medial loading occurred, it appeared to be on the edge rather 

than on the dome of the patella component (Figure 4-11).  
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Figure 4-11: Example contact area plots for each patella configuration tested under physiological loading at 10° 
intervals 
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Figure 4-12: Variation in the percentage of lateral contact area with flexion angle for each patella configuration 
(mean ± SD (capped at 100%)). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; 
† Concentric vs Medialised; ‡ Asymmetric vs Medialised 

4.2.3.6. Patellofemoral Pressure 

Under physiological loading, the calculated PFJ pressure fell with extension and 

demonstrated a slight levelling out at more than 70° of flexion for the Asymmetric and 

Medialised configurations, but not the Concentric configuration (Figure 4-13). Under the 

reduced loading, the contact pressure demonstrated no levelling out in deeper flexion. Under 

both loads the Concentric configuration demonstrated a significantly larger contact pressure 

in mid to deep flexion (50° - 90°) than the other patella configurations. All three 

configurations demonstrated calculated compressive pressures of greater than 13 MPa in 

deep flexion (> 60°) under physiological loading.  
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Figure 4-13: Variation in patellofemoral contact pressure with flexion angle for each patella configuration 
(mean ± SD). RL: Reduced Load; PL: Physiological Load. p < 0.05: * Concentric vs Asymmetric; † Concentric vs 
Medialised; ‡ Asymmetric vs Medialised 

The centre of pressure was consistently concentrated on the lateral aspect and tracked 

inferiorly with extension for all of the patella configurations (Figure 4-14). No statistically 

relevant differences were demonstrated.  

 

Figure 4-14: Variation in the centre of pressure relative to patella bone centre location with flexion angle for 
each patella configuration under reduced loading (mean ± SD). Top: Mediolateral; Bottom: Superioinferior. 
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4.2.3.7. Deformation 

Cyclic loading caused permanent deformation on the edge of all of the tested patella 

components (Figure 4-15). Deformation occurred largely after the first repeat (Figure 4-15).  

After further repeats little change in the pattern of permanent deformation was seen. Only 

the data relating to the final repeat was available for the Asymmetric configuration. 

Qualitatively, the Concentric configuration demonstrated more lateral deformation than the 

other tested patella configurations. Lateral edge deformation appeared to be greatest for 

the Medialised configuration whereas, medial edge deformation was greater for the 

Asymmetric and Concentric configurations.  

 

Figure 4-15: Patella surface plots demonstrating the level of permanent deformation, with respect to the 
implant pre-testing, which was measured for each patella configuration after each testing repetition 
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4.2.4. Discussion 

4.2.4.1. Simulator Assessment 

The simulator facilitated quadriceps force, patellofemoral compressive force and PFJ contact 

area measurements with a comparable, or in some cases a reduced, variability compared to 

cadaveric systems. The standard deviations of quadriceps and patellofemoral compressive 

force were substantially lower than those reported in the literature using cadaveric 

specimens (SD of peak QF 53 N vs 156 N [61]; SD of peak patellofemoral compressive force 

17 N vs 278 N [61]). The reported contact area measurement standard deviations were 

comparable to those previously reported in the literature using cadaveric specimens (SD of 

peak contact area 0.06 cm² vs 0.02 - 0.03 cm² [37,188]). The demonstrated low measurement 

variability supported the assertion that the presented simulator would allow differences, in 

terms of PFJ biomechanics, between test conditions to be demonstrated using as many or 

fewer specimens than comparable cadaveric studies. In contrast, the COP measurements 

were associated with relatively large standard deviations because of the low sensor density 

of the Novel system. 

Overall, in terms of PFJ forces and contact characteristics, the results reported in this thesis 

indicated that the simulator replicated physiological PFJ biomechanics. In line with the 

cadaveric study carried out by Browne et al. using the same implant and a similar simulator 

[61], under physiological loading, the measured QF decreased with extension (Figure 4-2). 

The recorded QF decreased with increasing extension as a result of the body weight moment 

arm falling, and a reduction in the effective patella moment arm. The recorded peak QF in 

this study, 1555 N ± 53 N at 90° of flexion, was higher than that reported by Browne et al. 

[61] because of the measurement of extension rather than flexion cycles. The magnitude of 

peak QF reported in this thesis was however consistent with values reported by Ostermeier 

et al., who used a fixed femur simulator and a similar implant [23]. 

The patella compressive force also decreased with extension (Figure 4-6), but, compared to 

the quadriceps force, levelled out in deeper flexion. This levelling out was previously 

demonstrated in the literature using cadavers [31,61], and highlighted that the simulator was 

able to replicate the physiological contact of the quadriceps tendon with the distal femur in 

deep flexion, which reduced the load carried by the PFJ. The peak patellofemoral 

compressive force reported in this thesis was higher than that previously reported by Browne 

et al. for the same implant, using cadavers, again as a result of reporting extension rather 



 

 

134 

than flexion values [61]. The peak reported in this thesis was however consistent with in vivo 

estimates in the literature [1]. 

The ratio of the patella compressive force to the quadriceps force peaked at approximately 

0.8 for all of the patella configurations. It remained fairly constant from 90° to 70° of flexion 

and then fell to approximately 0.45 at 20° of flexion. This pattern matched that reported in 

in vivo studies in the literature [1,291]. This suggested that the simulator modelled the 

natural changes in the relationship between the patella and quadriceps loads caused by 

changes in the superioinferior position of the patellofemoral contact and the sagittal plane 

orientation of the patella component [1,291].  

Van Eijden et al.’s work on the natural knee indicated that the ratio of the patella compressive 

force to the quadriceps force reached approximately 1 at 90° of flexion [1,291]. Using a 

simple 2D model of the PFJ [89], it can be shown that the lower peak ratio reported in this 

thesis indicated that at 90° flexion of the TFJ the patellofemoral contact point was more 

superior and/or the patella was less flexed in this set up than in the natural knee. This change 

may be an artefact of the simulator design or a result of the implant patellofemoral design.  

The measured PTMA, for all of the patella configurations,  demonstrated a gradual increase 

(Figure 4-4) with increasing extension, which was related to the tracking of the patella 

component from above the trochlear groove, into the trochlear grove and ultimately into the 

intercondylar notch. This pattern did not correspond to data reported in the literature for 

the natural knee, but was in keeping with data reported for replaced knees [24,87,224,270]. 

The natural knee demonstrates a steeper increase in the PTMA in early extension, and a 

decrease close to full extension. The pattern reported here corresponded with previous work 

on hinged knee prostheses using the original rig design [196]. Ward et al. also demonstrated 

a similar increase in PTMA with increasing extension from 60° of flexion, but reported a 

decrease from 90° to 60° of flexion using the same implant [24]. The differences reported 

from 90° to 60° of flexion were most likely a result of the use of different loading simulations. 

Irrespective of loading method however, the Scorpio replacement system has been shown 

to confer a greater mechanical advantage to the extensor mechanism, near full extension, 

than the natural knee. 

Throughout the extension movement, irrespective of the patella configuration, there was a 

significantly greater proportion of patellofemoral contact on the lateral aspect (Figure 4-12) 

and a consistently lateral location of the COP (Figure 4-14). Unreplaced knees have been 

reported in the literature to maintain approximately 60% lateral loading during normal daily 
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motion [78]. The results reported in this thesis therefore suggest that the Scorpio implant 

only replicates natural loading in mid flexion. The graphs of lateral loading in the present 

study (Figure 4-14) demonstrate a step change from approximately 75% lateral loading to 

almost 100% lateral loading at approximately 50° of flexion. Previous studies have not 

reported such a trend but have indicated similarly high levels lateral loading, which correlates 

with reports of significantly greater lateral rather than medial patella component wear on 

retrievals [29,292]. The sudden change in lateral contact area reported in this study is likely 

to be related to the implant geometry. The increased level of lateral loading in extension  

suggests a reduction in the constraint provided by the femoral geometry to overcome the 

lateral pull of the quadriceps mechanism and may indicate the point at which the patella exits 

the main portion of the trochlear groove. The patella COP was also consistently superior, but 

became more inferior with increasing extension. This was in keeping with Anglin et al.’s work 

on cadaveric specimens [31].  

The contact area and pressure within the PFJ, following TKA with the Scorpio NRG system, or 

its predecessor the Scorpio system, have not previously been reported in the literature. The 

geometry of the femoral and patella components has been demonstrated in the literature to 

have a significant effect on the contact within the PFJ [205,256] and therefore comparisons 

to measurements made using different implant systems are not valid. The pattern of the 

recorded contact area under physiological loading was however consistent with modern 

kinematic understanding [44,101], showing a consistent reduction with tibiofemoral 

extension as the patella component traversed the intercondylar notch, moving through the 

trochlear groove and, closer to full extension, into a position superior to the groove.  

The lack of consideration of many patellofemoral soft tissue structures in the present 

simulator could be considered to have resulted in an underestimation of the PFJ contact area 

as patellofemoral soft tissues, such as the retinaculum, restrain the patella and may therefore 

increase the forces within the PFJ in extension. However, as the knee flexes many 

patellofemoral soft tissues slacken as bone geometry becomes the primary mechanism of 

patella constraint [77-79]. The measured peak contact area values are therefore considered 

to be reasonable and the reported patellofemoral pressures appropriate estimates. The 

magnitude of PFJ pressure is related to the risk of developing functional limitations as a result 

of PFJ instability, pain and even component failure [21,248,293]. The simulator was therefore 

demonstrated to be appropriate not only for repeatable comparative studies but also for 

indicating the risk of the development of functional limitations relating to the PFJ under 

extended clinical use. 
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4.2.4.2. Effect of Loading Level 

The results associated with the two loading conditions indicated that they were not 

comparable. The measurements of quadriceps force, patellofemoral compressive force and 

PFJ contact area all demonstrated distinctly different patterns when the two loading 

conditions were compared (Figure 4-2, Figure 4-6 & Figure 4-9).  

The measured QF fell during extension, from 90° to 20° of flexion, by a factor of 7.8 ± 0.9 

under physiological loading but only 5.9 ± 0.7 under the reduced loading (Figure 4-3). With 

regards to the Concentric configuration, the normalised values of QF were statistically 

different for the two loading conditions from 30° to 90° of flexion. For the other patella 

configurations a similar trend was demonstrated, but it did not reach statistical significance.  

Similarly, the measured patella forces fell during extension, from 90° to 20° of flexion, by a 

factor of 14.9 ± 1.5 under physiological loading, but only 7.6 ± 0.9 under the reduced level of 

loading (Figure 4-7). The normalised values of patella compressive force were statistically 

different under the two levels of loading for the Concentric and Medialised configurations 

from 30° to 90° of flexion. For the Asymmetric configuration a similar trend was 

demonstrated, but did not reach statistical significance. 

A comparable pattern was seen with respect to the contact area values. Under physiological 

loading, the contact area decreased on average by a factor of 5.2 ± 1.2 during extension. The 

decrease was only by a factor of 2.7 ± 1.0 under the reduced loading (Figure 4-10). There was 

a significant difference between the reported normalised values from 50° to 90° of flexion 

for the Concentric and Medialised configuration, but only a trend with respect to the 

Asymmetric configuration. 

Lower rates of decrease in quadriceps force during knee extension, under reduced loading 

compared to physiological loading, have previously been reported using cadaveric specimens 

by Müller et al. [294], but corresponding trends in measured patella compressive forces or 

contact areas have never been reported. The increased level of hip load resulted in an 

increased frictional force within the PFJ. The QF required to overcome this force therefore 

increased correspondingly. In deeper flexion the required QF also increased due to the 

increased body weight moment, which exacerbated the differences, causing the increasingly 

divergent trends visible on Figure 4-2. This pattern was reflected for the PFJ compressive 

forces as the two are biomechanically linked (Figure 4-6, Figure 4-7). The significantly higher 

patella compressive force under the physiological loading caused both plastic and elastic 
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deformation of the relatively soft UHMWPE patella component, which resulted in the 

reported higher contact areas (Figure 4-9).  

Differences between the rate of change of the PTMA for the two loading conditions were less 

substantial and demonstrated fewer significant differences (Figure 4-5). However, 

throughout the flexion range the PTMA was on average 3 mm larger under the reduced level 

of loading. The Pliance sensor array was 2 mm thick, which accounted for a proportion of the 

reported 3 mm reduction in PTMA under the physiological loading: when the sensor was not 

used. The remainder of the reduction may be attributed to compression of the UHMWPE 

patella component under the higher loading. The reduced PTMA reported under the 

physiological loading condition also contributed to the increased quadriceps force.  

Many studies carry out testing under sub-physiological levels of loading to protect cadaveric 

soft tissues and, in some cases, sensor systems. These results suggest that it is important to 

carry out tests under physiological levels of load in order to achieve clinically relevant results 

and failing that to understand the limitations of studies carried out under reduced loading 

[29,31,38,188,189,191,194,210,295]. 

4.2.4.3. Effect of Patella Component Medialisation  

Medialisation of the patella component by 5 mm did not substantially affect the forces within 

the PFJ. No significant differences were seen in the measured quadriceps force for the 

Concentric compared to the Medialised configuration. Conversely, under the physiological 

loading, at all flexion angles except 50°, the measured patellofemoral compressive force was 

significantly higher for the Medialised compared to the Concentric configuration. These 

differences were not mirrored under the reduced loading. The difference between the 

patellofemoral compressive forces for each patella configuration at the peak physiological 

load, which was probably a result of slight tracking differences, was less than 60 N. This was 

well within the level of variability which would be expected between patients [1]. The effect 

of medialising the patella component on the patella compressive forces was therefore 

significant, but probably not clinically relevant. 

The differences seen with regards to the patella compressive forces were not replicated in 

the quadriceps forces. The largest component of the quadriceps force, the force required to 

move the joint against the body weight moment, was not significantly altered by 

medialisation, as the PTMA was not significantly affected (Figure 4-4). The use of grease 

within the PFJ resulted in a friction coefficient of approximately 0.03 [197]. The differences 
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in friction forces within the PFJ caused by the changes in patella compressive force were 

therefore less than 10 N, and within the error margin of the quadriceps load cell.  

These results did not agree with cadaveric studies reported in the literature [31,33], which 

suggested that medialisation of the patella, by the same or even a smaller amount than that 

assessed here, caused a reduction in patella compressive forces. This difference may have 

related to the simulator design. However, given the previously demonstrated physiological 

relevance of the simulator, it was more likely a result of using a different implant system. 

Regardless, the differences reported here and in the literature are most likely too small to be 

of any clinical relevance. 

In deep flexion (> 60°), under both levels of loading, the patella compressive force to 

quadriceps force ratio was statistically lower for the Concentric configuration compared to 

the Medialised configuration (Figure 4-10). This implied that the superioinferior position of 

the PFJ contact point and/or the degree of patella flexion was altered by medialisation. The 

latter was not measured by the current study design. However, the measured COP 

superioinferior position did demonstrate a trend towards a more superior position for the 

Concentric configuration (Figure 4-14). With respect to the effect of patella medialisation 

these parameters have not been measured in other published studies. 

Medialisation of the concentric patella component significantly increased the joint contact 

area and reduced the pressure within the PFJ. Under physiological loading, at 80° and 90° of 

flexion, the Concentric configuration demonstrated a significantly reduced total contact area 

compared to the Medialised configuration. This was only replicated under the reduced level 

of loading at 90° of flexion. This suggested that the Concentric configuration did not settle as 

well within the trochlear groove and intercondylar notch as the Medialised configuration 

(Figure 4-11). At its peak, under physiological loading, this difference represented a 24% 

reduction in PFJ contact area.  

Under reduced loading, the Concentric configuration also demonstrated significantly greater 

patellofemoral pressures than the Medialised configuration. This difference was mirrored 

under increased loading in deep flexion (80° - 90°) (Figure 4-13). At a peak, under 

physiological levels of loading, the Concentric configuration was subjected to a 28% higher 

contact pressure. The observation that the Concentric configuration was under greater 

pressure, correlates with the greater levels of permanent deformation seen compared to the 

Medialised configuration (Figure 4-15). The effect of medialisation on PFJ pressure or contact 

area has not previously been assessed using the Scorpio NRG system or any single radius 



 

 139 

knee. However, Bronson et al. reported a reduction in PFJ pressure in mid flexion following 

medialisation by 4 mm of an alternative modern implant [35]. 

Whether it was medialised or not, the concentric patella component was subjected to 

significantly more contact on the lateral, rather than medial aspect, under both levels of 

loading (Figure 4-11 & Figure 4-12). However, throughout the extension motion, the 

Medialised configuration demonstrated a significant trend towards more lateral loading than 

the Concentric configuration. Anglin et al. also reported this pattern in their cadaveric study 

carried out using a multi radius implant [31]. If it is assumed that the apex of the patella 

component sat in the same mediolateral position within the trochlear grove for each 

configuration, the resultant patella compressive force would be more lateral when the 

patella component was medialised. This would have resulted in a lateral moment causing a 

lateral tilt of the patella, which has been noted in the literature [31,33-35,38,214], and hence 

the increasingly lateral contact. 

The differences in reported pressures seen in this study indicate that the increased lateral tilt 

induced by medialisation improved the patella seating, resulting in an increased PFJ contact 

area. This had a greater effect than the minimal differences reported in the patella 

compressive force. These results suggested that medialisation of the concentric patella 

component by 5 mm may reduce the risk of the development of functional limitations as a 

result of instability and pain within the PFJ [21,293]. However, whether the patella 

component was medialised or not, at flexion angles greater than 50°, the calculated 

pressures on the symmetric patella component exceeded 13 MPa under physiological loading 

(Figure 4-13), and caused permanent deformation of the patella components (Figure 4-15). 

UHMWPE is commonly quoted to have an offset yield strength of 13 MPa [248]. 

Medialisation of 5 mm does not therefore appear to be sufficient to eliminate the risk of long 

term instability as a result of plastic deformation [16] or the delamination of non-cross-linked 

and the fracture of cross-linked UHMWPE components [21,248,293]. 

Irrespective of mediolateral position, the concentric patella component also demonstrated 

consistent lateral and medial edge loading and no superior or inferior loading, which caused 

permanent deformation of the UHMWPE patella components under relatively few cycles 

(Figure 4-11, Figure 4-15) and was consistent with a literature report of wear on a Scorpio 

retrieval [292]. Edge loading and deformation have also been reported in the literature for 

alternative implant systems [254,296] and may suggest that the sombrero design of the 

Scorpio patella component (Figure 4-1) is not congruent with the femoral component 
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geometry. The consecutive surface plots suggest that the deformation largely occurred 

during the first testing repetition. The amount of deformation then remained relatively 

constant. This may suggest that the system underwent an initial settling period. However, 

this was not sufficient to reduce the PFJ contact pressure to safe levels.  

4.2.4.4. Effect of Patella Component Geometry  

The use of an asymmetric patella component rather than a concentric patella component did 

not substantially affect the forces within the PFJ. No significant differences were seen 

between the recorded quadriceps force or the PTMA for each patella configuration under 

either level of loading (Figure 4-2, Figure 4-4). However, in deeper flexion (> 60°) under 

physiological loading only, the patella compressive force was greater for the Asymmetric 

configuration than the Concentric configuration (Figure 4-6). The peak difference between 

the patellofemoral compressive forces was less than 25 N, which was well within expected 

levels of patient variability [1] and therefore not clinically relevant. The differences reported 

in patellofemoral compressive force did not translate to the quadriceps force because of the 

low simulated PFJ coefficient of friction.  

Few statistical differences, in terms of the ratio of patella compressive force to quadriceps 

force were demonstrated by this present study. However, at 90° of flexion, under 

physiological loading, the ratio of patella compressive force to QF for the Concentric 

configuration was statistically lower than that for the Asymmetric configuration (Figure 4-8). 

This implies that the superioinferior position of the PFJ contact and/or the degree of patella 

flexion was altered by the change in component design. The patella flexion angle was not 

assessed by the present study design. However, the measured superioinferior position of the 

COP did demonstrate a trend towards a more superior location for the Concentric option 

(Figure 4-14). Previous computational work by Fitzpatrick et al. has also indicated that the 

use of an asymmetric component may reduce patella flexion [256]. 

The use of the asymmetric patella component rather than the concentric component 

significantly increased the joint contact area and reduced the pressure within the PFJ. Under 

physiological levels of loading, the Asymmetric configuration demonstrated significantly 

increased values of contact area compared to the Concentric configuration in mid to deep 

flexion (50° - 90°) (Figure 4-9). Similarly, under both levels of loading, the PFJ contact pressure 

calculated for the Asymmetric configuration was significantly lower than that estimated for 

the Concentric configuration (Figure 4-13). This was corroborated by the reduced permanent 

deformation seen on the asymmetric component (Figure 4-15) and suggested that the use of 
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the asymmetric component with this TKA system may reduce the risk of the development of 

functional limitations relating to the PFJ [21,248,293].  

Near full extension, the Asymmetric configuration demonstrated significantly greater lateral 

loading than the Concentric configuration (Figure 4-12).  This was may have been a result of 

a lateral tilt induced by the medialised component apex and may have contributed to 

improved patella component seating and hence the reduced contact area. In deeper flexion 

however, under the physiological level of loading, the loading on the asymmetric dome 

became more balanced and began to approximate the lateral to medial contact area ratio of 

the Concentric configuration. This suggests a reduced lateral tilt compared to the Medialised 

configuration and corresponds with the reported trend towards an increased pressure 

(Figure 4-13). 

Irrespective of the geometry of the patella component, at flexion angles greater than 50°, 

the calculated PFJ pressures again exceeded 13 MPa under physiological loading. This 

indicated that, similar to the introduction of 5 mm of medialisation, using an asymmetric 

component would not fully eliminate the potential risk of long term PFJ pain, instability and 

component failure [16,21,248]. This assertion was again supported by the visible permanent 

deformation demonstrated on both patella components (Figure 4-15). 

4.2.4.5. Comparison of Medialised and Asymmetric Patella 

Configurations 

There were no differences between the quadriceps force measured for the Medialised and 

Asymmetric configurations (Figure 4-2). However, the Asymmetric configuration was 

subjected to significantly less patellofemoral compressive force than the Medialised 

configuration in deeper flexion (> 70°) (Figure 4-6). The peak difference was less than 35 N 

and again within expected levels of patient variation [1] and therefore unlikely to have a 

clinically relevant impact.  

The ratio of patella compressive force to quadriceps force was the same for both patella 

configurations under physiological loading (Figure 4-8). Similarly the superioinferior COP 

position did not change (Figure 4-14) and when measured under physiological loading, the 

values of contact area and pressure were comparable for the Medialised and Asymmetric 

configurations (Figure 4-9, Figure 4-13). Medialisation of the concentric dome component 

appeared to result in a comparable biomechanical situation to the use of the asymmetric 

component. However, the percentage of contact area on the lateral aspect and the patterns 

of edge loading were not the same for the two patella configurations.  
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Under physiological levels of loading, near full extension, the Medialised and Asymmetric 

configurations demonstrated similar percentages of contact area on the lateral aspect 

(Figure 4-12). They both demonstrated statistically more lateral contact than the Concentric 

configuration due to the medialisation of the component apex in both cases. However, in 

mid to deep flexion (> 50°) the Asymmetric configuration became relatively more balanced 

and began to approximate the lateral to medial contact area ratio of the Concentric 

configuration. The smoother lateral plateau of the wider asymmetric dome may have allowed 

it to settle further into the intercondylar notch than the sharper edge of the concentric dome 

which, when medialised, may have impinged on the lateral femoral condyle, causing the 

greater permanent lateral deformation seen qualitatively on the profile plots (Figure 4-15). 

The different patterns of deformation reported for the Medialised and Asymmetrical 

configurations highlighted that although both result in similar PFJ pressure reductions they 

were not identical situations and will be at risk of deformation in different areas.  

4.2.4.6. Limitations  

The present study was limited by not testing with the TKA implanted in cadaveric bone  to 

provide a direct assessment of the physiological relevance of the simulator. However, 

comparisons to published studies using the same implant were possible and allowed a 

thorough examination of the physiological relevance of the simulator.  

As discussed in detail in the previous section, the method was also limited by the need to 

combine single axis compressive force measurements with static contact area measurements 

to obtain an estimate of the pressure the PFJ was subjected to, rather than directly measuring 

the contact pressure or bone stress. The resultant force on the patella component was 

unlikely to correspond directly with the measurement axis of the single-axis load cell 

positioned behind the patella component. However, based on literature results [62], 

compression was assumed to be the largest component of force in the joint. Literature values 

for pressure within the PFJ following implantation with the Scorpio system were not available 

for comparison. The pattern of recorded contact area under physiological loading was 

however, consistent with modern kinematic understanding [44,101]. The estimated pressure 

values were therefore considered to give a good indication of the loading magnitude on the 

patella component during testing and the potential risk of long term functional limitations 

relating to the PFJ as a result of component failure and pain under cyclic loading [21,248,293].  

The simulator may also have been limited by modelling only a small proportion of the soft 

tissue structures found in the knee. However, it is only feasible to account for more structures 
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using cadaveric specimens with intact soft tissues, which would increase the variability of the 

results and hence the required sample size and cost of all subsequent investigations. The 

primary PFJ stabilising soft tissue structures provide little restraint in deeper flexion when 

the risk of pain due to excessive loading is highest [77-79]. The simulator employed in this 

study has been shown to sufficiently replicate the physiological situation, and is therefore 

suitable for use in biomechanical studies. 

There are a number of other limitations of this study. Only one TKA implant design (Scorpio 

NRG)  and only the PS variant has been assessed. The results of this study cannot therefore, 

be extrapolated to other total knee joint designs. The same tibiofemoral components were 

also used for all tests and only one patella component was used for each configuration. 

However, the number of cycles the implants were subjected to were  negligible compared to 

the expected life of a knee implant and grease was used to minimise friction within the 

tibiofemoral and patellofemoral joints. As a result, no tibial bearing wear was observed 

visually and an analysis of the patellofemoral contact area and quadriceps force results and 

deformation plots for consecutive repeats demonstrated no consistent effect of repetitive 

testing (Figure 4-15, Figure 4-16 & Figure 4-17). The assumption that the component 

conditions were comparable in each repeat was therefore reasonable. 

 

Figure 4-16: Contact area values recorded under physiological loading for each consecutive repeat (only 
Concentric data shown for clarity) 
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Figure 4-17: Quadriceps force values recorded under physiological loading for each consecutive repeat (only 
Concentric data shown for clarity) 

4.2.5. Conclusions 

The knee simulator employed in this study was able to model physiological knee motion and 

enabled the assessment of forces, areas and pressures, within the PFJ which were 

comparable with results published in the literature for studies using cadaveric knees. This 

study has also highlighted the effect of simulated body weight on PFJ biomechanics. The 

patterns of loads and contact areas reported at a reduced level of loading did not correspond 

to those reported under physiological loads. It is therefore important to carry out 

biomechanical evaluations under physiological levels of loading. The effect of multiple design 

or alignment factors on PFJ biomechanics can be assessed under physiological loads, using 

this protocol, with a relatively low number of samples and hence a reduced time and cost 

commitment. 

The present study demonstrated that, for the prosthesis tested, medialisation of the apex of 

the patella component, either through component medialisation or use of an asymmetric 

geometry, reduced the relative potential risk of developing functional limitations relating to 

the PFJ as a result of instability, pain and/or patella component failure. The use of a 

concentric component medialised by 5 mm or an asymmetrical component increased the PFJ 

contact area by more than 20% and resulted in a corresponding reduction in joint pressures 

of more than 25%. However, the study also highlighted that there were differences between 

5 mm medialisation of the concentric component and the use of an asymmetric component. 
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The medialised concentric component underwent significantly more lateral loading and a 

noticeably different pattern of deformation.  

This study is the first to have assessed deformation of patella components during in vitro 

biomechanical testing and highlighted the substantial permanent edge deformation which 

occurred in all three patella configurations. This corresponds with a finding reported in the  

literature of a retrieval analysis [292]. It may be attributable to poor congruency between 

the patella and femoral components of the Scorpio NRG implant system and be related to 

the anecdotal reporting of long term complications [297]. The study also demonstrated that, 

although medialisation of the patella component apex may reduce PFJ pressures, in all cases, 

the reported joint pressures still exceeded the fatigue limit of UHMWPE in deeper flexion. 

Medialisation by 5 mm, or the use of an asymmetric geometry, did not therefore eliminate 

the potential risk of pain, and long term instability as a result of mechanical failure of the 

UHMWPE patella component [248,293]. 

4.2.5.1. Implications for Subsequent Studies 

Given the clear benefits in terms of clinical relevance of testing under physiological loading, 

and the large variability associated with the COP measurements, it was concluded that only 

testing under physiological loads should be carried out for subsequent studies. This also 

limited the number of tests carried out on each patella component. Hence, for the following 

studies the previously detailed protocol was amended to exclude both the use of the Novel 

sensor, and completion of any testing under the reduced hip loading.  
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4.3. Study (ii) - The effect of Femoral Rotational Alignment Errors 

4.3.1. Aim 

This study aimed to evaluate the effect of femoral rotational alignment errors on the 

biomechanics of the PFJ during dynamic knee movements and hence their potential influence 

on the risk of the development of patellofemoral issues and pain after TKA. 

4.3.2. Methods & Materials  

This experiment was carried out using the protocol stages associated with physiological 

loading detailed in the previous chapter, and the Scorpio NRG PS fixed bearing implant. An 

asymmetric dome patella component was used for all tests.    

Three femoral rotations were assessed: Optimal (as defined by the surgical operating 

guidelines), 5° internal rotation (IR), and 5° external rotation (ER) (Figure 4-18). Rotational 

malalignment of was achieved by rotating the femoral mount relative to the modelled femur. 

Internal and external rotations of 5° were modelled to simulate the maximum errors 

reported surgically [162,179].  

 

Figure 4-18: Three femoral rotations were assessed: Optimal (as defined by the surgical operating guidelines), 
5° internal rotation (IR), and 5° external rotation (ER) 

Each rotation was assessed six times, repositioning the Sawbone tibia and femur between 

each experimental repeat. The order of the tests for the three rotations was altered for each 

repeat. Only one new patella component was available for the tests. 

4.3.2.1. Statistical Methods 

For all of the tests the sample number was five. Data has been reported using mean ± 

standard deviation (SD) to give an indication of the variability. The standard deviation values 

for the reported percentage of lateral contact area were capped at 100% as this variable 

could not physically exceed 100%. 
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All data was assessed for statistical differences. The p values are not reported but when a 

difference was significant it has been highlighted on the appropriate graph. Non-parametric 

tests were used to assess differences between the configurations to reduce the threat of 

outliers within the relatively small sample. A paired Friedman test and then, where 

appropriate, Wilcoxon signed rank post hoc tests, were used to assess any differences for 

each variable between the three simulated femoral rotational configurations (α = 0.05). 

4.3.3. Results 

4.3.3.1. Quadriceps Force 

The measured QF decreased with extension for all of the femoral rotational configurations 

tested (Figure 4-19). Femoral rotation of ± 5° caused few statistically relevant changes to the 

recorded QF. 

 

Figure 4-19: Variation in quadriceps force with flexion angle for each modelled femoral rotational position 
(mean ± SD). p < 0.05: * Optimal vs 5° IR; † Optimal vs 5° ER; ‡ 5° IR vs 5° ER; 

4.3.3.2. Patella Tendon Moment Arm 

For all of the assessed femoral rotations, the PTMA increased with extension (Figure 4-20) 

from 90° to 30° of flexion by, on average, 5.8 ± 2 mm. Measurements were not possible at 

20° of flexion because of issues relating to measurements when the joint was close to full 

extension. During extension from 90° to 40° of flexion the PTMA was statistically significantly 

lower when the distal femur was rotated externally by 5° (Figure 4-20). This equated to an 

average difference of 5 ± 2 mm.  
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Figure 4-20: Variation in PTMA with flexion angle for each modelled femoral rotational position (mean ± SD). p 
< 0.05: * Optimal vs 5° IR; † Optimal vs 5° ER; ‡ 5° IR vs 5° ER; 

No consistent statistically relevant difference was seen between the measured PTMA values 

when the distal femur was placed optimally or rotated 5° internally.  

4.3.3.3. Patellofemoral Compressive Force 

As was the case for the measurements of the quadriceps force, the patellofemoral 

compressive force fell with extension for all of the tested femoral rotations (Figure 4-22). 

However, the pattern was less linear, and demonstrated some degree of levelling out in 

deeper flexion.  

 

Figure 4-21: Variation in patellofemoral compressive force with flexion angle for each modelled femoral 
rotational position (mean ± SD). p < 0.05: * Optimal vs 5° IR; † Optimal vs 5° ER; ‡ 5° IR vs 5° ER; 
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External rotation resulted in statistically lower patellofemoral compressive forces in mid 

flexion (30° - 60°), but at all flexion angles this difference was less than 20 N. In deeper flexion 

(> 60°), distal femoral rotation of ± 5° had no statistically relevant effect on the measured 

patellofemoral compressive force. 

4.3.3.4. Ratio of Patella Compressive Force to Quadriceps Force 

The patella compressive force to quadriceps force ratio remained, for all of the assessed 

femoral rotations, constant at approximately 0.87 during knee extension from 90° to 70° 

(Figure 4-22). It then reduced fairly linearly to approximately 0.5 at 20° of flexion. Distal 

femoral rotation had little effect on the ratio. 

 

Figure 4-22: Variation in ratio of patella compressive force to quadriceps force ratio with flexion angle for each 
modelled femoral rotational position (mean ± SD). p < 0.05: * Optimal vs 5° IR; † Optimal vs 5° ER; ‡ 5° IR vs 5° 
ER; 

4.3.3.5. Patellofemoral Contact Area 

For all of the assessed femoral rotations, the PFJ contact area fell with extension from 

approximately 0.7 cm² at 90° to 0.1 cm² at 20° of flexion (Figure 4-23). Throughout the 

extension movement, the proportion of joint contact on the lateral aspect exceeded 65% 

(Figure 4-24, Figure 4-25), increasing sharply in mid flexion and approaching 100% in full 

extension. 

Malrotation of the distal femur did not affect the total amount of PFJ contact area or the 

magnitude of contact on the lateral aspect of the patella component (Figure 4-23, Figure 

4-24). All of the tested configurations demonstrated consistent lateral edge loading at all 
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flexion angles and when medial contact did occur it was purely on the edge of the patella 

components (Figure 4-25). 

 

Figure 4-23: Variation in patella contact area with flexion angle for each modelled femoral rotational position 
(mean ± SD).  

 

Figure 4-24: Variation in percentage of lateral contact area with flexion angle for each modelled femoral 
rotational position (mean ± SD (capped at 100%)). p < 0.05: * Optimal vs 5° IR; † Optimal vs 5° ER; ‡ 5° IR vs 5° 
ER; 
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Figure 4-25: Example contact area plots  

4.3.3.6. Patellofemoral Pressure 

The calculated PFJ pressure followed a similar pattern to the patellofemoral compressive 

force, demonstrating a slight levelling out under more than 70° of flexion (Figure 4-26). Distal 

femoral rotation did not affect the amount of pressure that the PFJ was subjected to. For all 

of the assessed femoral rotations, in deep flexion (> 60°), the PFJ contact pressure exceeded 

15 MPa. 
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Figure 4-26: Variation in patellofemoral pressure with flexion angle for each modelled femoral rotation (mean 
± SD).  

4.3.4. Discussion 

The general patterns of the measured contact area, forces, pressures and PTMA are 

comparable to those reported during Study (i). Therefore, discussion of these general 

patterns will not be repeated. The present discussion concentrates on the differences 

between the three test configurations.  

External rotation did not have a clinically relevant impact on the forces associated with the 

extensor mechanism. In mid flexion (40 - 60°) 5° ER caused a statistically relevant reduction 

in the measured quadriceps and patellofemoral compressive forces (Figure 4-19 & Figure 

4-21). At a peak, this difference was less than 20 N. This is well within the magnitude of 

variation which would be expected between patients [1] and therefore unlikely to be of any 

clinical relevance. No difference was seen in deep flexion when the patella was under most 

load. Internal rotation of 5° had no statistically or clinically relevant effect on the measured 

forces within the extensor mechanism (Figure 4-19 & Figure 4-21).  

Two computational studies carried out under a variety of loading levels using the Scorpio 

system demonstrated similarly small reductions in contact force with 3° and 5° ER, and a 

negligible effect of IR by 3° [261,262]. In line with these literature studies, the Scorpio NRG 

implant, when matched with an asymmetric dome (Figure 4-1), has therefore been shown to 

be relatively forgiving, in terms of extensor mechanism forces, to femoral rotation.  

External rotation of the distal femur by 5° caused a significant reduction in the PTMA, 

whereas IR only caused a trend towards an increased PTMA (Figure 4-20). External rotation 
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of the distal femur, relative to the quadriceps mechanism, will have resulted in a less 

prominent lateral condyle, which was the primary patella contact point throughout the 

tested flexion range (Figure 4-25). This caused the patella component to tilt and shift 

laterally, and sit deeper within the trochlear groove and intercondylar notch. This 

observation is supported by previous kinematic studies reported in the literature, with this 

and other implants, which demonstrated that ER causes an increase in lateral tilt and shift 

[33,216,262,263]. Internal rotation will have resulted in a more prominent lateral condyle 

and as previously reported [29,216,262,263], this caused a medial patella tilt and shift. 

However, the increase in PTMA caused by IR was substantially less than the decrease caused 

by ER. This suggests that the patellofemoral geometry of the system and the tension in the 

quadriceps tendon prevented the patella reaching an excessively anterior position.  

This reported change in PTMA would have been expected, if the PFJ is modelled as a simple 

pulley, to cause a corresponding change in the quadriceps force, and hence the patella 

compressive force. The results from this study therefore support the theory that the PFJ acts 

as an amplifying lever and that the patella lever arm has a greater impact on the quadriceps 

force than the PTMA. This cannot be assessed further as the superioinferior position of the 

PFJ contact was not measured during this study. However, femoral rotation would not be 

expected to substantially affect the superioinferior joint contact position, and hence the 

patella lever arm, as it purely alters the femoral transverse plane geometry. 

The ratio of patella compressive force to quadriceps force was also unaffected by distal 

femoral rotation (Figure 4-22), which again suggested the superioinferior position of the PFJ 

contact was unchanged. The lack of variation of the ratio of patella compressive force to 

quadriceps force also suggested that patella flexion was not effected by femoral rotation as 

has been demonstrated previously in the literature [29].  

Rotation of the distal femur also had no significant effect on the PFJ contact area, the amount 

of lateral contact, or the PFJ pressure. Irrespective of femoral rotation, the asymmetric 

patella component demonstrated substantial edge loading and consistently greater lateral 

loading throughout the tested flexion range (Figure 4-25) which corresponds with literature 

reports of wear on retrieved implants [292]. Similarly, irrespective of femoral rotation, at 

flexion angles greater than 50°, the calculated pressures exceeded 15 MPa under 

physiological loading and resulted in permanent component deformation. This suggested 

that the sombrero patella component design (Figure 4-1) was not congruent with the femoral 

component. Femoral rotation may therefore have had little biomechanical impact because 
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the tested rotations (± 5°) were not sufficient to prevent edge loading (Figure 4-25). Previous 

studies using the same implant have not measured PFJ contact areas or pressures. One study 

in the literature which overly constrained the knee joint  and used a different implant system 

indicated statistically significant reductions in contact area and increases in contact pressure 

with ± 5° rotation [28]. However, a computational study by Heegard et al, which used a set 

up more in line with the present work, also indicated few statistically relevant effects of ± 5° 

femoral rotation [29]. 

4.3.4.1. Limitations  

In addition to the limitations discussed for the previous study, the present study was limited 

by the use of one patella component for all of the tests rather than one per configuration. 

This resulted in permanent deformation of the patella component, which caused a trend over 

consecutive cycles towards an increased contact area in deep flexion (Figure 4-27) and an 

increased quadriceps force throughout the flexion range (Figure 4-28). The alteration of the 

sequence of testing for each repeat and the relatively small maximum differences indicates 

however that this did not affect comparisons of the data for the different rotations.  

 

Figure 4-27: Contact area values recorded under physiological loading for each consecutive repeat (only 
Optimal data shown for clarity) 

Femoral rotation was introduced by rotating the femoral component and the proximal 

insertion points of the collateral and politeofibular ligament models. Such a small change in 

the location of the approximated ligament attachment points is unlikely to have had a 
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significant effect on the joint kinematics, as the larger forces applied via the hamstring and 

quadriceps mechanisms dominate. This assertion was not tested but the agreement of the 

study results with cadaveric work reported in the literature could be considered to support 

it [262]. 

 

Figure 4-28: Quadriceps force values recorded under physiological loading for each consecutive repeat (only 
Optimal data shown for clarity) 

4.3.5. Conclusions 

The present study indicated that, for the prosthesis tested, femoral rotation of ± 5° had no 

effect on the forces, pressures or contact areas within the PFJ and did not therefore have an 

impact on the relative potential risk of developing functional limitations relating to the PFJ 

as a result of instability, pain and/or patella component failure. Irrespective of femoral 

rotation the estimated PFJ pressures exceeded the offset yield strength of UHMWPE in 

deeper flexion resulting in permanent deformation. 

The study also demonstrated that 5° external femoral rotation significantly decreased the 

PTMA. However, the lack of corresponding effect on the forces within the PFJ leads to the 

secondary conclusion that PFJ biomechanics are dominated by the joint contact position, and 

hence the patella lever arm, rather than the PTMA.  
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4.4.  Study (iii) - The effect of Femoral Sagittal Plane Alignment 

Errors  

4.4.1. Aim  

This study aimed to evaluate the effect of femoral component sagittal plane alignment errors 

on the biomechanics of the PFJ during dynamic knee movements and the associated 

potential risk of the development of functional limitation relating to patellofemoral 

instability and pain after TKA. 

As a secondary aim, the longer term repeatability of the simulator was also assessed. This 

was achieved by comparing the results of the optimally placed asymmetric component 

configurations from this study (Optimal) and studies (i) (Asymmetric) and (ii) (Optimal). 

4.4.2. Methods & Materials  

This third study was carried out using the previously described protocol. An asymmetric 

dome patella component was used for all tests.    

Three femoral component sagittal rotations were assessed: Optimal (as defined by the 

surgical operating guidelines), 5° Flexion, and 5° Extension (Figure 4-29). Rotation was 

modelled to occur around the femoral component flexion axis. Sagittal plane rotation of ± 5° 

was simulated based on the maximum errors reported surgically [172,177,179,180]. 

 

Figure 4-29: Three femoral component sagittal rotations were assessed: Optimal (as defined by the surgical 
operating guidelines), 5° Flexion, and 5° Extension 

Each rotation in the sagittal plane was assessed five times, repositioning the Sawbone tibia 

and femur between each experimental repeat. The order of the tests for the three rotations 

was altered for each repeat. One new patella component was available for each condition 

and therefore tested five times. In order to assess the effect of repeated testing on the 

component geometry, the digitising protocol detailed in the previous chapter was used.  
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4.4.2.1. Statistical Methods 

For all of the tests the sample number was five. Data has been reported using mean ± 

standard deviation (SD) to give an indication of the variability. The standard deviation values 

for the reported percentage of lateral contact area were capped at 100% as this variable 

could not physically exceed 100%.  

All data was assessed for statistical differences. The p values are not reported but when a 

difference was significant it has been highlighted on the appropriate graph. Non-parametric 

tests were used to assess differences between the configurations to reduce the threat of 

outliers within the relatively small sample. A paired Friedman test and then, where 

appropriate, Wilcoxon signed rank post hoc tests, were used to assess any differences for 

each variable between the three femoral rotational configurations (α = 0.05). 

To assess differences between the optimally placed asymmetric component repeats from 

this study and studies (i) and (ii), Kruskal Wallis and where appropriate Mann-Whitney-U post 

hoc tests, were used.   

4.4.3. Results 

4.4.3.1. Quadriceps Force 

The bespoke load cell used to measure the quadriceps force did not function reliably when 

the femoral component was positioned in the 5° Flexion or 5° Extension configurations. 

Quadriceps data was therefore only available for the Optimal situation. The effect of femoral 

component sagittal plane malalignment on the required quadriceps force could not therefore 

be assessed. Similarly, the ratios of patella compressive force to quadriceps force could not 

be computed.  

4.4.3.2. Patella Tendon Moment Arm 

For all of the assessed femoral sagittal malalignments the PTMA increased with extension of 

the knee (Figure 4-30). Throughout the extension movement femoral component extension 

and flexion caused a trend towards a decreased PTMA, which was significant in mid flexion 

(60° - 40°).  

Measurements were not possible at 20° of flexion or at 90° for the flexed condition due to 

limitations of the rig. Data collection issues also resulted in some data sets being unattainable 

at 30° flexion of the TFJ (Optimal: N = 4; 5° Extension: N = 3). 
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Figure 4-30: Variation in PTMA with flexion angle for each modelled femoral flexion position (mean ± SD). p < 
0.05: * Optimal vs 5° Flexion; † Optimal vs 5° Extension; ‡ 5° Flexion vs 5° Extension; 

4.4.3.3. Patellofemoral Compressive Force 

The patellofemoral compressive force fell with extension for all of the assessed femoral 

rotational configurations (Figure 4-31). During extension from 90° to 30° of tibiofemoral 

flexion, 5° Flexion caused a significant reduction in the recorded patella compressive force. 

In deep flexion (90°)  

 

Figure 4-31: Variation in patellofemoral compressive force with flexion angle for each modelled femoral flexion 
position (mean ± SD). p < 0.05: * Optimal vs 5° Flexion; † Optimal vs 5° Extension; ‡ 5° Flexion vs 5° Extension; 

5° Extension resulted in a significant increase in the patellofemoral compressive force. 

However, as the knee extended to 80° this increase disappeared and in mid flexion (70° - 60°) 

extension of the femoral component caused a significant reduction in the patellofemoral 
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compressive force. Near full extension, femoral component extension had no effect on the 

patellofemoral compressive force. 

4.4.3.4. Patellofemoral Contact Area 

For all of the assessed femoral sagittal plane rotations, the PFJ contact area fell with 

extension (Figure 4-32). In deep flexion (90°) 5° Extension caused a significant increase in the 

PFJ contact area and 5° Flexion a reduction. As the knee continued to extend the contact area 

values for the three configurations converged. However, from 60° to 20° of tibiofemoral 

flexion, 5° Flexion caused a reduction in the contact area, which was significant at 30° and 

50° of flexion. Nearing tibiofemoral extension, extension of the femoral component had little 

effect.    

 

Figure 4-32: Variation in patella contact area with flexion angle for each modelled femoral flexion position 
(mean ± SD). p < 0.05: * Optimal vs 5° Flexion; † Optimal vs 5° Extension; ‡ 5° Flexion vs 5° Extension; 

Throughout the extension movement, more than 70% of the joint contact was on the lateral 

aspect of the patella components (Figure 4-33, Figure 4-34). During an extension cycle, the 

amount of lateral contact increased sharply in mid flexion and approached 100% in full 

extension. This increase was steeper when the femoral component was in flexion. 
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Figure 4-33: Variation in percentage of lateral contact area with flexion angle for each modelled femoral flexion 
position (mean ± SD (capped at 100%)). p < 0.05: * Optimal vs 5° Flexion; † Optimal vs 5° Extension; ‡ 5° Flexion 
vs 5° Extension; 

Consistent lateral edge loading at all flexion angles was seen irrespective of the femoral 

component sagittal placement (Figure 4-34). Medial contact was only ever on the edge of the 

patella components.  

 

Figure 4-34: Example contact area plots  
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4.4.3.5. Patellofemoral Pressure 

Femoral component flexion (5° Flexion) caused a trend towards an increased joint pressure 

and femoral component extension (5° Extension) a significant reduction in contact pressure 

in deep flexion (90°) (Figure 4-35). Throughout the remainder of the extension cycle femoral 

component sagittal alignment had little effect. For all of the tested femoral rotational 

configurations, in deep flexion (> 70°), the PFJ contact pressure exceeded 15 MPa. 

 

Figure 4-35: Variation in patellofemoral pressure with flexion angle for each modelled femoral flexion position 
(mean ± SD). p < 0.05: * Optimal vs 5° Flexion; † Optimal vs 5° Extension; ‡ 5° Flexion vs 5° Extension; 

4.4.3.6. Deformation 

The cyclic loading resulted in permanent deformation on the edge of all of the tested patella 

components and a small amount of lateral dome deformation (Figure 4-36). The deformation 

occurred largely after the first repeat (Figure 4-36). After further repeats little change in the 

pattern of permanent deformation was seen. The patella components were subjected to 

similar levels of deformation irrespective of the femoral component sagittal plane alignment. 
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Figure 4-36: Patella surface plots demonstrating the level of permanent deformation, with respect to the 
implant pre-testing, which was measured for each patella configuration after each testing repitition 

4.4.3.7. Simulator Repeatability 

The PTMA recorded using the asymmetric dome with the femoral component optimally 

placed did not vary across the three studies (p > 0.05). However, the required quadriceps 

force was higher for Study (i) (Figure 4-37). This difference was significant in deeper flexion 

(>60°). 
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Figure 4-37: Variation in quadriceps force with flexion angle for the optimally placed asymmetric patella 
component (mean ± SD). p < 0.05: * Study (i) vs Study (ii); † Study (i) vs Study (iii); ‡ Study (ii) vs Study (iii); 

The recorded patellofemoral compressive force also varied between the studies (Figure 

4-38). The patellofemoral compressive force recorded for Study (iii) demonstrated less 

levelling out in deeper flexion and was significantly higher in mid and deep flexion. The 

measured PFJ contact area followed a similar pattern and was significantly higher for Study 

(iii) in deeper flexion (>50°) (Figure 4-39). 

 

Figure 4-38: Variation in patellofemoral compressive force with flexion angle for the optimally placed 
asymmetric patella component (mean ± SD). p < 0.05: * Study (i) vs Study (ii); † Study (i) vs Study (iii); ‡ Study 
(ii) vs Study (iii); 
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Figure 4-39: Variation in patellofemoral contact area with flexion angle for the optimally placed asymmetric 
patella component (mean ± SD). p < 0.05: * Study (i) vs Study (ii); † Study (i) vs Study (iii); ‡ Study (ii) vs Study 
(iii); 

4.4.4. Discussion 

4.4.4.1. Simulator Repeatability 

The optimally placed asymmetric component configurations from this study (Optimal) and 

studies (i) (Asymmetric) and (ii) (Optimal) were nominally the same. All three configurations 

employed the same patella component and modelled the optimal surgical femoral 

component positioning. When these three configurations were compared it was 

demonstrated that the PTMA recorded for each was comparable but the measured 

quadriceps force, patellofemoral compressive forces and PFJ contact areas were not always 

equivalent. 

The recorded quadriceps force was significantly higher in deeper flexion for Study (i) (Figure 

4-37). No differences were seen between the recorded quadriceps forces for Studies (i) and 

(ii). This difference did not impact on any of the other measured variables, and was most 

likely a result of a change in the friction coefficient between the shafts and bearings which 

allowed the hip construct to move vertically. The bearings were greased at the beginning of 

the first study only. The results therefore suggested that there was a period of settling in, 

during which the bearings self-lubricated, before a constant friction force was reached. It 

may therefore be beneficial for a future study to be carried out to assess how many cycles 

are needed after greasing of the bearings before a constant friction force is achieved and 

additionally how many cycles can be carried out before further greasing is required.  
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In contrast to the measured quadriceps forces, the patella compressive force was 

significantly higher, in deeper flexion, for Study (iii) as opposed to Study (i) (Figure 4-39). 

Between Study (ii) and Study (iii) the quadriceps/patella tendon construct was replaced. 

Although the replacement steel cable was the same dimensions as the original, due to the 

reduced number of test cycles it had endured, it was straighter and less conformed to the 

femoral component geometry. The newer steel cable therefore did not contact the femoral 

component as much and therefore did not share the same proportion of the joint loading as 

the original construct. This resulted in the observed higher patellofemoral compressive 

forces in deeper flexion. It may also be beneficial for a future study to be carried out to assess 

how many cycles are needed to bed in the steel cable patella tendon construct. Alternatively, 

it may be appropriate to develop a similarly inextensible, but more compliant 

quadriceps/patella tendon model. The differences seen for the patella compressive forces 

were mirrored with respect to the PFJ contact area. The joint contact area was significantly 

higher for Study (iii) compared to Studies (i) and (ii). This was probably a result of increased 

elastic deformation caused by the increased patella compressive force.  

The differences demonstrated did not impact on the conclusions drawn in this thesis as none 

relied on comparisons between the three separate studies. They purely highlighted potential 

improvements and further work. 

4.4.4.2. Effect of Femoral Component Sagittal Plane Malalignment 

With the exception of the patellofemoral compressive forces, which were discussed in the 

previous sub-section, the general patterns of the various measured and calculated outputs 

were similar to those reported for the previous two studies. This sub-section therefore 

concentrates on the differences induced by changes in the femoral component sagittal plane 

rotational position rather than the general measurement patterns. 

Throughout the tibiofemoral extension cycle, 5° Flexion or 5° Extension caused a reduction in 

the PTMA (Figure 4-30). This difference was only significant in mid flexion. Placing the femoral 

component in extension altered the effective femoral geometry. During the extension 

movement, the patella component may therefore have tracked in the intercondylar notch 

for a greater range of flexion of the TFJ before traversing into the trochlear groove, and 

ultimately exiting the notch later when the femoral component was placed in extension 

compared to when it was optimally positioned. This caused the consistent shift towards a 

smaller PTMA which was seen for the 5° Extension configuration throughout the extension 

motion (Figure 4-30). 
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Flexion of the femoral component (5° Flexion) was expected to have the opposite effect to 

component extension, but the results did not support this (Figure 4-30). Flexion of the 

femoral component could have been expected to cause an effective “overstuffing of the PFJ” 

and hence an increased joint moment arm. However, in the case of the current knee 

simulation, flexion of the femoral component caused a reduction of the PTMA, possibly 

because it induced a greater degree of posterior motion of the femoral component. Few 

other studies have assessed the biomechanical effects of femoral component flexion on the 

PFJ [29], and this study did not measure joint kinematics, therefore these theories cannot be 

assessed any further.  

The experimental difficulties encountered with the use of the quadriceps load cell when the 

femoral component was placed in 5° flexion and extension (5° Flexion and 5° Extension)   

meant that the effect of this change of PTMA on the required quadriceps force could not be 

assessed. The results of Studies (i) and (ii) do however suggest that the differences would not 

have been directly mirrored. Indeed the trends seen with regards to quadriceps force have 

in Studies (i) and (ii) been better aligned to the measured patella compressive force than the 

PTMA. During extension from 90° to 30°, 5° Flexion  resulted in a significant reduction in the 

patellofemoral compressive force compared to the Optimal rotation (Figure 4-31). At a peak 

this difference, which is obscured by the scale in Figure 4-32, was 101 N.  

At 90° flexion of the TFJ, 5° Extension caused a small, but significant, increase in the 

patellofemoral compressive force (Figure 4-31). In contrast, in mid flexion (70 - 60°), 5° 

Extension caused a similarly small, but significant, reduction in the patellofemoral 

compressive force. At a peak, the difference between the compressive force for the Optimal 

and 5° Extension configurations was 30 N which was within the levels of natural patient 

variability [1] and unlikely to have any clinical relevance.  

If the patella is considered to act as a two dimensional amplifying lever, it can be deduced 

that the magnitude of the patellofemoral compressive force will primarily depend on the 

magnitude of the required quadriceps force, the degree of patella flexion and/or the 

superioinferior position of the PFJ contact position. These results therefore suggest that 5° 

Flexion or 5° Extension of the femoral component significantly alters one or more of these 

variables. None of these measurements were possible during the present study, but 

computation work reported in the literature has suggested that flexion of the femoral 

component caused a trend towards reduced patella flexion in deep tibiofemoral flexion [29].  
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In deep flexion (90°), and during extension from 60° to 20°, the changes in PFJ contact area 

mirrored the differences in patellofemoral compressive force (Figure 4-32) suggesting that 

the patella component was simply deformed by a greater amount when under a greater 

compressive force. A slight reduction in lateral deformation is demonstrated qualitatively by 

the surface plots (Figure 4-36) but this is by no means conclusive. Any differences in terms of 

contact area are therefore likely to have been due to excess elastic, not plastic, deformation.  

In mid to late flexion (80 - 70°) however, the differences in PFJ contact area resulting from  5° 

Flexion or 5° Extension did not fully mirror the differences seen in the patellofemoral 

compressive force. The change in effective femoral geometry as a result of placing the 

femoral component in 5° Flexion or 5° Extension meant that at any nominal tibiofemoral 

flexion angle the position of the patella component along the trochlear groove or 

intercondylar notch for each condition would have been different. This may explain the 

conflicting differences seen in mid to late flexion and may have contributed to the differences 

reported during the remainder of the extension cycle.  

Irrespective of the femoral component flexional position, the degree of lateral contact 

followed a similar pattern to that detailed previously: approximately 75% in early extension 

rising sharply to almost 100% in mid extension (Figure 4-33 and Figure 4-34), which is again 

in keeping with published retrieval data [292]. However, in contrast to the Optimal or 5° 

Extension configurations, 5° Flexion caused the shift to almost exclusively lateral loading to 

occur almost 10° earlier (Figure 4-33). This is likely to be a result of the patella exiting the 

intercondylar notch earlier in the tibiofemoral extension cycle. When released from the 

intercondylar notch the geometrical resistance to the lateral quadriceps force will have 

reduced, allowing the patella to tilt more laterally, hence increasing the proportion of lateral 

contact. The reverse may not have been true when the femoral component was placed in 

extension (5° Extension) due to changes in the PFJ kinematics or possibly because by 60° 

flexion of the TFJ the lateral quadriceps force vector was sufficient to tilt the patella 

irrespective of the femoral geometric constraints.   

Only one study in the literature has previously assessed the effect of femoral component 

sagittal plane rotation on the contact within the PFJ [29]. This study suggested that femoral 

component flexion of 5° had no effect on the contact patterns. The difference between this 

study and the previous work is likely a combination of the use of a different implant and a 

substantially reduced level of loading in the previous work. Computational work by Heegard 

et al. [29], did however demonstrate a trend towards an increased patellofemoral pressure 
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with 5° femoral component flexion, which is in line with the results detailed here (Figure 

4-35). The reported changes in estimated patellofemoral pressure followed corresponding 

patterns to the reported PFJ contact area. 

Flexion of the femoral component has been proposed as an effective intra-operative method 

to reduce the risk of oversizing the femoral component [298]. However, in the case of the 

TKA system assessed in this study, 5° flexion of the femoral component has been 

demonstrated to increase the PFJ pressure by up to 2 MPa and should therefore be used with 

caution (Figure 4-35).  

Irrespective of the degree of femoral component sagittal plane malalignment, at flexion 

angles greater than 60°, the calculated pressures exceeded 15 MPa under physiological 

loading. When the femoral component was flexed by 5° however, 15 MPa was exceeded at 

flexion angles greater than 40°. UHMWPE is commonly quoted to have an offset yield 

strength of 13 MPa [248]. Femoral component flexion of 5° may therefore increase further 

the already present potential risk of developing functional limitations in a clinical setting as 

a consequence of pain and PFJ instability [248,293]. The relatively low number of test cycles 

and the qualitative nature of the deformation assessment meant that the correlation of these 

pressure differences to the degree of permanent patella deformation could not be assessed. 

In line with the results of Studies (i) and (ii) however, the results clearly demonstrated 

consistent edge loading (Figure 4-34) which resulted in permanent patella component 

deformation (Figure 4-35). 

4.4.4.3. Limitations  

This third, and final, study was not subject to any limitations beyond those discussed with 

respect to Study (i). 

4.4.5. Conclusions 

The present study demonstrated that, for the prosthesis tested, femoral sagittal plane 

malalignment of ± 5° caused a reduction in the PTMA. Quadriceps forces could not be 

measured. It was however demonstrated that flexion of the femoral component by 5° caused 

a 9% reduction in the patella compressive force, but an increase of up to 2 MPa in the 

estimated calculated joint pressure. Flexion of the Scorpio NRG component may therefore 

increase the risk of long term instability as a result of plastic deformation [16], or 

delamination of non-cross-linked UHMWPE  or fractures of cross-linked UHMWPE 

components [248]. The effect of extension of the femoral component was less pronounced.  
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Irrespective of the degree of femoral component flexion the patella component was subject 

to substantial edge loading, in excess of the yield strength of UHMPE, which, in line with the 

results of Studies (i) and (ii) and retrieval reports in the literature [292], caused permanent 

implant deformation. This sub-study has therefore once again demonstrated the lack of 

congruency of the patella component used with the Scorpio NRG implant system may have 

contributed to the anecdotal reporting of increased long term complications [297]. 





 

 171 

Chapter 5 

5. Discussion 
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A review of the literature highlighted the significant role that PFJ complications play with 

regard to pain and functional limitations following TKA [15,126]. The causes of pain and other 

complications in the PFJ are not fully understood, but changes in the biomechanics, relating 

to loading and contact parameters within the joint, are thought to be contributing factors 

[20-22]. The biomechanics of the PFJ may be affected by a variety of factors, including, but 

not limited to; implant design and geometry, whether or not the patella is resurfaced, and 

component positioning.  

Some of the factors which may affect the PFJ have been assessed in in vitro studies reported 

in the literature. However, a lack of standard test protocols, and the frequent introduction 

of multiple confounding factors, makes it difficult to draw conclusions on the clinical issues 

reported in the literature. The present study therefore aimed to improve understanding of 

the many factors which may contribute to high rates of PFJ complications and associated 

pain. This overall aim was achieved through the development of a reliable knee joint 

simulator and repeatable methods for assessing load and contact parameters within the PFJ. 

The simulator, was designed to provide an effective protocol and approach for investigating 

the parameters affecting the PFJ in TKA  and to improve on the current approaches that are 

reported in the literature. The simulator was then used to assess the effect of a number of 

design and alignment factors on PFJ biomechanics following TKA with a specific implant 

system. 

A table top knee simulator, which was based on the OKR philosophy and replicated human 

squatting [1,59], was developed. The OKR design constrains the hip, and hence the action of 

the body weight force component acts vertically above the ankle joint. This does not replicate 

many activities of daily living where the position of the upper body changes to reduce the 

body weight moment arm when flexing the knee [196]. In spite of this limitation, and as 

discussed in the literature [270], the OKR design does facilitate dynamic testing, and allows 

the simulation of a body weight component, whilst maintaining all six degrees of freedom at 

the knee joint.  

The majority of work evaluating TKA systems reported in the literature has been carried out 

using implants fixed in cadaveric  knees [37,38,188,189,205]. The use of cadaveric knees are 

however associated with high inter-specimen variability, can be costly and difficult to obtain 

and time consuming to work with. In addition, due to issues relating to tissue degradation, 

cadaveric materials can only be tested under limited loads. A knee model to replace a 

cadaveric knee was therefore developed to reduce the impact of inter-specimen variability, 
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facilitate extended testing at physiological loads, and limit the overall time and cost 

commitment. 

To maintain a degree of similarity to published studies [23-26,61,190,192,193,201-

204,217,218,223,225], and achieve an acceptable compromise between simplicity and 

physiological relevance, the quadriceps mechanism was modelled dynamically by a single 

actuator, and the hamstrings simulated as two compartments by constant force springs. In 

contrast to previously reported non-cadaveric studies [212], the collateral and 

popliteofibular ligaments were also modelled so as to replicate both the compressive joint 

force and the kinematic restraint that these structures have been reported to provide in the 

natural knee [65,67]. 

There are a number of variables relating to the loading and contact parameters within the 

PFJ which could be measured using the simulator. The quadriceps force required to carry out 

a specific task is commonly measured in the studies reported in the literature 

[23,24,61,96,199,202,236] as it directly impacts a patient’s ability to carry out activities of 

daily living [283]. Similarly, the PTMA is frequently monitored as it gives an indication of the 

extensor mechanism efficiency [270]. The compressive force, contact area, and contact 

pressure within the PFJ are frequently measured in published studies [189,191,193,205,243] 

as they are indicators of the potential risk of pain and component failure following TKA 

[16,21,248]. 

Previous studies reported in the literature have also measured kinematics of the PFJ and TFJ 

[58,94,214]. An understanding of the joint kinematics can provide valuable information 

relating to the mechanisms contributing to the biomechanics of the PFJ. However, the direct 

link between kinematic changes and the development of knee pain and/or functional 

limitations is not clear. The measurement of joint kinematics was therefore not prioritised as 

a measurement in the present study. The deformation of the patella components over time 

was however assessed, as this provided an indication of the degree of excessive loading that 

occurred within the joint. This has not previously been monitored during in vitro kinematic 

studies. 

Many studies using cadaveric knees in the literature are carried out under reduced loading 

to protect the cadaveric tissue [29,31,38,188,189,191,194,210,295]. The work presented in 

Section 5.2 (Study (i)) demonstrated, in line with the literature [294], that the rate of 

quadriceps force increase with flexion angle changed with applied load. Furthermore, 

differences in the rate of change of compressive forces in the patella, and the contact area 
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were seen when the simulator was subjected to a physiological load level (43 Nm peak flexion 

moment) compared to  the tests at a reduced loading level (approximately 19 Nm peak 

moment). Measurements carried out under reduced levels of load may therefore 

significantly under estimate the parameters associated with loading at physiological levels. 

This result highlighted the importance of testing under physiological loads and therefore the 

benefit of using a system which did not include cadaveric tissue. 

Comparisons with published studies [1,23,24,29,31,61,270,291,292] demonstrated that the 

simulator modelled physiological knee motion and therefore provided a good representation 

of the expected clinical scenario. The standard deviations of the force measurements were 

lower, and those of the contact area comparable, to studies with cadaveric knees in the 

literature [37,61,188]. The protocol developed therefore facilitated consistent 

measurements of the quadriceps force, patella compressive force, and PFJ contact area, 

which enabled the detection of statistically relevant differences at, and below, clinically 

relevant levels throughout the reported studies. The system therefore demonstrated high 

sensitivity with regards to PFJ biomechanical measurements, highlighting its suitability for 

use in comparative studies. 

During the course of the study the knee simulator was assessed thoroughly. This highlighted 

a number of limitations and potential modifications, which were discussed in detail in the 

previous chapter and could be introduced in any future studies. These limitations however 

did not detract from any of the conclusions made in the present thesis. The PFJ contact 

pressure was not measured directly by the described system, but was reliably estimated 

using accurate measurements of contact area and patella compressive force.  

A second limitation of the study was that the simulator did not include models for any soft 

tissues which stabilise the PFJ.  This may be considered to limit the physiological relevance of 

the model. All of the three studies carried out demonstrated significant, and at some flexion 

angles, almost exclusive patella edge loading. This was most likely a result of the lack of 

congruency of the patella component with the trochlea groove of the femoral implant. A 

previous reported study has indicated that this concern is not unique to the Scorpio system 

[254]. The primary compressive and constraining action of the PFJ soft tissues occurs in early 

flexion of the TFJ  [77-79]. As the joint flexes further these structures weaken and would be 

unlikely to provide sufficient force to substantially alter the tracking of the Scorpio patella 

component or potentially those of many other commercially available TKA implant designs. 

At most the patella retinaculum may be expected to provide a small additional compressive 
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force. The absence of any soft tissue constraints in the PFJ, which was considered necessary 

to preserve the simplicity of the system, should therefore have had a limited effect on the 

reported peak pressure and contact area measurements and no significant impact on the 

comparisons made. 

Overall, the simulator was shown to provide a simplified but physiologically relevant model 

of the human knee which allowed effective assessment of PFJ biomechanics. The system 

eliminated the need for cadaveric tissue and therefore enabled a relatively low cost and 

timely assessment of the potential contribution of a number of design and alignment factors 

to the potential risk of long term functional limitations following TKA. However, despite the 

effectiveness of the developed simulator, only a small number of the factors hypothesised to 

effect PFJ biomechanics following TKA could be assessed in the present study. Initially, the 

effect of patella design, medialisation of the patella component, femoral component rotation 

and femoral component sagittal plane rotation were assessed using a specific TKA design. 

Patella design was highlighted as an important starting point as it has never been 

systematically assessed before [16]. Studies reported in the literature have indicated that the 

chosen alignment factors may be important contributors to the development of PFJ 

complications, but the evidence is sparse and sometimes conflicting [28-36]. 

The specific effect of each design and alignment and the consistency of the results with the 

literature were discussed in the previous chapter. This final discussion concentrates on 

evaluating the different modifications that had corresponding or opposing effects on 

different PFJ biomechanical measurements. Table 5-1 demonstrates the statistically relevant 

changes which were reported during the three experimental studies. The differences are 

simply reported in terms of an increase or decrease in a measured variable. 

The experimental results suggested that, with respect to the Scorpio NRG PS implant system, 

the PTMA was sensitive to transverse and sagittal plane femoral component rotations. 

However, the clinical effect of this is not clear as, especially in deep flexion, the quadriceps 

force required to maintain a constant rate of motion was largely unaffected by any of the 

assessed changes.  

The patellofemoral compressive force was much more sensitive to alignment and changes in 

the patella component design than the quadriceps force. Flexion of the femoral component, 

the use of a centrally placed patella component, and, in early flexion, femoral external 

rotation caused a significant reduction in the patella compressive force. To a lesser extent 

femoral component extension and the use of a medialised concentric patella component had 
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the converse effect. However, if the magnitude of change is considered it was only the 

introduction of femoral sagittal plane malrotation in deep flexion that had a clinically relevant 

impact on the measured compressive forces. It may therefore be hypothesised that the 

Scorpio knee is relatively forgiving, in terms of extensor mechanism forces, design and 

alignment changes and was only affected by the sagittal plane malalignments as this had an 

effect equivalent to placing the joint in more or less flexion.    

Table 5-1: Table demonstrating the variations which had statistically significant effects on each measured or 
calculated variable. The datum was considered to be an asymmetric patella component placed in an optimal 
location (N.b. Quadriceps force data and ratio data not available for the sagittal plane error study (Study (iii)) 

 

5° Femoral Component Internal Rotation 5° Femoral Component Flexion Concentric

5° Femoral Component External Rotation 5° Femoral Component Extension Medialised

Flexion Angle

Increased

Increased

Reduced

Reduced

Increased

Reduced

Increased

Reduced

Increased

Reduced

Increased

Lateral Patella Contact Area

Patellofemoral Pressure

40 30 20

Quadriceps Force

Patella Contact Area

Ratio of Patella Compressive Force to Quadriceps Force

Patella Compressive Force

PTMA

90 80 70 60 50

Reduced

Increased

Reduced
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In contrast, the measured contact characteristics, PFJ contact area and joint pressure, were, 

for the most part, only sensitive to patella component changes. Medialisation of the patella 

component apex, either geometrically or through component medialisation, caused a 

significant, and most likely a clinically relevant, increase in PFJ contact area and a 

corresponding reduction in the joint pressure. With respect to the potential risk of functional 

limitations associated with PFJ complications, the Scorpio system therefore appears to be 

much more sensitive to patella component design than alignment alterations, which may be 

a consequence of a lack of congruency between the patella component and femoral implant.  

With respect to the Scorpio NRG PS implant, these results could be used to advocate 

medialisation of the apex of the patella component, and potentially warn against excessive 

femoral component sagittal plane malalignment. However, the completed studies are only a 

start. In order to fully map the factors which affect PFJ biomechanics following TKA, and 

provide comprehensive advice to surgeons and implant designers, all potential alignment 

errors with respect to the femoral, patella, and tibial components must be assessed. The 

studies must then be repeated using a variety of implant systems to establish the effect of 

tibiofemoral design factors. It is also important to note that these factors may not act in 

isolation. The effect of compound errors must also be considered. The completion of such a 

significant body of work is a great undertaking, but the development of the present simulator 

will facilitate such a systematic investigation. The development of a validated, computational 

model of the present simulator could also be considered. 

Irrespective of patella geometry, patella medialisation, and femoral alignment, in deep 

flexion, the offset yield strength of UHMWPE [248] was consistently exceeded under the 

physiological loading conditions used in this study. This resulted in permanent deformation 

where loading was greatest: on the edge of the patella components. This deformation, which 

was also observed visually, appeared to be a consequence of a lack of congruency between 

the femoral and patella components and corresponded with literature reports of wear scars 

on retrievals [292].  

The prominent edges associated with the sombrero design of the Scorpio patella component 

appeared to be a primary point of contact with the femoral component throughout mid to 

deep flexion or once the patella component had entered or was approaching the 

intercondylar notch. The relatively high tolerance of the implant system to the range of 

clinically relevant alignment errors modelled during the present investigation may therefore 

be because the levels of rotations modelled were not sufficient to prevent this edge loading 
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and induce increased loading on the dome of the component. An alternative implant design, 

with a more congruent patella component may be much more sensitive to rotational errors. 

The long term effect of this excessive loading is not clear but it may cause chronic instability, 

result in failure of the patella component, or stimulate intraosseous nerve cells within the 

patella remnant resulting in AKP and functional limitations [16,21,248]. 
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Chapter 7 

6. Conclusions & Further Work 

 

 





 

 183 

6.1.  Conclusions 

The overall aim of this research study was to improve current understanding of factors 

contributing to high rates of PFJ complications. This was addressed through the investigation 

of the effect of TKA component alignment and design on the biomechanics of the PFJ. In 

order to achieve this aim three objectives were detailed: 

1. Develop an in vitro human knee simulator, which enables the dynamic assessment of 

the PFJ after primary TKA. 

2. Develop in vitro test methods to measure pressures, contact areas, and forces in the 

PFJ, as well as the quadriceps force and patella tendon moment arm during a dynamic 

knee movement.  

3. Evaluate the effect of design and component alignment on the variables detailed in 

Objective 2. 

3.1. Evaluate the effect of patella component design. 

3.2. Evaluate the effect of patella component mediolateral placement. 

3.3. Evaluate the effect of femoral component transverse plane rotation.  

3.4. Evaluate the effect of femoral sagittal component plane rotation.  

To address Objective 1, a knee simulator which modelled a human squatting motion was 

developed. Methods to assess PFJ pressure, PFJ contact area, patellofemoral compressive 

force, PTMA and the quadriceps force were developed to address Objective 2 and facilitate 

the assessment of the relative potential risk of the development of functional limitations 

relating to the PFJ after TKA. Comparisons with previous in vivo and in vitro results 

demonstrated that the simulator provided a good representation of the natural knee. In 

addition, as the system did not use cadaveric specimens, it facilitated testing at physiological 

load levels, the importance of which was demonstrated during the experimental testing. The 

measured results using the simulator also had substantially lower standard deviations than 

those associated with the use of cadaveric specimens reported in the literature. This enabled 

the assessment of clinically relevant differences between the various tested configurations 

with fewer repeats. 

The results obtained in this study were specific to one type of implant design: the Scorpio 

NRG. For this TKA design, the study demonstrated that the use of an asymmetric patella 

component, as opposed to a symmetric component, or medialisation of a symmetric 

component by 5 mm significantly increased the PFJ contact area and reduced the joint 
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contact pressure. The use of an asymmetric component or medialisation could therefore be 

considered to reduce the relative potential risk of instability, pain and patella component 

failure.  

The study also indicated that the Scorpio NRG system, in terms of PFJ biomechanics, was 

relatively forgiving to clinically reported maximum errors in femoral transverse plane 

alignment. Femoral rotation of ± 5° had no effect on the forces, pressures or contact areas 

within the PFJ. External rotation of 5° significantly decreased the PTMA. However, the lack of 

corresponding effect on the forces within the PFJ draws the clinical relevance of this finding 

into doubt. In contrast 5° flexion of the femoral component, a relatively large surgical error, 

resulted in a 9% reduction in the patella compressive force but an increase of up to 2 MPa in 

the estimated calculated joint pressure. Flexion of the Scorpio NRG component may 

therefore increase the risk of long term PFJ complications. The effect of extension of the 

femoral component on the patella compressive force was less pronounced, but 5° extension 

did result in a significant reduction in the PFJ contact pressure at 90° flexion of the TFJ. 

In addition, the three studies which were carried out to address Objective 3 all concluded 

that neither the symmetric nor the asymmetric patella components available with the 

Scorpio NRG system are congruent with the femoral trochlea geometry. Irrespective of 

alignment, the patella components were subject to substantial edge loading, in excess of the 

yield strength of UHMPE in deep flexion, which caused permanent implant deformation. 

None of the alignment or design changes assessed in the present study were sufficient to 

eliminate the potential risk of deformation and pain, which appeared to be associated with 

the patellofemoral design of the system. 

With respect to the Scorpio NRG PS implant system, the results highlighted the importance 

of considering PFJ placement carefully, and could be used to advocate medialisation of the 

apex of the patella component, and warn against excessive femoral component sagittal plane 

malalignment. The investigations carried out as part of this initial work are however only a 

first step. Further investigations assessing the effect of all possible component 

malalignments, utilising a number of different implant systems must be carried out before a 

comprehensive understanding of the effect of each change on the PFJ is achieved. The results 

detailed in the present study demonstrate that the investigations required to achieve this 

can be carried out accurately and relatively swiftly using the developed simulator.  
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6.2.  Further Work 

6.2.1. Simulator Developments 

Before carrying out further testing using the simulator a few issues could be addressed. The 

vertical bearing arrangement could be replaced by a self-lubricated arrangement to eliminate 

the need for periodic lubrication and reduce the sensitivity of the rig to the level of bearing 

lubrication.  

Secondly, a more physiological quadriceps tendon model could be developed to allow both 

the consistent transfer of load to the patella and the natural wrapping of the tendon onto 

the femur in deeper flexion. Thirdly, the bespoke load-cell used to measure the quadriceps 

force should be redesigned to allow the assessment of a greater number of malalignments 

and, if feasible, the compressive patella load cell could be replaced by a three axis load cell 

to measure the resultant PFJ vector.  

6.2.2. Future Investigations 

In order to develop a more comprehensive understanding of the factors which may 

contribute to the potential risk of functional limitations associated with pain and failure in 

the PFJ after TKA further investigations should primarily focus on the continued assessment 

of the effect of individual design and alignment factors. For example, the effect of femoral 

geometry should be considered, as should the effect of changes in the tibiofemoral joint line. 

The effect of changes in more than one factor at the same time should also be explored. 

The completion of such a body of work, through experimental studies using the developed 

simulator or perhaps utilising a validated computational model of the described method, 

would allow the full population of a matrix such as that detailed in the discussion (Table 6-

1). The knowledge gained from the understanding of the effect of each specific alignment 

factor could inform future surgical and design practice. It may also provide a matrix which 

could be used to interpret future cadaveric studies assessing a new implant design or an 

assessment of the biomechanical effect of a new surgical philosophy such as kinematic 

alignment.   
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The Effect of Femoral Rotation During Total Knee Arthroplasty on Patellofemoral Contact 

Characteristics 

L.G. Coles*, S. Gheduzzi*, T.P. Holsgrove*, A.W. Miles* 

*Centre of Orthopaedic Biomechanics, Dept. Mech. Eng., Uni. Of Bath;  

[Podium Presentation by L.G. Coles] 

Patellofemoral joint (PFJ) complications are a common cause of dissatisfaction leading to 

revision total knee arthroplasty (TKA) due to wear and/or pain. It is thought that increased 

contact pressures and forces within the PFJ contribute to increased incidences of pain and 

wear of the patella button. Previous work suggests that this may be associated with femoral 

component rotation and hence this should be controlled tightly during surgery; but the 

available data are limited. This study aimed to assess the influence of femoral component 

rotation on the quadriceps forces, and the contact areas and compressive forces within the 

PFJ using an in vitro, non-cadaveric, TKA model.  

Static and dynamic tests were carried out using a six degrees of freedom vertical knee 

simulator designed to replicate motion of an average UK woman. The movement at the knee 

is driven by actuation of the quadriceps model. The hamstrings are modelled physiologically 

by two cables each with a constant tension of 50N. Scorpio PS size 7 (Stryker, NJ) components 

were implanted in composite bones by an orthopaedic surgeon and primary ligaments were 

modelled using synthetic cords.  

The required quadriceps force to achieve extension during a squat and the associated patella 

compressive forces were assessed using single axis load cells. The PFJ centre of pressure 

(COP) was measured using a pressure array (Novel, Munich) and the contact areas assessed 

using pressure film (FujiFilm). Three femoral positions were assessed (neutral, 5° internal and 
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5° external rotation) each with a 5 mm medialised patella dome and a centrally placed 

asymmetric patella button. Six repeats were carried out. 

Irrespective of patella button type, femoral external rotation caused an increase of up to 10% 

in the required quadriceps force and compressive PFJ forces, likely due to the alteration of 

the Q angle caused by the component rotation. Internal rotation caused corresponding 

reductions. These trends are only significant in mid-flexion and are masked by increased 

loading. The patella button geometry also appeared to influence the degree to which femoral 

rotation affected the PFJ. Fewer differences were demonstrated with the medialised dome, 

which was associated with increasing lateral COP measurements post-TKA with external 

rotation. In contrast, the asymmetric dome demonstrated medial COP shifts with external 

rotation. 

In conclusion, PFJ forces and pressures are influenced by a complex combination of 

prosthesis geometry and component positioning. As little as 5° of femoral rotation may have 

an implant specific, detrimental effect on the PFJ. 
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Femoral component rotation of a modern TKA implant does not affect PFJ biomechanics  

L.G. Coles*, S. Gheduzzi*, A.W. Miles* 

*Centre of Orthopaedic Biomechanics, Dept. Mech. Eng., Uni. Of Bath;  

[Podium Presentation by L.G. Coles] Awarded Young Investigator Award 

Research Summary 

Patellofemoral joint (PFJ) complications, such as anterior knee pain, are a common complaint 

among knee arthroplasty patients and femoral rotational mal-alignment is thought to be a 

contributing factor. However, no studies have assessed the effect of femoral internal and 

external rotation on PFJ biomechanics using simulated physiological loading cycles. The 

present study aimed to assess the effect of surgical femoral rotational alignment errors on 

the forces, moment arms and contact areas within the PFJ.  

Testing was carried out under physiological loading, with a quasi-static kinematic knee joint 

simulator, using Scorpio NRG prostheses implanted on synthetic bones. Three scenarios were 

simulated, to replicate the worst case in terms of surgical error; neutral placement was 

compared to 5° internal and 5° external femoral rotation. 

External rotation caused a significant reduction in the patella moment arm. However, 

femoral rotational mal-alignments of ± 5° had no clinically relevant effect on the quadriceps 

force, patella compressive force, or PFJ contact areas. For all scenarios, the PFJ was subjected 

to over 65% lateral loading and consistent edge loading of the patella button. This study 

demonstrates that, in terms of PFJ biomechanics, the Scorpio NRG implant used was tolerant 

of surgically relevant levels of femoral rotational mal-alignment.  

Introduction  

The patellofemoral joint (PFJ) is implicated in many revision cases following total knee 

arthroplasty (TKA), with many patients reporting anterior knee pain (AKP). Changes in PFJ 

loading magnitudes and patterns are thought to contribute to AKP [1]. Femoral component 

rotational alignment has been demonstrated to affect the kinematics of the PFJ. However, 

no in vitro studies have assessed the effect of femoral rotational mal-alignment on PFJ 

biomechanics using a simulated physiological loading cycle.  
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This study aimed to assess whether femoral component mal-rotation, due to surgeon error, 

may be a significant contributor to the development of patellofemoral issues and pain 

following TKA. 

Hypothesis 

Femoral component mal-rotation will cause an increase in the forces within the PFJ and a 

decrease in contact areas after TKA. 

Methods  

Scorpio NRG PS size 7 implants (Stryker, NJ, USA), and an asymmetrical patella button, were 

implanted on Sawbones. Three scenarios were simulated; neutral femoral rotational 

placement was compared to 5° internal (IR) and 5° external rotation (ER) of the femoral 

component with respect to the cylindrical axis of the knee.  

A quasi-static kinematic knee joint simulator, a derivative of the Oxford Knee Rig, was used 

to cycle the knee through flexion/extension via a single quadriceps actuator against a 

physiological peak flexion moment of 43 Nm. The joint was stabilised using synthetic 

ligaments and by two constant force springs simulating the action of the hamstrings.  The 

quadriceps tendon load and the compressive force applied to the patella were measured 

using single axis load cells. The patella moment arm was measured with an optical technique, 

while the PFJ contact area was assessed using Prescale pressure films. Five repeats were 

carried out for each alignment scenario. Differences between the groups were evaluated 

with the Friedman test and post-hoc Wilcoxon signed ranked test; significance was assumed 

for p < 0.05. 

Results  

In mid flexion ER resulted in a statistically significant reduction in quadriceps and patella 

forces amounting in either case to no more than 20N. This finding is unlikely to be of clinical 

relevance given that it is comparable to the levels of variation expected between patients. 

No differences were observed in high flexion when the PFJ was under the highest loading 

condition. 

ER resulted in a significant reduction in the patella moment arm throughout the flexion range 

compared to neutral alignment, while IR exhibited the opposite trend (Fig 1). The joint 

contact area was unaffected by mal-rotation. Throughout the tested flexion range at least 

65% of the loading was on the lateral side. Both lateral and medial edge loading occurred.  
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Discussion and Conclusion  

This study demonstrated that femoral rotational mal-alignment altered the patella moment 

arm. This affect is attributable to changes in the Q angle as a result of induced tibial 

varus/valgus. However, possibly due to the geometry of the patella button used, this did not 

ultimately result in clinically relevant changes to the quadriceps force, PFJ compressive force, 

or PFJ contact area. The hypothesis can therefore be rejected.  

Femoral rotational mal-alignment of ± 5° is considered the worst case in terms of surgical 

error, and may affect ligament forces, but has been demonstrated, with the exception of 

varus/valgus rotations, to have a limited effect on Scorpio tibiofemoral kinematics [3, 4]. This 

in vitro study indicates that the Scorpio implant is also tolerant of commonly reported levels 

of femoral rotational alignment errors with regards to PFJ biomechanics.  

Significance 

The results of this study suggest that the Scorpio NGR knee replacement can tolerate, in 

terms of PFJ biomechanics, femoral rotational mal-alignment. 

 

Figure 1:  Variation in patella moment arm with flexion angle (mean ± standard deviation). 
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Introduction 

The patellofemoral joint (PFJ) has been implicated as a contributing factor in around 20% of 

total knee arthroplasty (TKA) revisions [126] and up to 25% of un-revised patients report pain 

within the joint [15]. The source(s) of pain within the anterior region of the knee is not fully 

understood but it is thought that increased contact pressures and forces within the PFJ 

contribute to increased incidences of pain and wear of the patella button. It has been 

advocated by some that medialisation of the standard symmetrical dome button or the use 

of a medialised dome asymmetric patella may reduce patellofemoral contact pressures and 

forces and hence improve outcomes.  

Objectives  

The primary objective was to assess if medialisation of the patella button or prosthetic 

geometrical differences may have an effect on the required quadriceps forces, or the contact 

areas, compressive forces and pressures within the PFJ using an in vitro, non-cadaveric, TKA 

model.  

Methods  

Static and dynamic tests were carried out using a six degrees of freedom vertical knee 

simulator designed to replicate motion of an average UK woman. The movement at the knee 

is driven by actuation of the quadriceps model. The hamstrings are modelled physiologically 

by two cables each with a constant tension of 50N. Scorpio PS size 7 (Stryker, NJ) components 

were implanted on to composite bones by an orthopaedic surgeon and primary ligaments 

were modelled using synthetic cords.  

The required quadriceps force to achieve extension during a squat and the associated patella 

compressive forces were assessed using single axis load cells. The PFJ centre of pressure 

(COP) was measured using a pressure array (Novel, Munich) and the contact areas assessed 
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using pressure film (FujiFilm). The contact pressures were estimated using the compressive 

force and area data and Hertzian contact theory.  

Three patella conditions were assessed: a symmetrically placed dome button, 5 mm 

medialisation of the dome and a centrally placed asymmetric patella button. Six repeats were 

carried out. 

Results  

No effects were recorded regarding the required quadriceps forces. However, medialisation 

and the use of an asymmetric dome resulted in 4% and 2% reductions respectively in 

compressive forces in deep flexion. Neither medialisation nor the use of an asymmetric 

patella reduced the peak pressures developed in the PFJ, which remained in the range of 

UHMWPE fatigue (> 10 MPa).  

All patella conditions demonstrated two distinctly separate loading areas throughout the 

flexion range. However, the medialised dome demonstrated a significantly more lateral COP 

than the asymmetrical dome which was significantly more lateral than the central dome 

throughout the flexion range. This is likely due to the lateral tilt the medialisation causes and 

will increase the uneven loading in the joint post-TKA, which may have implications for joint 

wear and pain. All three conditions also demonstrated edge loading throughout the range of 

motion which casts doubt over the congruence of the patella and femoral geometry.   

Conclusions  

In contrast to popular belief, in the case of the modern, patella friendly, single-radius Scorpio 

knee, medialisation of the patella button peak does not appear to substantially reduce PFJ 

forces or pressures. However, medialisation of the dome peak does appear to increase the 

lateral position of the joint COP.  
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Summary Statement 

The tensile properties of a number of synthetic fibre constructs and porcine MCLs were 

experimentally determined and compared to allow the selection of an appropriate synthetic 

collateral ligament model for use in a kinematic knee simulator. 

Introduction  

As patient expectations regarding functional outcomes of total knee arthroplasty rise the 

need to assess the kinematics of new implants in vitro has increased. This has traditionally 

been done using cadaveric models, which can demonstrate high physiological relevance but 

also substantial inter-specimen variability. More recently there has been a shift towards the 

use of in silico and non-cadaveric methods. Such methods require significant simplifications 

of the joint and the modelling of soft tissue structures such as the collateral ligaments. 

Collateral ligaments are often modelled in in silico studies but have not, in the published 

literature, been modelled in in vitro knee kinematic simulators.  

Tensile testing of ligament tissue, to provide reference data, and the subsequent analysis of 

potential synthetic analogues was carried out. The overall aim of the study was to develop a 

synthetic ligament analogue for use in kinematic knee simulators. 

Methods  

Porcine MCLs were chosen as these are of a similar size and are a readily available alternative 

to human ligaments. Six porcine knee specimens were sourced and the MCLs dissected by an 

orthopaedic registrar. Testing was carried out on an Instron MTS fitted with a 5kN load cell. 

Each specimen was subjected to 5 pre-conditioning loading cycles before cross-sectional and 

length measurements were made. Each specimen was then cyclically loaded from 0-200N for 

30 cycles before being loaded to failure at a rate of 100mm/min. (Figure 1) 
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Ten potential synthetic analogues were also assessed using the same procedure: the Lars 80 

(Corin Ltd) synthetic ligament reconstruction system and a selection of readily available 

synthetic constructs. 

Results  

The porcine specimens demonstrated 6% ± 1% strain (mean ± standard error) after 30 cycles 

of loading, and a tensile stiffness of 100 N/mm ± 8.9 N/mm. The results of the load to failure 

tests also indicated a substantial toe region and highlighted the substantial variability 

associated with cadaveric specimens (Figure 2). 

The Lars system demonstrated a tensile stiffness of nearly 9 times that of the porcine 

specimens. However, non-parametric Mann-Whitney U analyses indicated that three of the 

synthetic samples did not have statistically significantly different tensile stiffness values 

compared to the porcine specimens (p < 0.05) (Figure 3). Of these samples, the polyester 

braided cord demonstrated the longest and most physiologically relevant toe region (Figure 

2).  All of the polyester load-displacement traces fell within the range demonstrated by the 

porcine specimens. 

Discussion/Conclusion  

The tensile properties of the porcine specimens analysed were similar to those reported in 

in the literature for human ligaments1. Porcine MCLs are thus a fair model of human collateral 

ligaments and were a suitable reference material for the selection of a synthetic analogue. 

The tensile testing carried out in the present study indicated that commercially available 

synthetic ligaments are over engineered in terms of strength and inappropriate for use in 

kinematic analysis. However, a polyester braided cord did demonstrate appropriate basic 

mechanical properties and would be appropriate as an analogue model on kinematic knee 

rigs.  
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Figure 1: Diagrammatic representation of experimental method.  

 

Figure 2: Load deformation curves generated from failure testing of each porcine specimen and each synthetic 
material which did not show a statistically significantly different tensile stiffness to the porcine mean (p > 0.05). 
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Figure 3: Tensile stiffness values for each porcine specimen and each synthetic material which did not show a 
statistically significantly difference to the porcine mean (p > 0.05) shown with average values. 
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Appendix B. Component Implantation 

Appendix B: Component Implantation 

Scorpio NRG tibial and femoral components were implanted onto composite Sawbones by 

an orthopaedic fellow, as detailed in Figure B-1. An experienced Stryker representative, an 

orthopaedic consultant and an orthopaedic engineering professor were also present. The 

implantation was carried out using Stryker Series 5 power tools and a Stryker Scorpio demo 

surgical kit.  

 

Figure B-1: Implantation of Scorpio NRG tibial and femoral components  
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Alignment pegs were added to the Sawbones to allow accurate and secure placement in the 

alignment rig (Figure B-2). The alignment pin locations were defined (Table B-1), using CAD 

models so as to ensure anatomical kinematic alignment of both components within the rig. 

 

Figure B-2: Accurate addition of alignment pegs to Sawbone models 

Table B-1: Positioning of Sawbone alignment pegs  

Bone Side 
Proximodistal 

Reference 
Plane 

Proximo-
distal 

Distance 

Anterio-
posterior 

Positioning 

Depth 
Reference Plane 

Depth 

Tibia 

Medial 

Distal surface 
of most 

proximal jig 

10 mm 
distal 

2 holes 10 
mm apart 

as central as 
feasible 

Medial 
surface 

of most 
proximal 

jig 

22 mm 

Lateral 
Distal 

surface 
22 mm 

Femur 

Medial 
15 mm 
distal 

Medial 
surface 

16.5 
mm 

Lateral 
Distal 

surface 
24.5 
mm 

The tibial attachment of the patella tendon was also simulated. As Figure B-3 depicts, a hole 

was drilled through the tibia in the anterioposterior direction at the approximate location of 

the tibial tuberosity. A bolt, locating a pulley, was placed through this hole and secured on 

the posterior end using a nut. The force on the posterior side was spread out through the use 

of a thick rubber washer. The pulley connects to the wire patella tendon model to mimic the 

anatomical tendon-bone attachment. 

 

Figure B-3: Patella tendon tibial attachment 
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Appendix C. Alignment Rig  

Appendix C: Alignment Rig  

1. Adjust rig position arms: Consult table of jig settings (4) for the prosthesis being mounted 

and set the mediolateral (1), proximodistal (2) and anteroposterior (3) positioning arms 

at the appropriate positions for the tibial component. 

2. Bolt tibial mounting block to base of jig (4) and place tibial component in holders (6) 

ensuring it is flush with the anteroposterior positioning plate (7). Fill tibial mounting block 

with molten Wood‟s metal and allow to cool and set. 

3. Remove the tibial block from the jig. 

4. Adjust rig position arms: consult table of jig settings for the prosthesis being mounted and 

set the mediolateral (1), proximodistal (2) and anteroposterior (3) positioning arms at the 

appropriate positions for the femoral component. 

5. Bolt femoral mounting block to base of jig(4)  and place femoral component in holders (6) 

ensuring it is flush with the anteroposterior positioning plate (7). Fill femoral mounting 

block with molten Woods Metal and allow to cool and set. 

 

Figure C-1: Alignment rig  

Table C-1: Mounting jig settings for implanted Scorpio NRG components 

Alignment Setting Femur Tibia 

Proximodistal 1 3.6 5.05 

Proximodistal 2 3.2 4.7 

Mediolateral 1 1.6 1.5 

Mediolateral 2 1.7 1.55 

Anterioposterior 2 2.75 

 

 





 

 
225 

Appendix D. Alignment Rig Assessment 

Appendix D: Alignment Rig Assessment 

Methodology 

All tests were carried out using Long’s protocol [196,270], the only exception being the use 

of the dynamic method (detailed in Chapter 4) to measure the patella tendon moment arm 

and extensor mechanism angle. Five repeats were carried out for each group. Tests were 

carried out using the Zimmer NexGen hinge (Zimmer, Warsaw, IN, USA). 

Test Groups 

 Dependant Alignment (DA): positioned using Long’s rig, which is based on aligning 

the tibial component and relying on the joints congruency for alignment of the 

femoral component  

 Independent Alignment (IA): positioned using the new alignment rig, which aligns the 

tibial and femoral components independently  

Results and Discussion 

The results achieved using the two different alignment methods follow consistent patterns, 

but are not identical (Figure D-1 and Figure D-2). The most notable changes are demonstrated 

in the tibial rotation and patella tendon moment arm measurements, suggesting that 

prosthesis alignment has a greater influence on these variables.  

A difference between the results achieved using the two different methods would be 

expected as the alignment arm positions for each rig were calculated and measured 

independently by two different researchers. This process is by no means faultless, making it 

impossible to determine which the correct alignment is. However, as all variables indicate 

relatively small differences, it can be assumed that both are sufficiently close to the ideal 

situation. Slight variations from ideal alignment will not affect comparisons between tests, 

or the suitability of the method for comparative testing, if the variations are constant across 

all of the tests. It is therefore important to analyse the relative standard deviations associated 

with each of the alignment methods.  

The quadriceps force errors are comparable between the methods, but the variability is 

substantially reduced when assessing tibial rotation, patella tendon moment arm and the 

extensor mechanism angle using the new method (Figure D-3 and Figure D-4). This indicates 

that the IA method is more repeatable and results in less user error. 
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Tibial rotational variability is relatively high, at an average of 0.6° which equates to 28% of 

the measured value, even using the IA method. This indicates that the zeroing method may 

not be consistent. Following alterations to the rig, detailed in Section 6, tibial rotation 

measurement was removed from the protocol. 

 

Figure D-1: Average quadriceps force measured in flexion and extension of joints mounted using independent 
(IA) and dependent (DA) alignment methods. Error bars represent 1 standard deviation. 
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Figure D-2: Average tibial rotation measured in flexion and extension of joints mounted using independent and 
dependent alignment methods. Error bars represent 1 standard deviation only one half is shown for clarity. 

 

Figure D-3: Average patella tendon moment arm measured in flexion of joints mounted using independent and 
dependent alignment methods. Error bars represent 1 standard deviation.  
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Figure D-4: Average extensor mechanism angle measured in flexion of joints mounted using independent and 
dependent alignment methods. Error bars represent 1 standard deviation. 
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Appendix E. Joint Flexion Angle Calculation 

Appendix E: Joint Flexion Angle Calculation 

The following method was developed by R. Long as part of the PhD he completed at the 

University of Bath [196,270].  

The joint angle, with respect to the joint centre of rotation can be calculated using 

trigonometry as Figure E-1 and Equation 1 detail. 

𝛼 = 𝑐𝑜𝑠−1 (
𝐻2 − (𝐹2 + 𝑇2)

−2𝐹𝑇
) 

Equation 1 

 

Figure E-1: Flexion Angle Calculation (Adapted from: [196])  

However, it is more common to report the joint angle in terms of the tibial and femoral 

anatomical axes. This value for joint angle can be calculated if the implant centre of rotation 

offset is known (Figure E-1). For the single radius implants used in the present study this value 

can be measured as the joint centre of rotation will be constant, and equal to the centre of 

the sagittal condylar arc, in the functional flexion range. The measured values for the tested 

prostheses are detailed in Table E-1.  

Table E-1: Implant centre of rotation offset for tested prosthesis 

Implant Offset (O) (mm) Angle Offset (ϒ)  (°) 

Scorpio 11.15 3.20 

The flexion angle offset (ϒ = β – α) will be constant throughout the flexion range and can be 

assessed for each prosthesis using Solid edge (Siemens PLM Software Inc, Camberly, UK). The 

calculated values are detailed in Table E-1. 
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The joint angle relative to the anatomical axes can therefore be calculated using Equation 2. 

𝛽 = 𝛼 + 𝛾 

Equation 2 

By convention the flexion angle is reported relative to the vertical. The flexion angle (θ) can 

therefore be calculated using Equation 3 

𝜃 = 180 − 𝛽 

Equation 3 
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Appendix F. Matlab Routine for PMA Calculations 

Appendix F: Matlab Routine for PMA Calculations 

The Matlab image toolbox was used to develop a set of functions to locate the markers in an 

image, compute their positions, generate the required measurements, and analyse the data. 

The highlights of the method are detailed in Figure F-1. The full code is on the following pages. 

 

Figure F-1: High speed image analysis method 

1 The matlab code utilised in this stage was written by Tao Peng, Copyright (c) 2006. Author gives 

permission for its use 

Results matrix assessed for erroneous lines where wrong circles may have been detected 

Line perpendicular to patella tendon line which passes through the knee joint centre and 
terminates on the patella tendon line generated. Length = patella tendon moment arm 

User places all photos (including calibration photos) in a folder 

Calibration photos load and user selects both ends of the marker 

Factor to convert between pixels and mm in y and x direction calculated using 
Pythagoras theorem to account for non-parallelism of calibration marker placement. 

Image imported. 

Image enhanced.  

Circles detected using Hough transform.1 

Polyfit of tibia, femur and patella tendon generated 

Repeat for all 250 photos 

Any data points corresponding to flexion angles <21° and >19° are averaged to generate 
measurements for the parameters @ 20°. 

Repeat for every 10° to 90°. 

Duplicate circles deleted 

Number of detected circles assessed 

Flexion angle = angle between femoral and tibial lines. 
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function [comdata, results, A] = 
TwoDPhoto_AnalysisNOMANUAL (~) 
% 2D Photo_Analysis analyses a set of 
images of a single dynamic experiment 
% to cacluate values at 10deg intervals for 
patella moment arm & extensor 
mechanicsm angle and prints them to a 
results file. 
%Lisa Fitzgerald 
%Uni Bath 
%12/12/13 
 
tic 
 
% user selects photofolder to be analysed 
folder_name=uigetdir; 
cd (folder_name); 
filenames = dir('*.jpg'); 
 
% calibration files identified 
cal1=filenames(1).name; 
cal2=filenames(2).name; 
 
% Calibration function called 
[scaley, scalex] = 
Calibration(cal1,152,cal2,152); 
 
% number of photos to be analysed 
assessed 
s=size(filenames,1); 
s=s-4; 
comdata = zeros(s,2); 
 
 
% program loops through each photo in 
turn 
for i=3:size(filenames,1); 
    j=i-2; 
     
    % locates correct file in sequence 
    fname = filenames(i).name; 
 
    % checks if file extension is jpg 
    if strcmp( fname(size(fname,2)-
3:size(fname,2)) ,'.jpg'  ) == 1 
         
        %indicates to user which file is being 
analysed 
        disp([fname ' loaded']); 
        image=fullfile(folder_name, fname); 
         
        %image is opened and processed  

        im=imread(image); 
        [img]=Convert_im(im); 
        [tmp] = Im_Process(img); 
         
        %hough transform performed         
        [~, circen, ~] = 
CircularHough_Grd(tmp, 
[round(2.5*scalex - 4) round(2.5*scalex 
+4)], 5, 3); 
     % identified circles sorted in terms of 
ascending x 
        [z,k]=sort(circen(:,1)); 
        circen=circen(k,:); 
         
        %remove circles which are within 1 
pixle of each other i.e. duplicates 
        if length(circen)>=3; 
            for n=1:length(circen)-1; 
                if abs(circen(n, 1)-circen(n+1, 
1))<1; 
                    circen(n,:)=[0 0]; 
                end 
            end 
             
            circen = circen(any(circen,2),:); 
             
            %checks that corect number of 
circles have been identified 
            if length(circen) == 8 
   
            circen(8,:)=[]; 
                 
                [data]= 
Centre_AnalysisNOMANUAL_mod(circen, 
scaley, scalex, tmp, fname); 
                comdata(j,:)=data; 
                 
            elseif length(circen) == 7 
                                 
                [data]= 
Centre_AnalysisNOMANUAL_mod(circen, 
scaley, scalex, tmp, fname); 
                comdata(j,:)=data; 
                 
            else 
 
                comdata(j,:)=[0 0]; 
                 
            end 
             
 
        else 
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            comdata(j,:)=[0 0]; 
 
        end 
         
    else 
        disp 'error' 
         
    end   
     
end 
     
    % remove data relating to unprocessed 
images  
    comdata(all(comdata==0,2),:)=[] 
     
    % sort processed data to remove 
erronous lines (i.e. ones which have 
identified the  
    % the wrong circles  
    for l=1:10; 
        if comdata(l,1) < 90 && comdata(l,1) 
> 80 
     
        else 
            comdata(l,:)=[]; 
        end 
    end 
     
    for j=7: length(comdata); 
        k=j-1; 
     
        a1=comdata(j,1); 
        a2=comdata((k),1); 
        m1=comdata(j,2); 
        m2=comdata((k),2); 

         
        if m1<=40 
             
            comdata(j,:)=[a2 m2]; 
             
        else 
             
        end 
             
        if abs(m1-m2)>=5 
     
            comdata(j,:)=[a2 m2]; 
     
        else 
     
        end 
         
    end 
    
comdata=unique(comdata,'rows'); 
 
% compute values at 10deg intervals 
[results] = ten_deg_int (comdata); 
 
%Create output file and print results 
ofile=fullfile(folder_name, 
'ImageResults.txt'); 
fid = fopen(ofile, 'wt'); 
fprintf(fid, date); 
fprintf (fid, '\n flexion angle \t moment 
arm \n'); 
fprintf (fid, '%6.0f\t  %6.0f\n', results); 
fclose (fid); 
 
toc 

 

function [scaley, scalex] = Calibration(cal1, 
v, cal2, h) 
% Calibration caries out the calibration, 
with user input, required to 
% produce the calibration scales for the 
given experimental set up 
%Inputs: cal1=vertical calibration image; 
v= vertical height of calibration 
%object; cal2=horrizontal calibration 
image; h= horrizontal length of calibration 
%object; 
%Output: scaley=pixles to mm scale factor 
in y direction; scalex=pixles to mm scale 
factor in x direction; 
%Lisa Fitzgerald 

%Uni Bath 
%13/09/12 
 
% Display calibration photo - user 
manually selects calibration points 
disp 'Vertical Calibration (152mm)' 
imshow (cal1) 
a=ginput(1); 
b=ginput(1); 
 
% scale factor calculated using pythag to 
account for position errors 
%does not account for errors due to 
positioning at an angle into the plane 
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%of the image 
scaley=sqrt((a(1, 1)-b(1, 1))^2+(a(1, 2)-
b(1, 2))^2)/v; 
close 
 
% Display calibration photo - user 
manually selects calibration points 
disp 'Horizontal Calibration (152mm)' 
imshow (cal2) 
c=ginput(1); 

d=ginput(1); 
 
% scale factor calculated using pythag to 
account for position errors 
%does not account for errors due to 
positioning at an angle into the plane 
%of the image 
scalex=sqrt((c(1, 1)-d(1, 1))^2+(c(1, 2)-d(1, 
2))^2)/h; 
close 

 

function [img]=Convert_im(im) 
%Conver_im checks if an image is in 
greyscale and converts it to greyscale if 
not 
 
%Input: im=image 
%Output: img=output image 
%lisa Fitzgerald 
%Uni Bath 
%13/09/12 

 
 
if ndims(im) ~= 2; 
    img=rgb2grey; 
     
else 
    img=im; 
end 
 
 

 

function [tmp] = Im_Process(img) 
%Im_Process process a greyscale image to 
make it suitable for circular 
%hough analysis. 
%Inputs: img = greyscale image 
%Output: tmp=processed image 
%Lisa Fitzgerald 
%Uni Bath 

%13/09/12 
 
%remove background to increase contrast 
tmp=imadjust(img,[0 1], [0 1], 1);  
 tmp = 255-tmp; 
 background=imopen(tmp,strel('disk',7)); 
 tmp=imsubtract(tmp,background);  

 

THIS SOFTWARE IS PROVIDED BY THE 
COPYRIGHT HOLDERS AND 
CONTRIBUTORS "AS IS" 
AND ANY EXPRESS OR IMPLIED 
WARRANTIES, INCLUDING, BUT NOT 
LIMITED TO, THE 
IMPLIED WARRANTIES OF 
MERCHANTABILITY AND FITNESS FOR A 
PARTICULAR PURPOSE 
ARE DISCLAIMED. IN NO EVENT SHALL THE 
COPYRIGHT OWNER OR CONTRIBUTORS 
BE 
LIABLE FOR ANY DIRECT, INDIRECT, 
INCIDENTAL, SPECIAL, EXEMPLARY, OR 
CONSEQUENTIAL DAMAGES (INCLUDING, 
BUT NOT LIMITED TO, PROCUREMENT OF 
SUBSTITUTE GOODS OR SERVICES; LOSS 
OF USE, DATA, OR PROFITS; OR BUSINESS 
INTERRUPTION) HOWEVER CAUSED AND 
ON ANY THEORY OF LIABILITY, WHETHER 
IN 

CONTRACT, STRICT LIABILITY, OR TORT 
(INCLUDING NEGLIGENCE OR OTHERWISE) 
ARISING IN ANY WAY OUT OF THE USE OF 
THIS SOFTWARE, EVEN IF ADVISED OF THE 
POSSIBILITY OF SUCH DAMAGE. 
 
 
function [accum, varargout] = 
CircularHough_Grd(img, radrange, 
varargin) 
 
%Detect circular shapes in a grayscale 
image. Resolve their center 
%positions and radii. 
% 
 
%  Author:  Tao Peng 
%           Department of Mechanical 
Engineering 
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%           University of Maryland, College 
Park, Maryland 20742, USA 
%           pengtao@glue.umd.edu 
%  Version: Beta        Revision: Mar. 07, 
2007 
 
% Validation of arguments 
if ndims(img) ~= 2 || ~isnumeric(img), 
    error('CircularHough_Grd: ''img'' has to 
be 2 dimensional'); 
end 
if ~all(size(img) >= 32), 
    error('CircularHough_Grd: ''img'' has to 
be larger than 32-by-32'); 
end 
 
if numel(radrange) ~= 2 || 
~isnumeric(radrange), 
    error(['CircularHough_Grd: ''radrange'' 
has to be ', ... 
        'a two-element vector']); 
end 
prm_r_range = sort(max( 
[0,0;radrange(1),radrange(2)] )); 
 
% Parameters (default values) 
prm_grdthres = 10; 
prm_fltrLM_R = 8; 
prm_multirad = 0.5; 
func_compu_cen = true; 
func_compu_radii = true; 
 
% Validation of arguments 
vap_grdthres = 1; 
if nargin > (1 + vap_grdthres), 
    if isnumeric(varargin{vap_grdthres}) 
&& ... 
            varargin{vap_grdthres}(1) >= 0, 
        prm_grdthres = 
varargin{vap_grdthres}(1); 
    else 
        error(['CircularHough_Grd: 
''grdthres'' has to be ', ... 
            'a non-negative number']); 
    end 
end 
 
vap_fltr4LM = 2;    % filter for the search of 
local maxima 
if nargin > (1 + vap_fltr4LM), 
    if isnumeric(varargin{vap_fltr4LM}) && 
varargin{vap_fltr4LM}(1) >= 3, 

        prm_fltrLM_R = 
varargin{vap_fltr4LM}(1); 
    else 
        error(['CircularHough_Grd: 
''fltr4LM_R'' has to be ', ... 
            'larger than or equal to 3']); 
    end 
end 
 
vap_multirad = 3; 
if nargin > (1 + vap_multirad), 
    if isnumeric(varargin{vap_multirad}) 
&& ... 
        varargin{vap_multirad}(1) >= 0.1 && 
... 
        varargin{vap_multirad}(1) <= 1, 
    prm_multirad = 
varargin{vap_multirad}(1); 
    else 
        error(['CircularHough_Grd: 
''multirad'' has to be ', ... 
            'within the range [0.1, 1]']); 
    end 
end 
 
vap_fltr4accum = 4; % filter for smoothing 
the accumulation array 
if nargin > (1 + vap_fltr4accum), 
    if isnumeric(varargin{vap_fltr4accum}) 
&& ... 
            ndims(varargin{vap_fltr4accum}) 
== 2 && ... 
            all(size(varargin{vap_fltr4accum}) 
>= 3), 
        fltr4accum = 
varargin{vap_fltr4accum}; 
    else 
        error(['CircularHough_Grd: 
''fltr4accum'' has to be ', ... 
            'a 2-D matrix with a minimum size 
of 3-by-3']); 
    end 
else 
    % Default filter (5-by-5) 
 fltr4accum = ones(5,5); 
 fltr4accum(2:4,2:4) = 2; 
 fltr4accum(3,3) = 6; 
end 
 
func_compu_cen = ( nargout > 1 ); 
func_compu_radii = ( nargout > 2 ); 
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% Reserved parameters 
dbg_on = false;      % debug information 
dbg_bfigno = 4; 
if nargout > 3,  dbg_on = true;  end 
 
 
%%%%%%%% Building accumulation 
array 
%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%% 
 
% Convert the image to single if it is not of 
% class float (single or double) 
img_is_double = isa(img, 'double'); 
if ~(img_is_double || isa(img, 'single')), 
    imgf = single(img); 
end 
 
% Compute the gradient and the 
magnitude of gradient 
if img_is_double, 
    [grdx, grdy] = gradient(img); 
else 
    [grdx, grdy] = gradient(imgf); 
end 
grdmag = sqrt(grdx.^2 + grdy.^2); 
 
% Get the linear indices, as well as the 
subscripts, of the pixels 
% whose gradient magnitudes are larger 
than the given threshold 
grdmasklin = find(grdmag > 
prm_grdthres); 
[grdmask_IdxI, grdmask_IdxJ] = 
ind2sub(size(grdmag), grdmasklin); 
 
% Compute the linear indices (as well as 
the subscripts) of 
% all the votings to the accumulation 
array. 
% The Matlab function 'accumarray' 
accepts only double variable, 
% so all indices are forced into double at 
this point. 
% A row in matrix 'lin2accum_aJ' contains 
the J indices (into the 
% accumulation array) of all the votings 
that are introduced by a 
% same pixel in the image. Similarly with 
matrix 'lin2accum_aI'. 
rr_4linaccum = double( prm_r_range ); 

linaccum_dr = [ (-rr_4linaccum(2) + 0.5) : -
rr_4linaccum(1) , ... 
    (rr_4linaccum(1) + 0.5) : 
rr_4linaccum(2) ]; 
 
lin2accum_aJ = floor( ... 
 double(grdx(grdmasklin)./grdmag
(grdmasklin)) * linaccum_dr + ... 
 repmat( 
double(grdmask_IdxJ)+0.5 , 
[1,length(linaccum_dr)] ) ... 
); 
lin2accum_aI = floor( ... 
 double(grdy(grdmasklin)./grdmag
(grdmasklin)) * linaccum_dr + ... 
 repmat( 
double(grdmask_IdxI)+0.5 , 
[1,length(linaccum_dr)] ) ... 
); 
 
% Clip the votings that are out of the 
accumulation array 
mask_valid_aJaI = ... 
 lin2accum_aJ > 0 & lin2accum_aJ 
< (size(grdmag,2) + 1) & ... 
 lin2accum_aI > 0 & lin2accum_aI < 
(size(grdmag,1) + 1); 
 
mask_valid_aJaI_reverse = ~ 
mask_valid_aJaI; 
lin2accum_aJ = lin2accum_aJ .* 
mask_valid_aJaI + 
mask_valid_aJaI_reverse; 
lin2accum_aI = lin2accum_aI .* 
mask_valid_aJaI + 
mask_valid_aJaI_reverse; 
clear mask_valid_aJaI_reverse; 
 
% Linear indices (of the votings) into the 
accumulation array 
lin2accum = sub2ind( size(grdmag), 
lin2accum_aI, lin2accum_aJ ); 
 
lin2accum_size = size( lin2accum ); 
lin2accum = reshape( lin2accum, 
[numel(lin2accum),1] ); 
clear lin2accum_aI lin2accum_aJ; 
 
% Weights of the votings, currently using 
the gradient maginitudes 
% but in fact any scheme can be used 
(application dependent) 
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weight4accum = ... 
    repmat( double(grdmag(grdmasklin)) , 
[lin2accum_size(2),1] ) .* ... 
    mask_valid_aJaI(:); 
clear mask_valid_aJaI; 
 
% Build the accumulation array using 
Matlab function 'accumarray' 
accum = accumarray( lin2accum , 
weight4accum ); 
accum = [ accum ; zeros( numel(grdmag) - 
numel(accum) , 1 ) ]; 
accum = reshape( accum, size(grdmag) ); 
 
 
%%%%%%%% Locating local maxima in 
the accumulation array 
%%%%%%%%%%%% 
 
% Stop if no need to locate the center 
positions of circles 
if ~func_compu_cen, 
    return; 
end 
clear lin2accum weight4accum; 
 
% Parameters to locate the local maxima 
in the accumulation array 
% -- Segmentation of 'accum' before 
locating LM 
prm_useaoi = true; 
prm_aoithres_s = 2; 
prm_aoiminsize = floor(min([ 
min(size(accum)) * 0.25, ... 
    prm_r_range(2) * 1.5 ])); 
 
% -- Filter for searching for local maxima 
prm_fltrLM_s = 1.35; 
prm_fltrLM_r = ceil( prm_fltrLM_R * 0.6 ); 
prm_fltrLM_npix = max([ 6, 
ceil((prm_fltrLM_R/2)^1.8) ]); 
 
% -- Lower bound of the intensity of local 
maxima 
prm_LM_LoBndRa = 0.2;  % minimum 
ratio of LM to the max of 'accum' 
 
% Smooth the accumulation array 
fltr4accum = fltr4accum / 
sum(fltr4accum(:)); 
accum = filter2( fltr4accum, accum ); 
 

% Select a number of Areas-Of-Interest 
from the accumulation array 
if prm_useaoi, 
    % Threshold value for 'accum' 
    prm_llm_thres1 = prm_grdthres * 
prm_aoithres_s; 
 
    % Thresholding over the accumulation 
array 
    accummask = ( accum > prm_llm_thres1 
); 
 
    % Segmentation over the mask 
    [accumlabel, accum_nRgn] = bwlabel( 
accummask, 8 ); 
 
    % Select AOIs from segmented regions 
    accumAOI = ones(0,4); 
    for k = 1 : accum_nRgn, 
        accumrgn_lin = find( accumlabel == k 
); 
        [accumrgn_IdxI, accumrgn_IdxJ] = ... 
            ind2sub( size(accumlabel), 
accumrgn_lin ); 
        rgn_top = min( accumrgn_IdxI ); 
        rgn_bottom = max( accumrgn_IdxI ); 
        rgn_left = min( accumrgn_IdxJ ); 
        rgn_right = max( accumrgn_IdxJ );         
        % The AOIs selected must satisfy a 
minimum size 
        if ( (rgn_right - rgn_left + 1) >= 
prm_aoiminsize && ... 
                (rgn_bottom - rgn_top + 1) >= 
prm_aoiminsize ), 
            accumAOI = [ accumAOI; ... 
                rgn_top, rgn_bottom, rgn_left, 
rgn_right ]; 
        end 
    end 
else 
    % Whole accumulation array as the one 
AOI 
    accumAOI = [1, size(accum,1), 1, 
size(accum,2)]; 
end 
 
% Thresholding of 'accum' by a lower 
bound 
prm_LM_LoBnd = max(accum(:)) * 
prm_LM_LoBndRa; 
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% Build the filter for searching for local 
maxima 
fltr4LM = zeros(2 * prm_fltrLM_R + 1); 
 
[mesh4fLM_x, mesh4fLM_y] = meshgrid(-
prm_fltrLM_R : prm_fltrLM_R); 
mesh4fLM_r = sqrt( mesh4fLM_x.^2 + 
mesh4fLM_y.^2 ); 
fltr4LM_mask = ... 
 ( mesh4fLM_r > prm_fltrLM_r & 
mesh4fLM_r <= prm_fltrLM_R ); 
fltr4LM = fltr4LM - ... 
 fltr4LM_mask * (prm_fltrLM_s / 
sum(fltr4LM_mask(:))); 
 
if prm_fltrLM_R >= 4, 
 fltr4LM_mask = ( mesh4fLM_r < 
(prm_fltrLM_r - 1) ); 
else 
 fltr4LM_mask = ( mesh4fLM_r < 
prm_fltrLM_r ); 
end 
fltr4LM = fltr4LM + fltr4LM_mask / 
sum(fltr4LM_mask(:)); 
 
% **** Debug code (begin) 
if dbg_on, 
    dbg_LMmask = zeros(size(accum)); 
end 
% **** Debug code (end) 
 
% For each of the AOIs selected, locate the 
local maxima 
circen = zeros(0,2); 
for k = 1 : size(accumAOI, 1), 
    aoi = accumAOI(k,:);    % just for 
referencing convenience 
     
    % Thresholding of 'accum' by a lower 
bound 
    accumaoi_LBMask = ... 
        ( accum(aoi(1):aoi(2), aoi(3):aoi(4)) > 
prm_LM_LoBnd ); 
     
    % Apply the local maxima filter 
    candLM = conv2( accum(aoi(1):aoi(2), 
aoi(3):aoi(4)) , ... 
        fltr4LM , 'same' ); 
    candLM_mask = ( candLM > 0 ); 
     
    % Clear the margins of 'candLM_mask' 

    candLM_mask([1:prm_fltrLM_R, (end-
prm_fltrLM_R+1):end], :) = 0; 
    candLM_mask(:, [1:prm_fltrLM_R, 
(end-prm_fltrLM_R+1):end]) = 0; 
 
    % **** Debug code (begin) 
    if dbg_on, 
        dbg_LMmask(aoi(1):aoi(2), 
aoi(3):aoi(4)) = ... 
            dbg_LMmask(aoi(1):aoi(2), 
aoi(3):aoi(4)) + ... 
            accumaoi_LBMask + 2 * 
candLM_mask; 
    end 
    % **** Debug code (end) 
 
    % Group the local maxima candidates by 
adjacency, compute the 
    % centroid position for each group and 
take that as the center 
    % of one circle detected 
    [candLM_label, candLM_nRgn] = 
bwlabel( candLM_mask, 8 ); 
 
    for ilabel = 1 : candLM_nRgn, 
        % Indices (to current AOI) of the pixels 
in the group 
        candgrp_masklin = find( 
candLM_label == ilabel ); 
        [candgrp_IdxI, candgrp_IdxJ] = ... 
            ind2sub( size(candLM_label) , 
candgrp_masklin ); 
 
        % Indices (to 'accum') of the pixels in 
the group 
        candgrp_IdxI = candgrp_IdxI + ( aoi(1) 
- 1 ); 
        candgrp_IdxJ = candgrp_IdxJ + ( aoi(3) 
- 1 ); 
        candgrp_idx2acm = ... 
            sub2ind( size(accum) , candgrp_IdxI 
, candgrp_IdxJ ); 
 
        % Minimum number of qulified pixels 
in the group 
        if 
sum(accumaoi_LBMask(candgrp_masklin)
) < prm_fltrLM_npix, 
            continue; 
        end 
 
        % Compute the centroid position 
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        candgrp_acmsum = sum( 
accum(candgrp_idx2acm) ); 
        cc_x = sum( candgrp_IdxJ .* 
accum(candgrp_idx2acm) ) / ... 
            candgrp_acmsum; 
        cc_y = sum( candgrp_IdxI .* 
accum(candgrp_idx2acm) ) / ... 
            candgrp_acmsum; 
        circen = [circen; cc_x, cc_y]; 
    end 
end 
 
% **** Debug code (begin) 
if dbg_on, 
    figure(dbg_bfigno); 
imagesc(dbg_LMmask); axis image; 
    title('Generated map of local maxima'); 
    if size(accumAOI, 1) == 1, 
        figure(dbg_bfigno+1); 
        surf(candLM, 'EdgeColor', 'none'); 
axis ij; 
        title('Accumulation array after local 
maximum filtering'); 
    end 
end 
% **** Debug code (end) 
 
 
%%%%%%%% Estimation of the Radii of 
Circles %%%%%%%%%%%% 
 
% Stop if no need to estimate the radii of 
circles 
if ~func_compu_radii, 
    varargout{1} = circen; 
    return; 
end 
 
% Parameters for the estimation of the 
radii of circles 
fltr4SgnCv = [2 1 1]; 
fltr4SgnCv = fltr4SgnCv / sum(fltr4SgnCv); 
 
% Find circle's radius using its signature 
curve 
cirrad = zeros( size(circen,1), 1 ); 
 
for k = 1 : size(circen,1), 
    % Neighborhood region of the circle for 
building the sgn. curve 
    circen_round = round( circen(k,:) ); 

    SCvR_I0 = circen_round(2) - 
prm_r_range(2) - 1; 
    if SCvR_I0 < 1, 
        SCvR_I0 = 1; 
    end 
    SCvR_I1 = circen_round(2) + 
prm_r_range(2) + 1; 
    if SCvR_I1 > size(grdx,1), 
        SCvR_I1 = size(grdx,1); 
    end 
    SCvR_J0 = circen_round(1) - 
prm_r_range(2) - 1; 
    if SCvR_J0 < 1, 
        SCvR_J0 = 1; 
    end 
    SCvR_J1 = circen_round(1) + 
prm_r_range(2) + 1; 
    if SCvR_J1 > size(grdx,2), 
        SCvR_J1 = size(grdx,2); 
    end 
 
    % Build the sgn. curve 
    SgnCvMat_dx = repmat( 
(SCvR_J0:SCvR_J1) - circen(k,1) , ... 
        [SCvR_I1 - SCvR_I0 + 1 , 1] ); 
    SgnCvMat_dy = repmat( 
(SCvR_I0:SCvR_I1)' - circen(k,2) , ... 
        [1 , SCvR_J1 - SCvR_J0 + 1] ); 
    SgnCvMat_r = sqrt( SgnCvMat_dx .^2 + 
SgnCvMat_dy .^2 ); 
    SgnCvMat_rp1 = round(SgnCvMat_r) + 
1; 
 
    f4SgnCv = abs( ... 
        double(grdx(SCvR_I0:SCvR_I1, 
SCvR_J0:SCvR_J1)) .* SgnCvMat_dx + ... 
        double(grdy(SCvR_I0:SCvR_I1, 
SCvR_J0:SCvR_J1)) .* SgnCvMat_dy ... 
        ) ./ SgnCvMat_r; 
    SgnCv = accumarray( SgnCvMat_rp1(:) , 
f4SgnCv(:) ); 
 
    SgnCv_Cnt = accumarray( 
SgnCvMat_rp1(:) , 
ones(numel(f4SgnCv),1) ); 
    SgnCv_Cnt = SgnCv_Cnt + (SgnCv_Cnt == 
0); 
    SgnCv = SgnCv ./ SgnCv_Cnt; 
 
    % Suppress the undesired entries in the 
sgn. curve 
    % -- Radii that correspond to short arcs 
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    SgnCv = SgnCv .* ( SgnCv_Cnt >= (pi/4 * 
[0:(numel(SgnCv_Cnt)-1)]') ); 
    % -- Radii that are out of the given range 
    SgnCv( 1 : (round(prm_r_range(1))+1) ) 
= 0; 
    SgnCv( (round(prm_r_range(2))+1) : 
end ) = 0; 
 
    % Get rid of the zero radius entry in the 
array 
    SgnCv = SgnCv(2:end); 
    % Smooth the sgn. curve 
    SgnCv = filtfilt( fltr4SgnCv , [1] , SgnCv ); 
 
    % Get the maximum value in the sgn. 
curve 
    SgnCv_max = max(SgnCv); 
    if SgnCv_max <= 0, 
        cirrad(k) = 0; 
        continue; 
    end 
 
    % Find the local maxima in sgn. curve by 
1st order derivatives 
    % -- Mark the ascending edges in the 
sgn. curve as 1s and 
    % -- descending edges as 0s 
    SgnCv_AscEdg = ( SgnCv(2:end) - 
SgnCv(1:(end-1)) ) > 0; 
    % -- Mark the transition (ascending to 
descending) regions 
    SgnCv_LMmask = [ 0; 0; 
SgnCv_AscEdg(1:(end-2)) ] & 
(~SgnCv_AscEdg); 

    SgnCv_LMmask = SgnCv_LMmask & [ 
SgnCv_LMmask(2:end) ; 0 ]; 
 
    % Incorporate the minimum value 
requirement 
    SgnCv_LMmask = SgnCv_LMmask & ... 
        ( SgnCv(1:(end-1)) >= (prm_multirad * 
SgnCv_max) ); 
    % Get the positions of the peaks 
    SgnCv_LMPos = sort( 
find(SgnCv_LMmask) ); 
 
    % Save the detected radii 
    if isempty(SgnCv_LMPos), 
        cirrad(k) = 0; 
    else 
        cirrad(k) = SgnCv_LMPos(end); 
        for i_radii = (length(SgnCv_LMPos) - 
1) : -1 : 1, 
            circen = [ circen; circen(k,:) ]; 
            cirrad = [ cirrad; 
SgnCv_LMPos(i_radii) ]; 
        end 
    end 
end 
 
% Output 
varargout{1} = circen; 
varargout{2} = cirrad; 
if nargout > 3, 
    varargout{3} = dbg_LMmask; 
end 

 

function [data]= 
Centre_AnalysisNOMANUAL_mod(circen, 
scaley, scalex, tmp, fname) 
% Centre_Analysis calculates the patella 
moment arm and the 
% extensormechanism angle 
%Input: circen: matrix containing circle 
centre x & y points; scaley: scale 
%factor in y direction; scalex: scale factor 
in x direction; tmp = image; 
%fname = file name of image being 
analysed 
%Output: data = horrizontal vector 
containing measured flexion angle, 
%moment arm and extensor mechanism 
angle error: 1 or 0 indicating whether 
%success was achieved 

%Lisa fitzgerald 
%Uni Bath 
%13/09/12 
 
%generate polyfit for tibial and femoral 
lines and calculate angle between 
%them 
a1=circen (1,1); 
a2=circen (2,1); 
b1=circen (1,2); 
 
 
 
b2=circen (2,2); 
 
 
A=[a1 a2]; 
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B=[b1 b2]; 
 
p1=polyfit(A,B,1); 
m1=p1(1); 
c1=circen (6,1); 
c2=circen (7,1); 
d1=circen (6,2); 
d2=circen (7,2); 
 
C=[c1 c2]; 
D=[d1 d2]; 
 
p2=polyfit(C,D,1); 
m2=p2(1); 
 

q=atan((m1-m2)/(1+(m1*m2))); 
qd=radtodeg(q); 
qd=abs(qd); 
 
%generate polyfit for quad tendon and 
patella tendon lines and calculate angle 
between 
%them 
e1=circen (3,1); 
e2=circen (4,1); 
 
f1=circen (3,2); 
f2=circen (4,2) 
 

 

function [results] = ten_deg_int (comdata) 
 
% ten_deg_int calcualtes the average 
moment arm and extensor mechanism 
% angle at 10deg flexion intervals 
%Input: com_data= all results; 
%Output: results= average values and 
number of values included in average 
%calculation for each 10 deg increment 
%Lisa Fitzgerald 
%Uni Bath 
%13/09/12 
 
momarm10=[]; 
%extang10=[]; 
momarm20=[]; 
%extang20=[]; 
momarm30=[]; 
%extang30=[]; 
momarm40=[]; 
%extang40=[]; 
momarm50=[]; 
%extang50=[]; 
momarm60=[]; 
%extang60=[]; 
momarm70=[]; 
%extang70=[]; 
momarm80=[]; 
%extang80=[]; 
momarm90=[]; 
%extang90=[]; 
 
n10 = 1; 
n20 = 1; 
n30 = 1; 
n40 = 1; 

n50 = 1; 
n60 = 1; 
n70 = 1; 
n80 = 1; 
n90 = 1; 
 
for i = 1 : length(comdata) 
     
    if (comdata(i,1) > 9) && (comdata(i,1) < 
11) 
        momarm10(i) = comdata(i,2); 
        %extang10(n10) = comdata(i,3); 
        n10 = n10 + 1; 
         
   
 
 
 
  elseif (comdata(i,1) > 19) && 
(comdata(i,1) < 21) 
        momarm20(i) = comdata(i,2); 
 
        %extang20(n20) = comdata(i,3); 
        n20 = n20 + 1; 
         
   
  elseif (comdata(i,1) > 29) && 
(comdata(i,1) < 31) 
        momarm30(i) = comdata(i,2); 
        %extang30(n30) = comdata(i,3); 
        n30 = n30 + 1; 
         
    elseif (comdata(i,1) > 39) && 
(comdata(i,1) < 41) 
        momarm40(i) = comdata(i,2); 
        %extang40(n40) = comdata(i,3); 
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        n40 = n40 + 1; 
         
    elseif (comdata(i,1) > 49) && 
(comdata(i,1) < 51) 
        momarm50(i) = comdata(i,2); 
        %extang10(n50) = comdata(i,3); 
        n50 = n50 + 1; 
         
    elseif (comdata(i,1) > 59) && 
(comdata(i,1) < 61) 
        momarm60(i) = comdata(i,2); 
        %extang10(n60) = comdata(i,3); 
        n60 = n60 + 1; 
         
    elseif (comdata(i,1) > 69) && 
(comdata(i,1) < 71) 
        momarm70(i) = comdata(i,2); 
        %extang70(n70) = comdata(i,3); 
        n70 = n70 + 1; 
         
    elseif (comdata(i,1) > 79) && 
(comdata(i,1) < 81) 
        momarm80(i) = comdata(i,2); 
        %extang80(n80) = comdata(i,3); 
        n80 = n80 + 1; 
         
    elseif (comdata(i,1) > 89) && 
(comdata(i,1) < 91) 
        momarm90(i) = comdata(i,2); 
        %extang90(n90) = comdata(i,3); 
        n90 = n90 + 1; 
         
    end 
     
end 
 
momarm10(momarm10==0) =[]; 
momarm20(momarm20==0) =[]; 
momarm30(momarm30==0) =[]; 
momarm40(momarm40==0) =[]; 
momarm50(momarm50==0) =[]; 
momarm60(momarm60==0) =[]; 
momarm70(momarm70==0) =[]; 
momarm80(momarm80==0) =[]; 
momarm90(momarm90==0) =[]; 
 
if (n10 > 1) 
     
    mma10 = mean(momarm10); 
    %mea10 = mean(extang10); 
     
else 

     
    mma10 = 0; 
    %mea10 = 0; 
     
end 
 
if (n20 > 1) 
     
    mma20 = mean(momarm20); 
    %mea20 = mean(extang20); 
     
else 
     
    mma20 = 0; 
    %mea20 = 0; 
     
end 
 
if (n30 > 1) 
     
    mma30 = mean(momarm30); 
    %mea30 = mean(extang30); 
     
else 
     
    mma30 = 0; 
    %mea30 = 0; 
     
end 
 
if (n40 > 1) 
     
    mma40 = mean(momarm40); 
    %mea40 = mean(extang40); 
     
else 
     
    mma40 = 0; 
    %mea40 = 0; 
     
end 
 
if (n50 > 1) 
     
    mma50 = mean(momarm50); 
    %mea50 = mean(extang50); 
     
else 
     
    mma50 = 0; 
    %mea50 = 0; 
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end 
 
if (n60 > 1) 
     
    mma60 = mean(momarm60); 
    %mea60 = mean(extang60); 
     
else 
     
    mma60 = 0; 
    %mea60 = 0; 
     
end 
 
if (n70 > 1) 
     
    mma70 = mean(momarm70); 
    %mea70 = mean(extang70); 
     
else 
     
    mma70 = 0; 
    %mea70 = 0; 
     
end 

 
if (n80 > 1) 
     
    mma80 = mean(momarm80); 
    %mea80 = mean(extang80); 
     
else 
     
    mma80 = 0; 
   %mea80 = 0; 
     
end 
 
if (n90 > 1) 
     
    mma90 = mean(momarm90); 
    %mea90 = mean(extang90); 
     
else 
     
    mma90 = 0; 
    %mea90 = 0; 
     
end 
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Appendix G. Matlab Routine for Fujifilm Prescale Film Analysis 

Appendix G: Matlab Routine for Fujifilm Prescale Film 
Analysis 

The Matlab image toolbox was used to develop a series of scripts to take scans of developed Prescale 

film and analyse the data to produce values for PFJ contact area at 10° flexion increments. The 

highlights of the method are detailed in Figure G-1. The full code follows. 

 

Figure G-1: Fujifilm analysis method 

 

Peak pressure and contact area calculated  

Calibration factor which converts pixel intensity of scanned images to pressure values calculated using 
standard pressure chart provided by supplier. Pixel-to-area value also calculated 

Developed films for each repeat scanned using flatbed scanner and saved as a jpeg 

Image imported. 

Image converted to greyscale  

Image converted to “double” format. 

Greyscale intensity values converted to pressure using calibration factor 

Repeat for all flexion angles 

User selects rough centre point on displayed image 

Image data split in to lateral and medial data as well as combined matrix 

Pressure values below threshold of film zeroed and those above threshold limited to maximum 
pressure value 

Calibration file imported. 

User places rectangle on each flexion angle plot to isolate  

Image saved as jpeg  

Image imported. 
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function [call]=PrescaleCalibration(~) 
 
clc 
clear all 
 
% for i=1:3 
 
%user selects calibration image file 
disp 'select 1st calibration image' 
[filename, folder_name] = uigetfile('.jpg') 
file=strcat(folder_name,filename) 
 
%read in image 
I=imread(file); 
 
%convert image to grayscale 
% G=rgb2gray(I); 
 
G=I; 
 
%open image 
figure, imshow(G); 
 
disp 'select 1.1 box' 
h=imrect; 
H=getPosition(h); 
x1=H(1); 
x2=H(1)+H(3); 
y1=H(2); 
y2=H(2)+H(4); 
C=G(y1:y2,:); 
C=C(:,x1:x2); 
clear x1 x2 y1 y2 h H 
c=mean(mean(C)); 
 
disp 'select 0.9 box' 
h=imrect; 
H=getPosition(h); 
x1=H(1); 
x2=H(1)+H(3); 
y1=H(2); 
y2=H(2)+H(4); 
D=G(y1:y2,:); 
D=D(:,x1:x2); 
clear x1 x2 y1 y2 h H 
d=mean(mean(D)); 
 
disp 'select 0.7 box' 
h=imrect; 
H=getPosition(h); 
x1=H(1); 
x2=H(1)+H(3); 
y1=H(2); 
y2=H(2)+H(4); 
E=G(y1:y2,:); 
E=E(:,x1:x2); 
clear x1 x2 y1 y2 h H 

e=mean(mean(E)); 
 
disp 'select 0.5 box' 
h=imrect; 
H=getPosition(h); 
x1=H(1); 
x2=H(1)+H(3); 
y1=H(2); 
y2=H(2)+H(4); 
F=G(y1:y2,:); 
F=F(:,x1:x2); 
clear x1 x2 y1 y2 h H 
f=mean(mean(F)); 
 
disp 'select 0.3 box' 
h=imrect; 
H=getPosition(h); 
x1=H(1); 
x2=H(1)+H(3); 
y1=H(2); 
y2=H(2)+H(4); 
I=I(y1:y2,:); 
I=I(:,x1:x2); 
clear x1 x2 y1 y2 h H 
i=mean(mean(I)); 
 
% disp 'select 0.1 box' 
% h=imrect; 
% H=getPosition(h); 
% x1=H(1); 
% x2=H(1)+H(3); 
% y1=H(2); 
% y2=H(2)+H(4); 
% J=G(y1:y2,:); 
% J=J(:,x1:x2); 
% clear x1 x2 y1 y2 h H 
% j=mean(mean(J)); 
 
close all 
 
%Y values corresponding to intensity values of 
each box combined 
X=[c d e f i]; 
 
Y=[2.525 2.05 1.625 1.225 0.775]; 
 
%quadratic polyfit carried out 
[p3 S3] = polyfit(X,Y,3); 
 
% p(i).data= p3; 
call = p3; 
 
% end 
 
% call= [0 0 0 0]; 
% call(1,1)=(p(1).data(1,1) + p(2).data(1,1) + 
p(3).data(1,1))/3; 
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% call(1,2)=(p(1).data(1,2) + p(2).data(1,2) + 
p(3).data(1,2))/3; 
% call(1,3)=(p(1).data(1,3) + p(2).data(1,3) + 
p(3).data(1,3))/3; 
% call(1,4)=(p(1).data(1,4) + p(2).data(1,4) + 
p(3).data(1,4))/3; 
 
figure, imshow(G) 
 
a=ginput(1); 
b=ginput(1); 
scale=sqrt(((a(1, 1)-b(1, 1))^2+(a(1, 2)-b(1, 
2))^2))/48; 
pixA=scale^2; 
 
close all 
 

%chose folder to save results in 
folder_name=uigetdir('','chose folder to save 
results in'); 
cd=folder_name; 
 
%create output file 
ofile=fullfile(folder_name, 
'PrescaleCalibration.txt'); 
 
%print date and polynomial coefficients 
fid=fopen(ofile, 'wt'); 
fprintf(fid, date); 
fprintf(fid, '\n'); 
fprintf(fid, '%2i\t', call); 
fprintf(fid, '%2i\t', pixA); 
 
fclose(fid); 

 
function [Output] = Prescale (~) 
 
clear all 
 
%user selects calibration file 
disp 'select calibration file' 
[filename, folder_name] = uigetfile('.txt') 
file=strcat(folder_name,filename) 
p = importdata(file,'\t',1); 
pp = p.data; 
pixA=pp(5); 
pp(5)=[]; 
 
[SplitScans]=PrescaleSacnSplit(1); 
 
 
[Pressures]=PrescaleAnalysis(SplitScans, pixA, 
pp); 
 
UserResponse=questdlg('Analyses another 
set?', '', 'Yes', 'No', 'Yes'); 
 
% Handle response 
switch UserResponse 
    case 'No' 
        
 

 
 Y=0; 
    case 'Yes' 
        Y=1; 
end 
 
while Y == 1  
     
[SplitScans]=PrescaleSacnSplit(1); 
 
[Pressures]=PrescaleAnalysis(SplitScans, pixA, 
pp); 
 
UserResponse=questdlg('Analyses another 
set?', '', 'Yes', 'No', 'Yes'); 
 
% Handle response 
switch UserResponse 
    case 'No' 
        Y=0; 
    case 'Yes' 
        Y=1; 
end 
 
end 
 
 

 
function 
[Pressures]=PrescaleAnalysis(SplitScans, 
pixA, pp) 
 
%Select folder with images in 
folder_name=SplitScans; 
cd (folder_name); 
filenames = dir('*.jpg'); 
 
%loop through each image file 
 

 
 
 
results = [30 0 0 0 0 0 0 ; 40 0 0 0 0 0 0; 50 0 0 
0 0 0 0; 60 0 0 0 0 0 0; 70 0 0 0 0 0 0; 80 0 0 0 0 
0 0; 90 0 0 0 0 0 0]; 
 
for k=1:7 
     
    datafile = filenames(k).name; 
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    %open image 
    I=imread(datafile); 
    Pressures(k).rawI=I;     
     
    %convert image to grayscale 
    %G=rgb2gray(I); 
    G=I; 
    class(G); 
    Pressures(k).rawG=G; 
        
    %convert image to double 
    D=im2double(G); 
   %     figure, contourf(D); 
    D=D.*255; 
    D=flipud(D); 
    Pressures(k).rawD=D; 
     
    %open image 
    figure(1), imagesc(D); 
     
    [x,y]=ginput(1) 
     
    %split medial and lateral data 
    M=D; 
    M(:,x:end)=[]; 
    Pressures(k).rawM=M;     
 
    L=D; 
    L(:,1:x)=[]; 
    Pressures(k).rawL=L; 
        
    %convert grayscale intensity values to 
pressure values 
    P=polyval(pp,D); 
    Pressures(k).rawP=P; 
    PL=polyval(pp,L); 
    Pressures(k).rawPL=PL; 
    PM=polyval(pp,M); 
    Pressures(k).rawPM=PM; 
     
    %zero values below threshold i.e. pressures 
less than 0.5MPa 
    P(P<=0.5) = 0; 
    Pressures(k).Pz=P; 
    PL(PL<=0.5) = 0; 
    Pressures(k).PLz=PL; 
    PM(PM<=0.5) = 0; 
    Pressures(k).PMz=PM; 
     
    %limit vales above threshold (2.5MPa) 
    P(P>=2.5) = 2.5; 
    Pressures(k).P=P;     
    PL(PL>=2.5) = 2.5; 
    Pressures(k).PL=PL;  
    PM(PM>=2.5) = 2.5; 
    Pressures(k).PM=PM;  
     

    %calculate peak pressure 
    Pv=P; 
    PPmax=max(Pv); 
    PP=max(PPmax) 
    PLv=PL; 
    PPLmax=max(PLv); 
    PPL=max(PPLmax) 
    PMv=PM; 
    PPMmax=max(PMv); 
    PPM=max(PPMmax) 
     
    %calculate contact area 
    Av=find(P); 
    An=length(Av); 
    CA= An/pixA; 
    CA=CA/(10*10); 
     
    ALv=find(PL); 
    ALn=length(ALv); 
    CAL= ALn/pixA; 
    CAL=CAL/(10*10); 
     
    AMv=find(PM); 
    AMn=length(AMv); 
    CAM= AMn/pixA; 
    CAM=CAM/(10*10); 
       
    %identify flexion angle 
    if datafile(1)=='8'; 
         
        results(7,2)=PP; 
        results(7,3)=CA; 
        results(7,4)=PPL; 
        results(7,5)=CAL; 
        results(7,6)=PPM; 
        results(7,7)=CAM; 
 
        PressuresR(7).angle='80'; 
        PressuresR(7).P=Pressures(k).P; 
         
   elseif datafile(1)=='9'; 
         
        results(8,2)=PP; 
        results(8,3)=CA; 
        results(8,4)=PPL; 
        results(8,5)=CAL; 
        results(8,6)=PPM; 
        results(8,7)=CAM; 
 
        PressuresR(8).angle='90'; 
        PressuresR(8).P=Pressures(k).P; 
             
    elseif datafile(1)=='7'; 
         
        results(6,2)=PP; 
        results(6,3)=CA; 
        results(6,4)=PPL; 
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        results(6,5)=CAL; 
        results(6,6)=PPM; 
        results(6,7)=CAM; 
 
        PressuresR(6).angle='70'; 
        PressuresR(6).P=Pressures(k).P; 
                
        elseif datafile(1)=='6'; 
        
        results(5,2)=PP; 
        results(5,3)=CA; 
        results(5,4)=PPL; 
        results(5,5)=CAL; 
        results(5,6)=PPM; 
        results(5,7)=CAM; 
         
        PressuresR(5).angle='60'; 
        PressuresR(5).P=Pressures(k).P; 
                
         elseif datafile(1)=='5'; 
        
        results(4,2)=PP; 
        results(4,3)=CA; 
        results(4,4)=PPL; 
        results(4,5)=CAL; 
        results(4,6)=PPM; 
        results(4,7)=CAM; 
 
        PressuresR(4).angle='50'; 
        PressuresR(4).P=Pressures(k).P;              
         
    elseif datafile(1)=='4'; 
        
        results(3,2)=PP; 
        results(3,3)=CA; 
        results(3,4)=PPL; 
        results(3,5)=CAL; 
        results(3,6)=PPM; 
        results(3,7)=CAM; 
 
        PressuresR(3).angle='40'; 
        PressuresR(3).P=Pressures(k).P;             
         
    elseif datafile(1)=='3'; 
        
        results(2,2)=PP; 
        results(2,3)=CA; 
        results(2,4)=PPL; 
        results(2,5)=CAL; 
        results(2,6)=PPM; 
        results(2,7)=CAM; 
         
        PressuresR(2).angle='30'; 
        PressuresR(2).P=Pressures(k).P; 
                     
    else 
         

        error 
         
    end 
     
    clear I D M L G angle P Pl PM CA CAL CAM Av 
ALv AMv An ALn AMn PP PPL PPM Pv PLv PMv 
a b x y datafile 
     
    close all 
    
end 
 
%create output file containing data 
ofile=fullfile(folder_name, 'Results.txt'); 
 
fid=fopen(ofile, 'wt'); 
fprintf(fid, date); 
fprintf(fid, '\n'); 
fprintf(fid, folder_name); 
fprintf(fid, '\n'); 
fprintf (fid, ' \t 20deg \t 30deg \t 40deg \t 
50deg \t 60deg \t 70deg \t 80deg  \t90deg\n'); 
fprintf (fid, 'Contact Area cm^2 \t'); 
fprintf(fid, '%2i\t', results(:,3)); 
fprintf(fid, '\n'); 
fprintf (fid, 'Contact Area Lateral cm^2 \t'); 
fprintf(fid, '%2i\t', results(:,5)); 
fprintf(fid, '\n'); 
fprintf (fid, 'Contact Area Medial cm^2 \t'); 
fprintf(fid, '%2i\t', results(:,7)); 
fprintf(fid, '\n'); 
 
fclose (fid); 
 
%generate pressure plots 
figure('units', 'centimeters', 'position', [1 1 12 
30]); 
set(gcf, 'PaperPositionMode','auto'); 
%axes('Position', [0.05 0.05 0.6 0.95]); 
hold on 
 
s=[1 5 9 13 17 21 25]; 
 
for i=1:7 
     
    j=1+i; 
     
    k=s(i); 
    l=k+2; 
     
    Pd=PressuresR(j).P; 
    Pd=Pd .*1000; 
    PressuresR(j).Pd=Pd; 
  
    subplot(7,4,k:l); 
    contourf(Pd,'LineStyle','none'); 
    colormap 'jet'; 
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    set(gca,'xtick',[]) 
    set(gca,'xticklabel',[]) 
    set(gca,'ytick',[]) 
    set(gca,'yticklabel',[]) 
    grid off; 
    t=strcat(PressuresR(j).angle, ' deg'); 
    title(t, 'Fontsize', 10, 'FontWeight', 'bold', 
'FontName', 'Ariel'); 
     
    if i == 4 
     ylabel('Proximodistal (Superior ->)', 
'Fontsize', 12, 'FontWeight', 'bold', 
'FontName', 'Ariel'); 
    end 
     
    if i == 7 
    xlabel('Mediolateral (Lateral ->)', 'Fontsize', 
12, 'FontWeight', 'bold', 'FontName', 'Ariel'); 
    end     

     
end 
    hold off 
    axes('Position', [0.05 0.1 0.85 0.85], 'Visible', 
'off'); 
    c=colorbar('Fontsize', 10, 'FontName', 
'Ariel'); 
    ylabel(c,'(kPa)', 'Fontsize', 10, 'FontWeight', 
'bold', 'Rotation',0.0, 'Position', [7 30], 
'FontName', 'Ariel' ); 
    caxis([0 2500]); 
    set(gca,'xtick',[]) 
    set(gca,'xticklabel',[]) 
    set(gca,'ytick',[]) 
    set(gca,'yticklabel',[]) 
     
saveas(gcf, 'plots.jpg'); 
 
%close all 
 

 
Function [SplitScans]=PrescaleSacnSplit(a) 
 
%user selects scan image file 
disp 'select scan image' 
[filename, folder_name] = uigetfile('.jpg') 
file=strcat(folder_name,filename) 
 
%read in image 
I=imread(file); 
 
%convert image to grayscale 
%G=rgb2gray(I); 
 
G=I; 
 
% create folder to save split images in 
cd (folder_name); 
mkdir ('SplitScan'); 
folder_name = strcat (folder_name, 
'SplitScan'); 
cd (folder_name); 
SplitScans=folder_name; 
 
%open image 
figure, imshow(G) 
hold on 
 
%user draws rectangle selection for each 
flecion angle on image 
 
D ={'select 30deg box', 'select 40deg box', 
'select 50deg box', 'select 60deg box', 'select 
70deg box', 'select 80deg box', 'select 90deg 
box'};  

F = {'30deg.jpg', '40deg.jpg', '50deg.jpg', 
'60deg.jpg', '70deg.jpg', '80deg.jpg', 
'90deg.jpg'}; 
 
 
for i = 1:7; 
 
d = D{1, i};    
     
disp d 
 
[x1 y1]=ginput(1); 
x2=x1+300; 
y2=y1+500; 
 
rectangle( 'Position', [x1, y1, 300, 500]) 
 
UserResponse=questdlg('Rectangle OK?', '', 
'Yes', 'No', 'Yes'); 
 
 
 
 
% Handle response 
switch UserResponse 
    case 'No' 
        Y=0; 
    case 'Yes' 
        Y=1; 
end 
 
while Y == 0  
     
clear h x1 x2 y1 y2 
     
[x1 y1]=ginput(1); 
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x2=x1+300; 
y2=y1+500; 
 
rectangle( 'Position', [x1, y1, 300, 500]) 
 
UserResponse=questdlg('Rectangle OK?', '', 
'Yes', 'No', 'Yes'); 
 
% Handle response 
switch UserResponse 
    case 'No' 
        Y=0; 
    case 'Yes' 
        Y=1; 
end 
 

end 
 
A=G(y1:y2,:); 
A=A(:,x1:x2); 
 
A = rot90(A,-1); 
 
f = F{1, i}; 
 
imwrite(A, f); 
 
clear x1 x2 y1 y2 h d f A 
 
end 
 
hold off 

 
 

 

 


