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Abstract 

Pathological meniscal extrusion is commonly associated with knee osteoarthritis. 

This condition occurs when the meniscus adopts an abnormal position, displacing radially 

outward from the joint space. This positioning accelerates articular cartilage degeneration 

by altering the load distribution across the knee joint and is therefore an important 

measure of meniscus function and a potential metric to assess the biomechanical 

performance of meniscus interventions. However, in-vitro meniscus displacements have 

rarely been measured under dynamic physiological knee loads and motions. The aim of 

this thesis was to develop a novel methodology which was sufficient to measure changes 

in medial meniscus displacement in a tibiofemoral joint model performing physiological gait 

simulation (displacement-controlled) and additionally to investigate the influence of the 

knee capsule, medial meniscus posterior root tears and a meniscus allograft 

transplantation (MAT) on dynamic meniscus displacement during simulated gait.  

This aim was achieved through developing a 2D video marker-tracking 

methodology using an object detection code written on MatLab to estimate the continuous 

displacement of moving markers throughout the duration of one simulated gait cycle. 

Reliability assessments estimated minimum error to be within +/- 0.1 mm of known 

simulator translations. Factors such as inter-user variability, lens distortion and the 2D 

image measurement of 3D tibial displacement were also evaluated. The finalised 

experimental model incorporated a miniature camera system capturing the anterior-

posterior displacement (anterior and posterior regions) and the medial-lateral 

displacement (medial region) of markers adhered to the medial meniscus and the tibial 

plateau. The relative displacement described the displacement of the meniscus marker 

relative to the tibial marker captured in the video frame. The feasibility was assessed on 

porcine knee joint samples (n = 4) and dynamic relative displacement of the medial 

meniscus was successfully measured throughout a simulated gait cycle in all marker 

regions. Varying severities of soft tissue constraint and root tears were also able to be 

measured showing a significant increase in medial-lateral relative displacement when the 

root was most severely torn, and extrusion was detected throughout the study duration.  

The experimental model was applied to human cadaveric knee joints using a 

similar root tear model (n = 4) and an additional MAT model (n = 3). High variation in 

relative displacement occurred between all human samples and the assessed conditions 

influenced the displacement of both the meniscus and the tibia. The effect of the MAT 

intervention also varied between samples, however, in some cases corrected the direction 

of relative displacement to follow a similar pattern to the intact condition. The novel 

methodology developed herein demonstrates the ability to measure meniscus 

displacement under simulated gait cycles and could provide a low-cost preclinical tool to 

assess the mechanical performance of meniscus interventions.  
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Chapter 1  

Introduction and Literature Review 

 

1.1 Introduction 

It is estimated that osteoarthritis (OA) affects 10% of the world’s population over 60 

years old (Buckwalter et al., 2004). The knee joint is the most common site for OA to 

develop. This is due to the translational, rotational, and planar motions the knee joint must 

facilitate under high loads and torques from weight bearing. Total knee replacement (TKR) 

is the end-stage therapy for knee OA and are generally more successful in older sedentary 

patients. In younger, more active patients (< 60 years old) these devices have a higher 

failure and revision rate. One in three patients between the ages of 50 - 55 years would 

require a TKR revision surgery in their lifetime; compared to between 1% and 6% of 

patients > 70 years old (Bayliss et al., 2017). The need for alternative early-stage knee 

interventions is required to delay the need for a TKR and reduce the cost to healthcare 

services.   

The menisci function to protect the articular cartilage and stabilise the knee joint. The 

menisci are one of the most commonly injured soft tissues in the knee joint and have a 

strong clinical relationship with OA (Roemer et al., 2009; Englund, Guermazi, Roemer, et 

al., 2009; Englund, Guermazi and Lohmander, 2009; Siemieniuk et al., 2018). Meniscal 

extrusion is a pathological state that has been linked as a single predictor of OA (Costa et 

al., 2004). This occurs when the body of the meniscus moves radially outside the edge of 

the tibial plateau, reducing the joint congruency and inhibiting the meniscus to carry out its 

load distributing function. Meniscal extrusion can be a good indication of other underlying 

knee pathologies, but the majority of previous research is retrospective, failing to identify 

the cause-effect relationship. Developing methods to improve in-vitro biomechanical 

assessment in meniscal research is an important way to reduce the amount of costly 

animal studies and improve clinical translation of meniscal interventions. 

This chapter provides a comprehensive review of the structure and function of the 

knee joint and the meniscus, as well as the current clinical research field surrounding 

meniscal extrusion and the in-vitro biomechanical assessment of meniscal injury and 

interventions related to meniscal extrusion. Finally, the aims and objectives of this thesis 

will be formulated from the key research themes discussed in this opening chapter.  
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1.2 Anatomy and Biomechanics of the Knee Joint  

The anatomy and biomechanics of the human knee joint dictate the forces 

transmitted to the articulating surfaces such as the menisci.  

 

1.2.1 Structure of the Knee Joint 

The knee joint is a complex joint located between the two longest lever arms in the 

body, the femur and the tibia. The knee joint therefore experiences mechanical forces and 

moments in the regions of 200% – 400% of an individual’s body weight (BW) during 

activities of daily living (Nordin and Frankel, 2001). The knee joint is adapted 

predominantly through soft tissue alignment and congruency to allow large amounts of 

movement as well as stabilisation during load bearing. However, the increased reliance on 

soft tissue support, rather than bony stabilisation, means the knee joint is more susceptible 

to injury than other joints in the body (Hamill et al., 2015). The whole knee joint can be split 

into three sub-joints; the tibiofemoral joint, the patellofemoral joint and the fibula-femoral 

joint. The primary focus of this review will be on the tibiofemoral joint. The major structures 

are illustrated in Figure 1.1 and Figure 1.2. 

 

 

Figure 1.1. Annotated frontal view of the knee joint (Reproduced with permission 

from: Hamill et al., 2015). 
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Figure 1.2. Annotated sagittal cross section view of the knee joint (Reproduced with 

permission: Hamill et al., 2015). 

 

 

1.2.1.1 Ligaments  

There are four main ligaments in the knee joint: the anterior cruciate ligament 

(ACL) which connects the femur to the tibia and limits anterior tibial translation. The 

posterior cruciate ligament (PCL) which also attaches to the femur to the tibia to prevent 

excessive posterior tibial translation during movement. The medial collateral ligament 

(MCL) attaches the medial epicondyle of the femur to the tibia and limits valgus forces as 

well as internal and external rotations. The lateral collateral ligament (LCL) attaches the 

lateral epicondyle of the femur to the head of the fibula and resists varus forces (Hamill et 

al., 2015).  

 

1.2.1.2 Tendons  

The major tendons of the knee are the quadriceps, patella and hamstrings 

tendons. These structures attach muscles to bone to facilitate movement.  
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1.2.1.3 Bursae 

Several bursae surround the joint capsule (Figure 1.2). These synovial fluid-filled 

structures provide cushioning and reduce the friction between mobile tendons and bones. 

 

1.2.1.4 Articular Cartilage  

Articular cartilage has an incredibly low coefficient of friction to protect the 

underlying bone and provide smooth articulation of surfaces. Articular cartilage is located 

on parts of the joint where the most movement occurs such as on the femoral condyles 

and the articulating surface of the patella and the tibial plateau. Areas of the articular 

cartilage on the femoral condyles and the tibial plateau interact with the menisci to 

facilitate fluid sliding surfaces and enhanced chondroprotection (see section 1.4.2.3). 

Traumatic or degenerative changes to surrounding knee structures and wear overtime 

can alter the biomechanical equilibrium and damage the articular cartilage as this tissue 

has a very limited healing capacity (Nordin and Frankel, 2001).  

 

1.2.2 Kinematics of the Tibiofemoral Joint   

The tibiofemoral joint is described as hinge-like in nature, because the largest 

range of motion is along the sagittal plane in flexion-extension (160° to -5°). However, the 

structural asymmetry also allows rollback, sliding and pivoting motions, causing a range of 

movements about six degrees of freedom. These include three rotational motions: flexion-

extension (FE), abduction-adduction (AA) and internal-external (IE) rotation, and three 

translational motions: anterior-posterior (AP), medial-lateral (ML) and axial compression-

distraction (Shenoy et al., 2013). These six degrees of freedom in terms of the anatomic 

(frontal, sagittal, transverse) planes of the human body are shown in Figure 1.3. 
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Figure 1.3. Three anatomical planes and six degrees of freedom of the knee joint. 

 

 

1.2.2.1 Posterior Rollback and Screw Home Mechanism  

The tibiofemoral joint facilitates greater degrees of flexion under high loads due to 

rolling as well as sliding motions performed on the articular surfaces. As the knee flexes, a 

posterior rollback occurs which causes posterior translation of the contact area and the 

instantaneous centre of rotation, which is guided by the cruciate ligaments. This increases 

the lever arm of the quadriceps muscle meaning less effort is required for motion. As 

flexion increases further, a sliding motion then follows which translates more posteriorly in 

the lateral compartment due to the asymmetric geometry; this causes the tibia to internally 

rotate relative to the femur. There can be up to 30° of rotational motion through the 

tibiofemoral joints full range of motion. As the knee extends, the opposite occurs, and a 

motion called the screw-home mechanism is facilitated by the condylar geometry as well 

as the tension in the popliteus muscle. This is when the tibia anteriorly translates and then 

externally rotates within the last 20° extension. This motion locks the knee into a position 

of maximum rotational stability, conserving muscular energy at full extension (Stewart and 

Hall, 2006; Shenoy et al., 2013; Lamb and Guy, 2016).  
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1.2.3 Kinetics of the Tibiofemoral Joint during Gait 

There have been numerous studies quantifying knee motion during the human gait 

cycle (Figure 1.4). These include cadaveric models, gait-analysis and in-vivo fluoroscopic 

analysis (Shenoy et al., 2013).  

 

 

Figure 1.4. Schematic showing the key parts to the human gait cycle and how the knee 

joint changes during each period.  

 

In the sagittal plane, knee extension peaks at ~0 to ~5° around mid-stance and 

knee flexion peaks initially at 20% of the gait cycle during stance phase at ~20° to 30°. 

Later during swing phase at 70% of the gait cycle, flexion peaks again to ~50° to ~80° just 

after toe-off. The anterior-posterior tibial translation also follows a similar pattern to the 

peaks in flexion-extension, with posterior translation of the tibia peaking at 20 % and 70 % 

of the gait cycle at values ranging from ~2 mm to ~6 mm and ~11 mm to ~18 mm, 

respectively. The anterior translation of the tibia also peaked at ~1 mm to ~2 mm past 

neutral position at the same point in mid-stance when knee extension peaks (Lafortune et 

al., 1992; Rowe et al., 2000; Baudet et al., 2014). 

In the frontal plane, abduction-adduction rotations are minimal during stance 

phase support, however, after toe-off where flexion peaks at 70%, an increase of either 

adduction or abduction to ~6° to ~8° has been observed (depending on subject-specific 

alignment). Medial-lateral tibial translations of approximately +/- 5 mm from the neutral 

position generally follow a similar pattern to the peaks in flexion-extension during gait, with 

medial translation of the tibia during flexion and lateral translation of the tibia during 

extension (Lafortune et al., 1992). 

In the transverse plane, throughout the stance phase initiating at heel strike the 

tibia externally rotates ~3° to 5° and then fluctuates around neutral 0° position just before 

toe-off. As swing phase occurs the tibia internally rotates to a peak of ~9 ° at around 90% 

of the gait cycle, before heel strike occurs again (Lafortune et al., 1992). Although, more 
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recent gait analyses in healthy groups have reported peak values of around ~2° to ~5° 

(Baudet et al., 2014; Bytyqi et al., 2014). 

External forces and moments acting upon the knee include the ground reaction 

force, gravitational force and inertial forces from the upper leg and foot. These forces and 

moments are counterbalanced by the surrounding soft tissues and muscles (Kutzner et al., 

2010). Such loads have been estimated previously using instrumented prosthesis and 

inverse dynamics, where the forces and torques are computed from limb motions and the 

approximate mass of bodily segments (Hamill et al., 2015). Although there are large 

variations in the literature, it been generally reported that 200 – 400% of an individual’s 

BW is exerted on the knee joint during the stance phase of gait and the largest contact 

forces of 3 times BW occur just before toe-off (B Morrison, 1970; Taylor et al., 2004; D 

Lima et al., 2005; Heinlein et al., 2009; Kutzner et al., 2010).  

 

1.3 The Meniscus  

The menisci are highly specialised load transfer devices, functioning under shear, 

tensile and compressive forces to protect the opposing articular cartilage. The specialised 

shape and regional cellularisation, vascularisation and microstructural organisation, as 

well as the interplay between fluid and solid components, allow the menisci to perform a 

variety of functions critical to knee joint health (Allen et al., 1995; McDermott et al., 2008; 

Makris et al., 2011). 

 

1.3.1 Gross Anatomy  

The medial meniscus and lateral meniscus are semilunar fibro-cartilaginous 

structures located between the femoral condyles and the tibial plateau (Figure 1.5). The 

lateral meniscus tends to be more circular in shape and is generally more mobile than the 

medial meniscus. The medial meniscus is wider posteriorly than anteriorly and has a larger 

radius of curvature than the lateral meniscus. The medial meniscus is also more tightly 

connected to the joint capsule. These differences in shape are caused by the asymmetry 

of the tibial compartments and the differences in loading. Typically, the lateral tibial 

compartment is convex and the medial tibial compartment is concave, to facilitate internal 

rotation with flexion (Allen et al., 1995; Fox et al., 2012).  
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Figure 1.5. Transverse plane section of the tibial plateau showing the medial and 

lateral menisci and tibial root attachments (Adapted from: Kean et al., 2017). 

 

The menisci are stabilised by strong anterior and posterior roots which connect to 

intercondylar areas on the tibial plateau (Figure 1.5). The ligament of Humphrey and 

Wrisberg are auxiliary meniscofemoral ligaments which originate from the posterior root of 

the lateral meniscus and insert into the posterior medial condyle. It has been estimated 

that both these ligaments are present in at least 50% of the population and 93% have one 

of these ligaments (Allen et al., 1995; Athanasiou and Sanchez-Adams, 2009). 

 

1.3.2 Composition and Microstructure 

1.3.2.1 Fluid Phase and Solid Phase 

 The meniscus has been described as a biphasic tissue, meaning it adopts a fluid 

component and a solid component, which interplay to allow the meniscus to exhibit time-

dependent energy absorbing material behaviour under load (Mow et al., 1980; Mow and 

Lai, 1980; Favenesi et al., 1983; Fithian et al., 1990). The mechanics relating to this 

material behaviour are explained in section 1.4.1. The meniscus is highly hydrated and 

made up of around 70% water, which is the most abundant component (Peters and 

Smillie, 1972). The movement of fluid flow in and out of the meniscus during loading plays 

a large role in the material properties (Fithian et al., 1990). The remaining 30% consists of 

the organic (solid) component, of which collagen makes up ~75%. Proteoglycans (~17%), 

adhesion glycoproteins (<1%), cellular DNA (~2%) and elastin (<1%) make up the 

remaining composition of the meniscus (Peters and Smillie, 1972; Makris et al., 2011). 
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The solid component is also termed the extracellular matrix (ECM), mostly consisting of 

collagen and proteoglycans which have specialised interactions to provide structurally 

integrity and allow the movement of fluid in and out of the meniscus, facilitating its 

mechanical function (Sanchez-Adams et al., 2011).  

 

1.3.2.2 Collagen 

 Collagen is a highly abundant fibrillar protein in connective tissues. Collagen types 

I, II, III, IV, V, VI and XVIII have been found to be present in the meniscus. However, the 

most abundant type is Type I (~90% of the collagen) (Hasan et al., 2014). Bullough et al. 

(1970) were the first to report the microscopic ultrastructure and organisation of collagen 

in the meniscus which was later supported by Petersen and Tillmann (1998) through 

advances in scanning electron microscopy. The findings of Peterson and colleagues 

presented distinct layers in collagen structural organisation throughout the meniscus 

tissue. The meniscal collagen network was found to be arranged into three layers: the 

superficial, lamellar and the deep (central) layer, these layers are displayed in Figure 1.6. 

 

 

Figure 1.6. Cross-section illustrating the meniscus collagen organisation and differing 

levels of vascularisation. 

 

Collagen fibres are randomly orientated in the superficial layer and in the lamellar 

layer, however, in the lamellar layer there is more radial organisation in the anterior and 

posterior meniscal horns. This random orientation strengthens the surface in all axes to 

counteract the shear forces from rolling and sliding femoral contact (Abraham et al., 

2011). The fibres in the deep region are oriented in a circumferential alignment with radial 

‘tie’ fibres extending from the peripheral regions to the centre of the meniscus. Collagen 
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fibrils are orientated in the direction of greatest tensile stress, because when axial load is 

applied, the amount of movement radially outward is limited because the meniscus is 

anchored to the tibial plateau via the anterior and posterior horns. The orientation of the 

collagen fibrils in the deep zone reflect the transmission of this load circumferentially into 

longitudinal hoop stresses to dissipate the load (Petersen and Tillmann, 1998; Hasan et 

al., 2014). Collagen Type II and Type III fibres are predominantly found in the inner-deep 

region as well as a higher proportion of proteoglycans; this region has been found to adopt 

a similar composition to articular cartilage and contributes largely to the compressive 

properties of the meniscus (Athanasiou and Sanchez-Adams, 2009).  

 

1.3.2.3 Proteoglycans 

Proteoglycan molecules constitute a key component of the meniscus ECM and are 

composed of a core protein with glycosaminoglycan’s (GAGs) attached onto it. These 

GAGs are negatively charged sulphate groups and therefore attract water into the tissue 

to produce a hydrostatic swelling pressure which resists the compressive forces 

experienced during loading. The spatial organisation of GAGs agrees with the area of the 

tissue where the highest compressive load is experienced in the inner-deep zone (Figure 

1.7) (Athanasiou and Sanchez-Adams, 2009).  

 

 

Figure 1.7.  Central cross-section of a bovine meniscus showing the varying density of 

collagen (stained fast-green) and proteoglycans (stained safranin-orange) between the 

inner and outer zones. (Reproduced with permission: Andrews et al., 2017, p. 274). 

 

1.3.2.4 Elastin  

 Elastin is another fibrillar protein found in the meniscus and constitutes only a small 

amount of the total composition (< 1%) (Peters and Smillie, 1972). Elastin’s role in 

meniscal function is largely unknown, however, in other tissues such as blood vessels, 

elastin provides the recoil resiliency (Athanasiou and Sanchez-Adams, 2009). Therefore, it 
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is thought that small amounts of elastin fibres bridge with the collagen fibres to allow the 

meniscal shape to recover after deformation (Höpker et al., 1986). 

 

1.3.3 Cellularity and Vascularisation 

 Meniscal cells are termed fibrochondrocytes as they have characteristics of both 

fibroblasts and chondrocytes. Chondrocytes are found in articular cartilage and synthesise 

Type II collagen, whereas fibroblasts are found in connective tissues and predominantly 

synthesise Type I collagen. Regional and morphological variations of fibrochondrocytes 

exist throughout the meniscus and correlate with tensile and compressive function. The 

cells in the outer region adopt a more fibroblast-like appearance, whilst in the inner region 

of the meniscus the cells adopt more of chondrocyte appearance, similar to that of 

articular cartilage (McDevitt and Webber, 1990; Makris et al., 2011).  

 As well as cellularity, the meniscus is specialised to have differing regions of 

vascularity. As presented previously in Figure 1.6, these regions are labelled: the red-red 

zone (outer region, vascularised by the peri-meniscal capillary plexus (PCP) attached to 

the joint capsule), the red-white zone (transition zone, semi-vascularised) and the white-

white zone (inner region, avascular). The zone of vascularisation relates to the healing 

capacity of the meniscus and therefore surgical decision. Damage to the avascular white-

white zone, constituting about two-thirds of the meniscus is usually permanent and may 

require surgical intervention (Petersen and Tillmann, 1995). 

 

1.4 Meniscus Biomechanics and Structure-Function Relationship 

 In the early-mid 1900’s the meniscus was thought to be a functionless piece of 

detached muscle and pain occurring after removal of the meniscus (meniscectomy) was 

thought to be due to residual pieces of the meniscus remaining in the knee (McMurray, 

1942; McDermott and Amis, 2006). Since then, numerous studies have shown the 

meniscus plays a vital mechanical role in knee joint chondroprotection, stabilisation and 

lubrication through various structural mechanisms. 

 

1.4.1 Fundamental Tissue Mechanics 

 Prior to reviewing the functional biomechanics of the meniscus in whole knee joint 

models, it is important to understand the fundamental tissue mechanics and the research 

endeavouring to define the material properties of the meniscus.  
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1.4.1.1 Tension 

 A stretching force applied to a fibrous biological tissue, such as the meniscus, will 

cause a resultant deformation. The tensile properties are defined as the tissue behaviour 

in response to a stretching force. Two things occur in this situation: (1) the tissue will 

elongate and (2) a force will develop and increase within the tissue, up until the point of 

fracture/breakage of the specimen. The curve shown in Figure 1.8 can be related to the 

action of the collagen fibrils within the tissue. The toe region shows relaxed collagen fibrils 

as only a small amount of force is required to elongate the specimen initially. During the 

linear region, the collagen fibrils stretch and a linear relationship occurs prior to early signs 

of individual collagen fibre failure; shown through small load decreases. The yield point 

describes the point where major breakages of collagen fibres bundles occur and therefore 

irreversible (plastic) deformation. The maximum force measured is the ultimate tensile load 

of the specimen and the stiffness is a structural property which describes the linear 

relationship between load and elongation (McDermott et al., 2008). This relationship can 

be represented as a stress-strain curve to describe the material properties of the 

specimen so comparisons can be made between other tissues, independent of the 

specimen dimensions. The stress and strain calculations adjust for the specimen cross-

sectional area and specimen length, respectively, to give the Young’s Modulus of the 

material (Nordin and Frankel, 2001; McDermott et al., 2008). 

 

 

Figure 1.8. Meniscus tissue mechanics stress – strain curve under tensile forces.  

 

1.4.1.2 Compression 

 The compressive properties of the meniscus are described as the tissue behaviour 

in response to a pushing force. The compressive resilience of the meniscus as a material 



13 

 

 

follows the biphasic theory firstly proposed by Mow et al. (1980) for articular cartilage and 

later supported for the meniscus by Favenesi et al. (1983) examining bovine menisci. 

Research suggests the mixture and interplay between the solid and fluid components of 

the meniscus are crucial for it functioning under high compressive loads. 

 The meniscus is described as a time-dependent material under compression 

because the properties, and therefore the functionality, change with the duration of the 

applied load. This behaviour can also be described as viscoelasticity, which refers to the 

interplay between elastic (reversible) behaviour of the collagen fibres of the solid phase 

and the simultaneous interstitial pressure and extrusion of the fluid phase, which is 

dependent on fluid viscosity and tissue permeability (McDermott et al., 2008). Viscoelastic 

materials adopt two main sub-behaviours: creep and stress-relaxation. 

 As illustrated in Figure 1.9, creep response is the behaviour which occurs when a 

constant compressive force is applied to meniscus tissue, a resultant near-linear 

deformation occurs initially, which is mostly due to the elastic response behaviour of the 

collagen network. Concurrently, the proteoglycan GAGs which attract water into the tissue 

ensue a high osmotic pressure of the fluid component. As the duration of load-application 

increases the rate of deformation decreases to a plateau, where the fluid-phase dominates 

as there is gradual extrusion of the fluid from the tissue. On the other hand, stress 

relaxation describes the time-dependent reduction in the applied load required to maintain 

a defined deformation (Figure 1.9). This occurs in a similar way because the water is 

slowly exuded from the meniscus tissue. The low relative permeability of the meniscus 

tissue compared with cartilage tissue allows effective maintenance of volume underload, 

giving an immense chondroprotective effect (Nordin and Frankel, 2001; McDermott et al., 

2008).  

 

Figure 1.9. Meniscus tissue mechanics under compressive forces showing (A) creep 

characteristics when subject to a constant load and (B) stress relaxation characteristics 

when held at a constant deformation. 
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1.4.1.3 Material Properties  

A summary of the tensile and compressive material properties of human menisci 

studies is shown in Table 1.1 on the next page. These properties vary depending on 

meniscus body location (anterior, posterior, middle), structural / zonal depth (inferior, 

superior) and section orientation (Setton et al., 1999; Makris et al., 2011). 

 

Table 1.1. Material properties of human medial meniscus tissue specimens.  

Properties Study Direction Location 
Stiffness  

(MPa ± SD) 

Tensile Tissakht 

et al. 

Circumferential Anterior 106.21 ± 77.95 

Central 77.95 ± 25.09 

Posterior 82.36 ± 22.23 

Radial Anterior 48.31 ± 24.35 

Central 46.20 ± 27.56 

Posterior 32.55 ± 11.27 
 

Properties Study Zone/Depth Location 
Aggregate Modulus 

(MPa ± SD) 

Compressive Sweigart 

et al. 

Superior Anterior 0.15 ± 0.03 

Central  0.10 ± 0.03 

Posterior 0.11 ± 0.02 

Inferior Anterior 0.16 ± 0.05 

Central  0.11 ± 0.04 

Posterior 0.09 ± 0.03 

 

Tensile properties of the human meniscus and other mammalian species have 

been previously reported (Whipple et al., 1985; Fithian et al., 1990; Tissakht and Ahmed, 

1995; Goertzen et al., 1997). Tensile assessment has been achieved through extracting a 

dumbbell shaped section of the meniscus. This geometry is useful in defining the cross-

sectional area for stress calculation whilst ensuring the ends of the specimen can be 

clamped by the force apparatus. The meniscus tissue is described as an anisotropic 

material because it has a higher tensile stiffness in the circumferential direction compared 

with the radial direction, which is largely due to the circumferentially aligned collagen 

network in the deep zone (Whipple et al., 1985; Fithian et al., 1990).Whipple et al. (1985) 

were the first to show the anisotropy of the bovine meniscus tissue in tension by assessing 

circumferential and radial orientated dumbbell sections. This was then later found for 

human meniscus sections (Fithian et al., 1990; Tissakht and Ahmed, 1995). In addition, 

Lechner et al. (2000) investigated the tensile circumferential modulus of 30 human medial 

meniscus samples and found that the cross-sectional area of the sample had a significant 

inverse effect on the tensile stiffness. However, the researchers also reported a high 

amount of sample failure within the smallest slice-thickness group. The researchers 
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suggested this could be due to some specimens being composed of solely matrix (taken 

from the gaps in between the collagen bundles) and other sections including the collagen 

bundles; causing stiff and weak samples in the same group.  

Compressive meniscus properties are usually assessed through extracting 

cylindrical plugs from meniscal regions. As shown in Table 1.1, the compressive 

properties of meniscus tissue are usually measured as the aggregate modulus and the 

permeability. The aggregate modulus takes into account both the measured Young’s 

modulus and the Poisson Ratio, which is a measure of the material stiffness when fluid flow 

has ceased. A higher aggregate modulus denotes higher resistance to deformation under 

load. Previous literature has found that the compressive properties vary with respect to 

meniscus region (anterior, middle, posterior) and zonal depth (superficial vs deep) 

(Favenesi et al., 1983; Proctor et al., 1989; Sweigart et al., 2004). 

These factors demonstrate the difficulty in defining comparable meniscus material 

properties due to the complex heterogeneity of the meniscus structure. Designing and 

developing a new intervention to be biomechanically similar to the natural meniscus should 

not solely rely on uniaxial assessment of tissue sections, because in the natural knee joint, 

the meniscus is subject to highly specific shear, compressive and tensile forces 

concurrently.   

 

1.4.2 Functional Biomechanics  

The menisci are frequently described as having separate biomechanical functions 

to ultimately protect the articular cartilage. However, all these functions described in the 

following sub-sections are not mutually exclusive from one another; if one function is 

impeded, the other functions will be hindered. The meniscus can be seen as having 

simultaneous functionality. 

 

1.4.2.1 Load Transmission  

The specialised geometry and microstructure allow the meniscus to achieve the goal 

of protecting the articular cartilage by transmitting 45%  – 75% of the axial load between 

the femoral condyles and the tibia (Fairbank, 1948; Seedhom, 1979; Ahmed and Burke, 

1991). In numerous experimental studies, removal of the meniscus (meniscectomy) has 

been shown to increase joint contact pressure through the reduction of contact area 

(Walker and Erkman, 1975; Krause et al., 1976; Kurosawa et al., 1980; Baratz et al., 

1986).  

Fairbank (1948) were the first to radiologically investigate changes to the knee joint 

before and after meniscectomy. Joint space narrowing and flattening of the femoral 
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condyles were observed from the radiographs. In later years, the load bearing function 

was further established in biomechanical studies using pressure-sensitive films (Kurosawa 

et al., 1980; Baratz et al., 1986). Kurosawa et al. (1980) found that the average stress 

increased by 2-3 fold with meniscectomy. Similarly, Baratz et al. (1986) measured a 2-fold 

increase in contact pressure with meniscectomy and found the amount of meniscus 

removed positively correlated with increased contact pressure.  

The fundamentals of this mechanism can be explained through the simple contact 

force, contact pressure, and contact area equation using rigid bodies shown as a ball 

(femoral condyle) and a shallow cup (meniscus) on a flat surface (tibial plateau) (Figure 

1.10). 

 

 

Figure 1.10. Simple geometric model of meniscus function reducing the contact pressure 

through increasing the contact area on the flat surface. The ball represents the femoral 

condyles, the plate represents the tibial plateau and the shallow cup represents the 

meniscus. An axial load of 1800 N approximately represents 2.5 times BW of a 70kg man 

during the stance phase of gait. 

 

The simple model above can be further applied to the deformable meniscus macro 

and microstructure bearing load between the femoral and tibial contact (Shrive et al., 

1978; McDermott et al., 2008; Fox et al., 2012). As shown in Figure 1.11, when axial load 

is applied initially, the shape of the meniscus allows the pressure from the curved femur to 

be applied as a horizontal and vertical pressure (F Femur). Because the tibia is relatively flat, 

this applies an opposing vertical pressure (F Tibia). The vertical pressures cancel out, 

leaving the femurs horizontal pressure to act as a radial vector on the tissue. The 

hydrostatic pressure of the tissue and the circumferential alignment of collagen in the deep 

zone converts the radial vector into hoops stresses causing a resultant circumferential 
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force (Fcir) which causes the tissue to radially deform and dissipate the load (Shrive et al., 

1978). This deformation keeps the loaded knee in a stable position by widening the 

contact base and maintaining congruent contact with the femur. 

 

 

Figure 1.11. Load bearing mechanism of the meniscus showing radial expansion of the 

meniscus caused by the horizontal pressure of the femoral axial force converted to the 

radial vector which is distributed through the circumferential force of the collagen 

network. 

  

1.4.2.2 Meniscal Motion and Joint Stabilisation 

 The menisci play a crucial role in keeping the articulation within the knee’s 

kinematic constraints. Meniscal movement is facilitated by the structure and the root 

attachments which stabilise the changing position and curvature of the incongruent 

femoral and tibial surfaces during the translational and rotational kinematics during gait 

(Fukubayashi et al., 1982; Shoemaker and Markolf, 1986; Thompson et al., 1991). As the 

knee flexes the instantaneous centre of rotation shifts posteriorly (see section 1.2.2), and 

the menisci also move posteriorly and deform in order to stabilise the knee and keep the 

articulation within the greatest area of contact (Thompson et al., 1991; Vedi et al., 1999; 

Kim et al., 2015). This movement means the contact area is continuously satisfying the 

load transmitting behaviour of the meniscus microstructure. 

 This movement was firstly presented by Walker and Erkman. (1975) using a 

qualitative casting technique in cadaveric knee joints and an Instron. Cement 

(methylmethacrylate) castings were made of the tibial plateau at 0°, 30°, 60° and 90° 

flexion angles, whilst applying 0N, 500N, 1000N and 1500N loads at each flexion angle. 
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The results showed the contact area moved posteriorly and spread toward the lateral 

edges of the tibial plateau with increasing flexion and load.  

 In later years, further advances in imaging technology such as magnetic 

resonance imaging (MRI) allow this effect to be measured quantitatively during in-vitro 

cadaveric studies (Thompson et al., 1991) and in-vivo participant studies (Vedi et al., 

1999; Yao et al., 2008). Potentially the most notable study on meniscus translation was 

Vedi et al. (1999) who quantified in-vivo movement of the menisci using MRI and infrared 

trackers on 16 young healthy males. A novel seating set up was used so participants 

could squat, stand and sit whilst being scanned. In the transverse plane, the medial and 

lateral menisci deformed towards the posterior direction from 0º extension to 90º flexion in 

weight bearing and non-weight bearing conditions. On average the lateral menisci moved 

more than the medial menisci and the anterior more than the posterior (Figure 1.12).  

 

 

Figure 1.12. Schematic representation of the meniscal movement from 0º extension to 

90º flexion during weight bearing (A) and non-weight bearing (B) conditions. 

Measurements are in millimetres (Reproduced with permission: Vedi et al., 1999, p. 39). 

 

 Moreover, the mechanics under compression, the specialised wedge shape and 

the meniscus mobility are believed to contribute to joint stabilisation, similar to a secondary 

ligament (McDermott et al., 2008; Fox et al., 2012). The stability of the joint can be 

described as the resistance to large rotations or translations when subject to external 

forces (Reynolds et al., 2017). There have been a handful of studies reporting the 

stabilising effect of the meniscus under load and in the absence of key stabilising 

ligaments, such as the ACL (Hsieh and Walker, 1976; Shoemaker and Markolf, 1986). 

 

1.4.2.3 Biotribology and Joint Lubrication   

 The term biotribology describes the study of two contacting biological surfaces in 

relative motion and includes the principles: friction, wear and lubrication (Zhou and Jin, 

2015). Experimental simulation studies have shown the effect of the bovine meniscus 
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reducing the amount of friction and wear on opposing articular cartilage (McCann et al., 

2008; McCann et al., 2009). However, despite both the femoral and tibial surfaces of the 

meniscus being in direct sliding contact with the articular cartilage of the knee joint, only a 

small amount of research has been carried out examining the specific tribological 

mechanisms which occur between these surfaces. 

 The meniscus is proposed to control excessive friction and wear on the cartilage 

surfaces through specific lubrication regimes. The meniscus has been found to be a 

biphasic tissue like cartilage and it is postulated a low-friction area of contact is formed 

between the two surfaces through a similar biphasic lubrication process (Mow et al., 1980; 

Forster and Fisher, 1996). Biphasic lubrication theory states that friction is modulated 

initially by the hydrostatic pressure of the fluid, taking on approximately 90% of the contact 

load. As the fluid is slowly exuded, the solid matrix starts to take on more of the contact 

load. This reduces the friction and wear between the solid phases of the tissues, until the 

majority of the fluid is exuded and the solid phases start to solely bear the contact load 

(Nordin and Frankel, 2001; Ateshian, 2009).  

 Further research includes findings to suggest the autologous nature of the 

meniscus and cartilage surfaces (Andrews et al., 2017). Schumacher et al. (2005) found 

that meniscus fibrochondrocyte cells secrete a protein called proteoglycan 4 or lubricin, 

and that this protein was present in a thin layer on the meniscus surface, which had also 

been found in a thin layer on the cartilage surface. The researchers proposed that lubricin 

may aid a boundary lubrication regime with articular cartilage. Boundary lubrication 

describes the reduction of friction through molecules rolling over each other at the contact 

surfaces.  

 

1.5 Meniscus Injury: Meniscal Extrusion  

The meniscus is one of the most commonly injured tissues in the knee joint, affecting 

60 - 70 per 100 000 people in the UK (Ahmed et al., 2020). There are many forms of 

meniscus pathology, however, this review will focus on the relatively overlooked clinical 

condition of meniscus extrusion, due to its high clinical association with osteoarthritis 

(Gajjar et al., 2021). 

 

1.5.1 Types of Meniscus Extrusion 

 Meniscal extrusion is described as the displacement of the meniscus, protruding 

past the tibial plateau margin (Costa et al., 2004). Meniscal extrusion can manifest in two 

forms: physiological and pathological (Gajjar et al., 2021).  
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1.5.1.1 Physiological 

A certain degree of meniscal movement is required for the meniscus to dissipate 

load and stabilise the knee joint due to the natural action of the collagen fibres responding 

to tensile strain. However, there is little research on quantifying this movement in response 

to natural loading as imaging studies usually only have sample sizes of around 20 

subjects. For example, it has been previously estimated using frontal plane MRI scans that 

the medial meniscus moves on average 2mm (range: 1.2 mm – 2.6 mm) outside the 

medial border of the tibial plateau during natural weight bearing in healthy subjects 

(Boxheimer et al., 2004). However, a more recent study of 75 healthy subjects found that 

this measurement is dependent on age, BMI and the loading condition the medial image 

was taken from (Achtnich et al., 2018). 

 

1.5.1.2 Pathological 

 On the other hand, meniscal extrusion is a pathological condition where the 

meniscal body is displaced outside of the joint space in an abnormal manor. This is 

typically described in clinic as a displacement > 3 mm (Costa et al., 2004; Lee et al., 

2011). Pathological extrusion can be divided into two forms: traumatic and degenerative, 

described later in section 1.5.3. Both forms result in a disruption to the circumferential 

collagen fibre structure causing a loss of hoop strain resistance (Muzaffar et al., 2015). 

This results in load being applied to a reduced contact area and therefore increases the 

contact pressures upon the articulating cartilage leading to accelerated chondral 

degeneration (Figure 1.13). Meniscal extrusion has been associated with joint space-

narrowing, knee deformities, osteonecrosis and OA (Gajjar et al., 2021). 

 

 

Figure 1.13. Loading differences across the knee between a healthy meniscus and an 

extruded meniscus. 

 

1.5.2 Diagnosis 

The ‘gold standard’ to diagnose meniscal extrusion is a non-weight bearing mid-

frontal plane MRI scan, where the chosen measurement slice is the one with the largest 
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area of medial tibial spine. If the meniscus is extruded > 3 mm past the line of the tibial 

plateau, at the posterior border of the MCL, this is classed as severe meniscal extrusion 

(Costa et al., 2004; Lee et al., 2011; Nogueira-Barbosa et al., 2015).  

Efforts could be made to improve the gold standard to diagnose meniscus 

extrusion. This method is relatively robust, however, abnormal meniscus position in other 

areas, changes during weight bearing and changes during movement are disregarded. 

Extending the method to view a slice in the sagittal plane or at different flexion angles may 

be beneficial (Kim et al., 2015; Masuda et al., 2018). The complexity of meniscal 

kinematics makes it very difficult to quantify thresholds for pathological extrusion.  

One of the research challenges is quantifying the degree of extrusion that is 

classed as healthy and what is classed as a biomechanical risk. However, the clinical 

foundation from which the > 3mm threshold manifested is unclear and the severity is likely 

underestimated as the radiographs are usually taken in the unloaded supine position. 

Costa et al. (2004) firstly used this measure on 105 knees with damaged menisci, to 

determine whether the severity of meniscal extrusion, defined as minor (< 3 mm) and 

major (> 3mm), related to degeneration and type of meniscal damage. Findings suggested 

that major meniscal extrusion highly correlated with degeneration, tears of the root and 

large radial tears to the body of the meniscus. However, this study failed to separate age 

groups and had a large age range of 34-83 years. It is likely that the older patients have 

underlying chondral damage which presents confounding factors when measuring 

meniscal extrusion.  

Other previous studies have used different methods to measure extrusion, such as 

calculating the distance from the tibial margin as a percentage of the meniscus body, 

using different planes/flexion angles (Crema et al., 2012; Kim et al., 2015; Masuda et al., 

2018; Paletta et al., 2020). There have also been some developments in quantifying the 

position of the meniscus body using quantitative MRI scans and 3D modelling software 

(Wenger et al., 2013). However, the majority keep to the mid-frontal plane body 

measurement due to the ease and reproducibility (Swamy et al., 2018).  

 

1.5.3 Causes and Associations 

1.5.3.1 Traumatic Meniscal Extrusion  

 Meniscal tears are the most common injury reported by orthopaedic clinicians with 

an annual incidence of ~61 per 100,000 people (McDermott and Amis, 2006). Tears are 

caused by degenerative changes in older patients (>50 years old) and traumatic injury, 

most commonly ACL injury, in younger patients (<50 years old). Tears can occur 

anywhere in the meniscal body and are classified in terms of their morphology observed 

on MRI scans and through arthroscopy (Hasan et al., 2014). Although, any meniscal 



22 

 

 

trauma can result in meniscal extrusion, the most common type of tears causing medial 

meniscal extrusion are located in the posterior root of the medial meniscus (Costa et al., 

2004; Kim et al., 2020). Currently, there is no official standardised classification system for 

meniscal root tears, however, a previous study grouped 71 torn menisci into five groups 

using morphological arthroscopic examination. This study found the most common type 

and location of medial meniscus root tear is a complete radial tear within 3 to 9 mm of the 

root insertion (Type 2, Figure 1.14) (LaPrade et al., 2015).  

 

 

Figure 1.14. Morphological classification of meniscal root tears. The tear most 

associated with meniscus extrusion is number 2; the complete radial root tear. 

 

Root tears cause severe disruption to the load dissipating properties (hoop 

tension) of the meniscus structure as they propagate perpendicularly to the 

circumferential collagen alignment (Petersen et al., 2014). The medial posterior region has 

a higher stiffness and reduced mobility in order to bear more load during deep knee 

flexion, however, this makes this region more susceptible to injury (Costa et al., 2004; 

Crema et al., 2012). Biomechanical cadaveric studies have previously reported that the 

presence of these tears increase tibial contact pressures similar to that of meniscectomy 

conditions (Allaire et al., 2008; Marzo and Gurske-DePerio, 2009; Kim et al., 2013).  

A recent study by Krych et al. (2020) reporting variations in clinical decisions and 

outcomes between lateral and medial meniscus root tears found that of the 109 patients 

with medial meniscus root tears, 79 had meniscus extrusion > 3mm (72.5%). Only 6 of the 

30 patients with lateral meniscus root tears had meniscus extrusion > 3mm (20%). On the 

other hand, 24 patients with lateral meniscus root tears had concurrent ACL injury. The 

lateral meniscus root tears more acutely in younger active patients and medial meniscus 

root tears are usually chronic, occurring in older patients with underlying degeneration. 
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Minor acute events can trigger a complete medial meniscus root tear with 

underlying degeneration. To the authors knowledge, there is only one study which 

comments on the acute aetiology of a medial meniscus posterior root tear. In a sample of 

100 patients (age 50 -70 years), 38% were descending stairs, 18% were walking at a 

normal pace and 13% initiated the tear through high flexion activities such as squatting. 

Other activities such as standing up from a chair or sports accidents were <10% of cases 

(Furumatsu et al., 2019). Unfortunately, root tears are less sensitive to MRI scans, 

meaning it is likely the incidence of meniscal root tears is under-reported due to the 

difficulty in diagnosis compared to other tear types (LaPrade et al., 2015). 

 

1.5.3.2 Degenerative Meniscal Extrusion 

 It is possible that over a longer and slower period of time, the microarchitecture of 

the meniscus loses integrity due to repetitive loading and natural aging. This cause’s 

degenerative meniscus extrusion, however, this form is generally under reported and 

undetected compared with traumatic meniscus extrusion. Due to the slow nature of this 

pathology, by the time it is diagnosed, patients would likely have associated OA or other 

knee pathologies. Clinical OA studies have shown a difference between the numbers of 

patients with meniscal tears and the number of patients with meniscal extrusion; 

degenerative extrusion could represent these patients (Roemer et al., 2009). In addition, 

tears also result from underlying degeneration, therefore it is likely that degenerative and 

traumatic meniscal extrusion occur together.   

 

1.5.3.3 Meniscocapsular Separation / Meniscotibial Ligament Injury 

Meniscocapsular separation describes the detachment of the medial meniscus 

with the capsule and are usually caused in conjunction with ligament injury. These tears 

are relatively infrequent but are likely underreported as they heal more readily in the red-

red zone. There is some conflicting evidence, but it remains unknown if these tears lead to 

meniscal extrusion (De Maeseneer et al., 2002). In addition, the meniscotibial and 

meniscofemoral (coronary) ligaments are located between the medial meniscus and the 

deep portion of the MCL (Figure 1.15). There are reports of damage to specifically the 

meniscotibial ligament leading to increased meniscal displacement as the medial 

meniscus is less restricted by the capsular boundary which may have less stabilising 

tension from the injury. Meniscus extrusion is rarely an acute isolated disease, with most 

cases associated with previous trauma or knee pathology, however a study by Krych, 

Bernard, Leland, et al. (2020) found that 20 / 3244 MRI (0.62%) reports with meniscal 

extrusion had no reported knee pathology. However, all these patients with > 3mm 

meniscal extrusion (n = 9) had associated meniscotibial ligament abnormality. In general, 
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there is a lack of research investigating interactions between the capsule and the medial 

meniscus. 

 

 

Figure 1.15. Frontal plane (central slice) of the medial side of the knee joint showing the 

knee capsule and supporting structures; the superficial knee capsule line (arrowheads), 

the superficial line of the MCL (curved arrows) and the meniscofemoral (mf) and 

meniscotibial (mt) ligament extensions located in the deep portion of the MCL. 

(Reproduced with permission: De Maeseneer et al., 2002. p.243). 

 

1.5.3.4 Post-Operative Meniscal Extrusion  

There is a handful of research relating to meniscal extrusion which occurs post-

operatively after meniscal root repair, allograft replacement and ACL reconstruction 

procedures (Gajjar et al., 2021). Post-operative meniscal extrusion increases a patient’s 

risk of OA in later life and should be reported to evaluate the efficacy of treatments. 

Meniscal allograft transplantation (MAT) is rarely performed but post-operative extrusion 

has been shown to occur frequently at follow-up. A meta-analysis of MAT procedures and 

follow-up MRI examinations found in 21 MAT studies a pooled mean of 53% showed major 

extrusion (> 3mm) on MRI within 1 year of surgery (Lee, 2018).  

On the other hand, there are studies which support MAT, finding no significant 

incidence of graft extrusion within 1 year of surgery (Kim et al., 2018). However, extrusion 

has not been extensively assessed at medium to long term follow up, nor has native 

extrusion prior to surgery been considered. Post-operative extrusion could occur due to 

the replacement tissue integrity, loading differences, recovery protocols or non-anatomic 
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surgical positioning, or potentially a combination of all these factors? It is possible the 

surgical damage associated with graft insertion might have an effect, as the meniscotibial 

ligament and popliteomeniscal fascicle are sometimes removed in MAT which both 

function to provide anchorage for the meniscus (Krych et al., 2018; Paletta et al., 2020). 

Again, the interactions between the native knee fascia and meniscus function need to be 

better understood.  

 

1.5.3.5 Meniscal Extrusion and Osteoarthritis   

Meniscal extrusion can not only be indicative of meniscus trauma or degeneration 

but can also highlight other underlying pathologies. OA is usually defined as a disease with 

a non-linear progression, meaning some patients may deteriorate rapidly and some may 

deteriorate gradually. It is still unclear whether meniscal extrusion precedes or proceeds 

OA, however there is a strong relationship between both pathologies (Gajjar et al., 2021). 

Wenger et al. (2013), used quantitative MRI scans and 3D modelling to define the 

coverage of meniscal body in patients with medial compartment OA. This group found that 

the patients with OA had significantly less medial meniscus coverage of the tibial plateau, 

significantly increased medial meniscus extrusion and a significantly more convex shape to 

the peripheral medial meniscus border in the frontal plane. In addition, the lateral 

meniscus in OA patients showed significantly more meniscus extrusion and convex 

‘bulging’ of the peripheral margin, but no significant difference in tibial plateau coverage 

(Figure 1.16).  

 

 

 

Figure 1.16. Changes in the position and shape of the lateral meniscus (green) and 

medial meniscus (red) in (a) healthy patients, (b) loading effects on the medial meniscus 

in patients with medial compartment OA and (c) loading effects on the lateral meniscus 

in patients with medial compartment OA (Reproduced with permission: Wenger et al., 

2013, p. 1808) 
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The Multicentre Osteoarthritis Study (MOST) prospectively assessed patients at 

risk of developing OA between the ages 50-79. Roemer et al. (2009) used 347 knees from 

this study to assess potential predictors of fast and slow articular cartilage loss over a 30-

month prospective period using radiographs and MRI. Within this time, 257/347 had no 

articular cartilage loss, 70/347 exhibited slow articular cartilage loss and 20/347 showed 

fast articular cartilage loss. Meniscal extrusion was shown to be significantly associated 

and an independent predictor with fast and slow articular cartilage loss; 12/20 patients 

with fast articular cartilage loss presented with meniscal extrusion. Later, Crema et al. 

(2012) examined 1527 subjects (2131 knees) taken from the same MOST study to assess 

cross-sectional associations with meniscal extrusion. Cartilage damage in both the medial 

and lateral compartment was found to be independently and significantly associated with 

medial and lateral meniscal extrusion, respectively. In theory, a reducing cartilage 

thickness would cause the joint space to narrow, pushing the meniscus outside the joint 

space, leading to extrusion. Unfortunately, the nature of the grading system and study 

design makes it difficult to understand the extent, but the association with respect to a 

large sample size is valuable for the research area. 

On the other hand, Lee et al. (2011) assessed 102 knees pre-operative 

radiographs and MRI scans of patients which underwent partial meniscectomy after 

medial meniscus damage. This was to better understand the predictors of degenerative 

meniscal extrusion. Joint space width and varus alignment were measured as well as 

Kellgren Lawrence (KL) grades which grouped knees depending on chondral changes 

shown through osteophytes present in the bone. Multiple linear regression analysis 

showed that KL grades were significantly indicative of meniscal extrusion, however, joint 

space narrowing, and varus alignment were not significant. The researchers concluded 

meniscal extrusion is likely to precede OA rather than the inverse because KL grades 

relate more to osteophytic changes rather than arthritic changes like varus alignment and 

joint space narrowing. However, using joint space width as a sole measure for arthritic 

changes has inherent limitations, as it does not solely relate to articular cartilage loss as 

width reduction can be caused by changes in other areas of the knee joint (Roemer et al., 

2009).   

Despite extensive study, quantification of OA markers using imaging remains 

elusive. This is likely because of the retrospective nature of the majority of imaging studies, 

failing to properly identify the cause-effect relationship. Experimental modelling would aid 

this investigation, however, there is a considerable underrepresentation of this in relation 

to meniscal extrusion.  
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1.5.4 Current Repair and Replacement Techniques  

The meniscus has a limited capacity for self-regeneration, meaning there is a great 

need for effective repair and replacement techniques. In general, factors which determine 

which treatment line to go down include patient age, injury type (acute/chronic), injury 

location (vascular/avascular zone), cartilage condition, BMI, knee alignment and the 

presence/absence of symptoms. Currently, there is a limited understanding of the effect of 

meniscal extrusion on treatment protocols and further research is required to categorise 

the severity of meniscal extrusion more accurately and whether it could be used as a 

marker for clinical decisions.  

 

1.5.4.1 Conservative Treatment  

Conservative treatment relates to non-operative management of the injury and in 

most cases these methods should be exhausted to eliminate the need for unnecessary 

arthroscopic surgery. Conservative treatment mainly consists of physiotherapy, weight 

loss and anti-inflammatory drugs. This treatment tends to be administered to older patients 

(> 50 years) with mostly degenerative meniscal damage as there is a high chance these 

patients also have chondral degeneration and therefore, it would not be cost effective to 

repair the degenerative tear when a TKR is likely to be administered to the patient soon. 

Conservative treatment is rarely used with traumatic tears in younger patients (< 50 years) 

and surgical repair is likely to be undertaken. However, younger patients who may have 

tears in the outer red-red zone of the meniscus, such as during meniscocapsular 

separation, are treated with conservative methods due to the higher healing capacity in 

that region (Vaquero-Picado and Rodríguez-Merchán, 2018; Krych, Bernard, Kennedy, et 

al., 2020). 

 

1.5.4.2 Surgical Treatment  

Generally, surgical treatment is required for younger patients (< 50 years old) with 

meniscal damage and meniscal extrusion. A thorough arthroscopic examination is 

required to see if the repair is possible and meets specific criteria. These include 

partial/total meniscectomy, suture repair techniques and total meniscus replacement 

(MAT / tissue engineered scaffolds). Table 1.2 summarises and evaluates these 

techniques from the literature.  
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Table 1.2. Surgical repair and replacement techniques for meniscus extrusion.   

Intervention  Description Pros Cons 

Meniscectomy 

Total Meniscectomy  

 

 

• Procedure involves removal 

of the whole meniscus  

• May have to be performed 

in severe cases of meniscal 

trauma  

• Short-term benefits of pain 

reduction and patients returning 

to work (Perey, 1962) 

• Standard approach for most of 

the 20th century (Jeong et al., 

2012), however, the current 

advice is to repair the meniscus 

than remove it completely 

 

• Significantly reduces contact area, 

increasing contact pressure on the 

opposing articular cartilage, causing 

accelerated degenerative changes 

and wear (Krause et al., 1976; 

Kurosawa et al., 1980; Alhalki et al., 

1999; Lee et al., 2006) 

• A directly proportional relationship 

between the amount of meniscal tissue 

removed and the amount cartilage 

degeneration (Jeong et al., 2012) 

• A 10-20 fold increased risk of 

developing OA (Roos et al., 1998) 

 

Partial Meniscectomy 

 

 

• Arthroscopic removal of 

meniscal tissue around a 

tear of the meniscal body or 

horns 

• Considered the gold 

standard for meniscal repair 

• Effective pain relief and quick to 

perform operatively  

• Peripheral rim of the meniscus is 

preserved; aiding biomechanical 

function compared to total 

meniscectomy (Jeong et al., 

2012) 

 

• Strongly correlated with increased 

prevalence of OA from clinical 

outcomes (Hulet et al., 2015), gait 

analysis (Sturnieks et al., 2008), 

cadaveric investigation (Zhang et al., 

2015) and computational techniques 

(Mononen et al., 2013) 

• No significant improvement in patients’ 

functional outcomes when compared 

to a sham surgery or non-operative 

treatment (Sihvonen et al., 2013; 

Krych et al., 2018) 

Medial

Lateral

Anterior 

Posterior 



29 

 

 

Intervention Description Pros Cons 

Suture Repair 

General meniscus body tear suture 

repair techniques  

(‘Outside-in’, ‘inside-out’, and ‘all-

inside’ repair) 

 

 
 

 

 

 

• The ‘outside in’ describes 

when the needle is fed from 

the outside of the joint 

capsule, through the two 

parts of the tear and then 

back through the capsule 

• The ‘inside-out’ technique is 

performed using double 

armed needles which are 

fed through needle 

cannulas. This allows the 

tear to be sutured from the 

inside and fastened on the 

outside of the capsule 

• The ‘all-inside’ technique 

has evolved from the 

development of second-

generation suture fixators 

which can self-fasten over 

the tear site (Laible et al., 

2013). The ‘Centralisation’ 

technique is commonly 

associated with 

meniscotibial ligament 

repairs and meniscus 

extrusion and is a form of all 

inside repair, anchoring the 

peripheral border of the 

meniscus to the capsule. 

• Unlike partial meniscectomy; 

repair of meniscal tears using 

suture techniques better 

preserves the biomechanical 

loading capabilities through 

preservation of the tissue and 

have been reported to have 

improved long-term outcomes 

(Paxton et al., 2011; Vaquero-

Picado and Rodríguez-Merchán, 

2018) 

• Suture techniques show better 

outcomes when performed in 

conjunction with ACL 

reconstruction (Wasserstein et 

al., 2013) 

• Increased risk of complications when 

passing sutures through major 

structures of the knee which can result 

in higher reoperation rates (Paxton et 

al., 2011)  

• Generally, a move toward ‘all-inside’ 

suture repair techniques vs ‘outside-in’ 

and ‘inside-out’ (Kwon et al., 2019) 
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Intervention Description Pros Cons 

Transtibial Pull-Out (Root Repair) 

 

 

• This technique involves 

drilling a bone tunnel 

through the anterior aspect 

of the tibia directly towards 

the insertion site of the torn 

root. Using a suture passer, 

sutures are fed through the 

tibial tunnel and the root 

tear is stitched up from the 

inside and pulled out 

manually to be fastened by 

an anchor on the bone 

(Laible et al., 2013) 

• Aims to reduce possible 

meniscal extrusion as well as 

promote healing of the root tear 

• Bone drilling releases more 

regenerative cells and growth 

factors, which is believed to 

promote faster healing of the 

meniscus (Kwon et al., 2019) 

• Significant improvement in 

functional scores and chondral 

scores at 7- 48 month follow up 

(Feucht et al., 2015) 

• Biomechanical studies have 

found that the transtibial pull-out 

method performed on cadaveric 

samples restored tibial contact 

pressures back to intact knee 

values (Allaire et al., 2008; 

Marzo and Gurske-DePerio, 

2009; Kim et al., 2013) 

 

• Mixed clinical results about the 

meniscus extrusion reduction potential 

of this procedure 

• Post-operative imaging showed only 

56% of patients presented reduced 

meniscal extrusion values, and failed 

or reduced healing rates were 

reported where the boundary of the 

bone and the meniscal root had not 

properly formed (Feucht et al., 2015) 

• Potential risk to surrounding structures 

with procedures which involve drilling 

bone tunnels  

Suture Anchor (Root repair / 

mensicotibial ligament repair)  

• This technique does not 

involve drilling bone tunnels 

but uses specialised bone 

anchors fed through portals 

to secure the torn root onto 

the tibia. A knot pusher is 

used to push down the 

knots of the sutures after 

fixation (Navasartian and 

DeBerardino, 2018). 

• The suture anchor technique 

maybe preferred in conjunction 

with ACL reconstruction to avoid 

drilling additional bone tunnels 

(Navasartian and DeBerardino, 

2018) 

• Kim et al. (2011) prospective 

study of two patient groups 

concluded similar improvements 

in functional outcomes of the 

• Technically difficult to insert the suture 

anchor into the correct anatomical 

position (Lee et al., 2018) 

• Fewer biomechanical studies on suture 

anchor vs transtibial pullout procedure 

 

Drilled anterolateral 
tibial tunnel with root repair 
sutures pulled through
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suture anchor vs tibial tunnel 

medial meniscus posterior root 

repair procedure at two years 

follow up 

• Optimisation of tension control 

compared to the transtibial pull-

out due to the closer working 

distance to the torn root 

 

 

 

 

 

Intervention Description Pros Cons 

Total Meniscus Replacement 

Allograft Transplantation 

 

 

• Meniscus Allograft 

Transplantation (MAT) 

involves the removal of the 

damaged meniscus body 

and root attachments, 

whilst retaining the 

peripheral rim  

• A human donor allograft 

is then sutured in place of 

the removed meniscal body  

• MAT is considered the ‘gold 

standard’ total replacement 

intervention, with studies 

showing improved long-term 

chondroprotective benefits 

(Verdonk et al., 2006) 

 

• High expense, inadequate size 

matching and low allograft availability  

• Risk of immune rejection  

• MAT is only carried out on patients 

< 50 years old with symptomatic 

meniscal deficiency 

• At 10 year follow up, 70% of 

patients presented partial graft 

extrusion (Verdonk et al., 2006) 

• Due to ease, cost and short-term 

relief, surgeons tend to opt for partial 

meniscectomy or conservative 

treatment, rather than MAT 

 

 

Centralisation /
meniscotibial 
ligament repair

Root repair
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Tissue Engineered Substitutes  

 

 

• A biological or synthetic 

replacement of the 

meniscus is surgically 

implanted, rather than an 

allograft  

• There have been vast 

amounts of in-vitro and in-

vivo research, using various 

combinations of synthetic 

and natural scaffolds, with 

or without the use of cells to 

promote differentiation and 

aid regeneration (Hasan et 

al., 2014) 

• Examples which have been 

previously FDA approved, 

or near completion of 

clinical trials include: the 

collagen meniscus implant 

(CMI®, Stryker Corp. USA), 

ACTifit® (Orteq Sports 

Medicine, UK), NUsurface® 

(Active Implants LLC, USA) 

and the Trammpolin® 

(ATRO Medical, ND) 

• A promising way to solve the 

problems associated with the 

limited availability of allografts 

and the poor chondroprotective 

benefits of partial meniscectomy 

• The Actifit® was originally 

designed as a total meniscus 

replacement, however, the 

results of two different animal 

studies showed promotion of 

tissue ingrowth and a reduction 

in cartilage damage; when it was 

used as a partial meniscectomy 

substitute rather than a total 

meniscectomy substitute 

(Vrancken et al., 2013). After 

clinical investigation, the Actifit® 

showed promising functional 

improvements and 

chondroprotective benefits 

against a partial meniscectomy 

group (Verdonk et al., 2012) 

• In a recent cadaveric study, the 

NUsurface® implant showed 

restoration of native contact 

pressures and contact areas 

(Shemesh et al., 2020)  

• Despite large quantities of research, 

clinical translation of these substitutes 

remains low and the efficacy debated 

• Generally, in-vitro biomechanical 

outcome measures are 

underrepresented across the literature  

• Most require an intact peripheral rim to 

be surgically implanted  

• The long term follow-up of the CMI®, 

made from bovine type 1 collagen, 

was withdrawn by the FDA in 2010 

due to poor functional scores, 

chondro-protective capabilities and 

graft shrinkage at long-term follow up 

(Grassi et al., 2014) 

• Leroy et al. (2017) reported a high 

failure rate of ACTifit® in 3/13 cases 

within 6 years follow-up, meaning the 

FDA approval of the Actifit® implant 

remains ongoing  

• The Trammpolin® implant has been 

biomechanically compared to an 

intact, allograft and meniscectomy 

condition. The results indicated that 

the implant was significantly more 

mobile and produced higher mean 

contact pressures than the intact 

meniscus but was not significantly 

different from the allograft meniscus 

(Vrancken et al., 2016; Vrancken et 

al., 2017) 
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1.6 In-Vitro Biomechanical Assessment of Meniscal Injury and 

Interventions relating to Meniscal Extrusion 

Due to the heterogeneity of the meniscus tissue structure and the specialised 

mechanical environment of the knee joint; this review argues that biomechanical 

assessment of meniscus function in response to injury or intervention conditions can be 

aided using in-vitro whole-joint models. Cadaveric studies have allowed meniscal function 

to be better understood incrementally over the last 50 years (Mohamadi et al., 2021). This 

section discusses the current spectrum of in-vitro biomechanical research surrounding the 

meniscus and meniscal interventions. Specifically, this section focuses on the 

methodologies and outcome measures used in in-vitro studies related to meniscal 

extrusion, evaluating key themes and gaps within the literature.  

 

1.6.1 Problems Associated with Clinical Studies and Animal Models of Meniscus 

Injury and Intervention 

Expensive, lengthy, and sometimes inconclusive in-vivo animal models can be 

reduced with the use of more effective in-vitro biomechanical methods. A key objective of 

meniscus substitutes is to have biomechanical properties close to those of the native 

tissue and produce similar loading patterns and kinematics as the healthy knee joint.  

 

1.6.1.1 Clinical Outcomes  

Retrospective clinical studies form a large amount of the literature focusing on 

meniscal interventions. These studies are suitable to describe relationships and 

differences using large cohorts of patients which meet the inclusion criteria set. Some 

studies use statistical methods such as multiple regression analyses to assess the 

importance of factors such as gender, age and BMI on the dependent variables to support 

their findings. However, factors such as patient activity level before and after injury, or the 

quality of the meniscal tissue prior to injury are impossible to control. In addition, the 

concept of pain as an outcome measure is subjective using visual analogue scales, as well 

as assessing function via questionnaires. Therefore, the cause-effect relationship cannot 

be determined by such research methods.  
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1.6.1.2 Animal models  

In-vivo animal studies are advantageous as it is possible to assess the 

regenerative capacity and immune response of meniscal interventions. Animal models 

which have previously been used include sheep, pigs, rabbits, cows, goats, and dogs. 

However, no single model has been chosen as the most appropriate for human meniscal 

research (Deponti et al., 2015). The dog model was predominantly used in meniscal 

studies of the late 20th century, as dogs could be trained to comply with surgery and post-

operative protocols. Understandably, the use of dogs has stopped due to the rise of 

animal rights groups and ethical considerations (Arnoczky et al., 2010). The sheep and pig 

model are now more readily used due to their higher economical availability and use in the 

food industry. It has been found that the adult sheep and pig meniscus has similar levels of 

vascularisation to the adult human meniscus, which may suggest similar pathways of 

regeneration (Deponti et al., 2015). However, the cost and ethical concerns of 

undertaking live animal trials remain high and are continually increasing. In addition, there 

are significant gait differences between animals and humans, making conclusions elusive 

in relation to biomechanics and intervention longevity in the knee and the menisci. The 

focus of present and future research should be on applying more effective in-vitro 

methodology, therefore, reducing the need for in-vivo animal research.  

 

Anatomical Differences between the Porcine and Human Knee for in-vitro Research 

Porcine tissue is cost effective and readily available from the food industry. 

Breeding programs also reduce tissue variation, making it a standard animal model to use 

for in-vitro method development (Liu et al., 2015; Bowland et al., 2018; Ozeki et al., 2020; 

Hirose et al., 2022). However, prior to assessing human specimens, it is important to 

discuss anatomical and biomechanical differences between these species’ knees, to 

identify limitations and possible difficulties with method transfer. 

The human and porcine knees have similar connective tissue organisation. The 

porcine knee has cruciate ligaments, collateral ligaments, articular cartilage and menisci, 

making it a suitable species for in-vitro assessment. Upon gross examination, the human 

knee femoral condyles are shaped differently to the porcine condyles (Figure 1.17). The 

menisci of mammalian species retain the semilunar shape, however, there are some 

morphological differences. In an anatomical study, the majority of mean porcine menisci 

measurements were significantly thicker than mean human menisci measurements, 

however, the weight and volume of the medial menisci were statistically similar. These 

results are summarised in Figure 1.17. Gross examination indicated the porcine menisci 

were stiffer than the human menisci and during the dissection process, there was a tighter 

capsular attachment of the porcine medial meniscus than in the human knee. This 
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suggests porcine menisci are likely to be less mobile compared to human menisci, 

however, interspecies anatomical differences in capsular stability have not been 

extensively studied. Additionally, the porcine meniscal roots insert in different locations to 

human meniscal roots. Notably, the porcine lateral meniscus posterior root firmly attaches 

to the lateral-posterior aspect of the medial femoral condyle, whereas in the human knee, 

this root attaches to the posterior intercondylar fossa (Takroni et al., 2016).  

These differences are brought on by several factors, but the overriding factor is the 

differences in bipedal and quadrupedal gait between the two species causing differences 

in loading patterns and mechanotransduction on the tissues. Unlike human knees, the 

knee joints of pigs are in a constant state of flexion, approximately 24 equates to full 

extension at heel strike (Thorup, 2007). Therefore, biomechanical loading profiles need to 

be altered to adhere to the porcine limits in motion.  

 

 

Figure 1.17.  Anatomical differences between the human and porcine knee and menisci 

(measurements in mm) (Takroni et al., 2016, p.6). 
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1.6.2 Biomechanical Whole-Joint Experimental Models  

 Whole-joint experimental studies over the last 25 years assessing meniscus 

injuries (body tears, root tears, meniscotibal injury) and interventions (meniscectomy, 

MAT, transtibial tunnel root repair, suture anchor repair / centralisation and total meniscus 

replacement) relating to meniscus extrusion were gathered (see section 1.5). A table 

summarising these studies can be found in Appendix A. The first aspect to highlight from 

this table are the low sample sizes (n = 5 – 11, mean: 8). Most biomechanical studies have 

low power and high variability due to the difficulty of sourcing, assessing and storing 

cadaveric tissue. This aspect alone generates difficulty in drawing reliable conclusions 

about meniscus biomechanics in general. The following sections evaluate the outcome 

measures, loading regimes and capsular constraint from these studies.  

 

1.6.2.1 Loading and Motion Regimes  

Static and dynamic analyses can be classified according to the force, motion, 

material, and deformation. The definition of these terms can be confusing throughout the 

literature, however, to this review’s understanding, testing protocol within meniscus 

biomechanical research can include static load, static motion, quasi-static load, quasi-

static motion, dynamic load, and dynamic motion. Table 1.3 summarises these terms in 

association with the reviewed studies.  

 

Static and Quasi-static Load and/or Motion 

As shown in Table 1.3, the majority of biomechanical studies incorporate static or 

quasi-static loading regimes, typically applying maximum loads of 1000 N or 1800 N for 

cadaveric specimens. The 1800 N value is used regularly, as this has been described as 

2.5 times the BW of a 70 Kg man (Paletta et al., 1997; Marzo and Gurske-DePerio, 2009; 

Hein et al., 2011; Walczak et al., 2021). Others have used lower loads, most likely to 

protect the cadaveric knee joints from fracture (Allaire et al., 2008; Kim et al., 2013; 

Daney et al., 2019; Debieux et al., 2021).  

During these experiments, load is usually applied over a given time (eg: 75 N per 

second) to a set maximum load (eg: 1800 N). The rate of load application, as well as the 

maximum load and tibial motion conditions vary across the literature. In most cases, 

biomechanical studies apply this type of loading regime with either fixed or unconstrained 

axes of tibial motion for a series of static flexion angles. This review defines quasi-static 

motion as non-driven unconstrained motions which occur during axial knee loading 

experiments. Experimental testing in this way can be beneficial as loads and motions are 

isolated and simplified, therefore, a better understanding of tissue effects can be evaluated 
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in relation to a reduced and controlled number of variables. In addition, contact pressure 

and meniscal position measurements are usually easier to implement during static tests. 

However, these experimental models do not apply the correct sliding and rolling actions or 

shear and rotational forces experienced by the cartilage and the menisci during 

physiological knee biomechanics. 

 

Table 1.3. Defining load and motion conditions in biomechanical models of meniscus 

experimental research.  

 Load Motion Studies Max load 

Static 

Ramped 

increase to a 

set maximum 

Fixed  

Marzo and Gurske 

DePerio, 2009 
1800 N 

Ozeki et al. 2019 200 N Porcine 

Debieux et al. 2021 1000 N 

Hirose et al. 2022 300 N Porcine 

Quasi-

Static 

Ramped 

increase to a 

set maximum 

Uncon -

strained /  

free tibial  

axes 

Paletta et al. 1997 1800 N 

Allaire et al. 2008 1000 N  

Hein et al. 2011 1800 N 

Kim et al. 2013 300 N 

Daney et al. 2019 1000 N 

Walczak et al. 2021 1800 N 

Dynamic 

Variable load 

applied over a 

given time 

Driven 

movement 

of 1+ 

degrees 

of 

freedom 

Brophy et al. 2010 300 N Ovine 

Bedi et al. 2012 2280 N 

Schillhammer et al. 2012 ~1000 N 

Vrancken et al. 2014 and 

2016 
1000 N 

Brial et al. 2019 2280 N 

 

Dynamic Load and Motion 

Dynamic load refers to the application of a variable axial force overtime and 

dynamic motion refers to a continuous application of motion from one or more degrees of 

freedom during a test. There have been a handful of meniscal studies which have included 

a continuous range of dynamic motion of one or more degrees of freedom and /or used a 

dynamic load. As discussed in section 1.4, the meniscus has simultaneous functionality, 

including dual mechanical functions of load transmission and stability. It is better to assess 

meniscus function in a mechanical environment which satisfies these characteristics. 

Over the last decade, there has been an increasing amount of study assessing the 

biomechanics of meniscus injury and interventions during dynamic load and motion 
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regimes using various electro-mechanical (Brophy et al., 2010; Bedi et al., 2012; Liu et al., 

2020), servo-hydraulic (Sutton et al., 2010; Schillhammer et al., 2012) or robotic 

apparatus (Vrancken et al., 2014; Vrancken et al., 2016). Knee simulators are machines 

which allow the application of gait cycles to whole-knee joints, allowing the meniscus to 

perform under functional cyclic loading conditions similar to that in-vivo (Brophy et al., 

2010; Bedi et al., 2012; Schillhammer et al., 2012; Brial et al., 2019).  

International Standards Organisation (ISO) gait inputs for total knee replacement 

assessment (ISO-14243-3, 2014; Abdelgaied et al., 2022) have been applied to a handful 

of natural knee simulation studies and include driven control of the axial compression, 

flexion-extension, anterior-posterior and tibial rotation axes (Figure 1.18).  

 

 

     

Figure 1.18. ISO 14243-3: 2014 force-controlled simulated gait cycle inputs. (A) axial 

force (red line) and flexion-extension (blue dashed line) inputs. (B) anterior-posterior 

(AP) force (solid red line) and tibial rotation (TR) torque (blue dashed line) inputs 

(Reproduced with permission from: Abdelgaied et al., 2022, pp. 3 - 4 ). 

 

A 

B 



39 

 

 

 

The ISO standard force inputs were taken from previous quasi-static ground-

reaction studies which have been verified through data taken from instrumented knee 

prosthesis (B Morrison, 1970; D Lima et al., 2005). The displacement inputs were derived 

from previous in-vivo gait analysis data from patients with a semi-constrained TKR 

(Johnson et al., 2000).   

 Brophy et al. (2010) evaluated differences in contact mechanics (see section 

1.6.2.2) between the intact knee, a lateral meniscus partial meniscectomy and an 

ACTifit® polyurethane meniscus scaffold in an ovine knee model using simulated ISO gait 

inputs, however, scaled down to the estimated walking kinetics of a sheep. Findings 

showed no significant differences were found between the peak contact pressures of 

intact (2.2 MPa) and implant (3.0 MPa) conditions. However, the mean contact area of the 

implant was significantly lower than the intact. The partial meniscectomy condition 

significantly increased peak contact pressures (3.9 MPa) and reduced mean contact area 

in the lateral compartment from the intact and implant condition. However, the results only 

described the mean and peak contact pressures and contact areas experienced in the 

lateral compartment, averaged over 10 cycles. The implant could have behaved differently 

at points throughout the simulated gait cycle. 

Schillhammer et al. (2012) assessed human cadaveric samples using a force-

control knee simulator. However, only 33% of the ISO gait force and torque inputs were 

used to protect the knee specimens and the contact pressure sensors during the 

experiment. Contact mechanics and tibial rotation position outputs were evaluated and 

compared between three conditions (intact, lateral meniscus posterior root tear, tibial 

tunnel repair) throughout the gait cycle. To illustrate how the lateral compartment contact 

pressures behaved during a dynamic load, the peak contact pressures were calculated for 

each time point during the simulated gait profile and averaged across the eight cadaveric 

knees. The torn (detached) condition significantly increased peak contact pressures 

during stance phase compared with the intact condition (Figure 1.19). The largest 

difference occurred at mid stance where peak pressures increased from ~2.8 MPa to ~4.2 

MPa (49% increase), from intact to torn, respectively. The repair condition subsequently 

reduced the peak contact pressures to values not significantly different from the intact 

condition. No differences in tibial rotation were found, however, the scaled-down loads 

may have been too small to create measurable differences in the kinematics between the 

conditions. Anterior-posterior tibial translations were also not measured as an output 

during this experiment, even though this parameter is a good indicator of function as the 

menisci are believed to offer stabilising effects in the absence of the cruciate ligaments 

(Shoemaker and Markolf, 1986). In addition, each knee performed five slow 20-second 

duration gait cycles, due to the capabilities of the simulator. The speed of the applied 

loads and motions may affect how the meniscus functions to stabilise and distribute load. 
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Applying a frequency more accustomed to the average human walking speed, would 

apply more physiological loading characteristics.  

 

 

Figure 1.19. Average peak contact pressures over an ISO simulated gait cycle at 33% 

load for the intact (black), lateral meniscus posterior root tear (blue) and tibial tunnel 

root repair (red) conditions (n = 8). (Reproduced with permission from: Schillhammer et 

al., 2012). 

 

The same knee simulator used during Brophy et al. (2010) ovine knee study was 

used to assess meniscus function in response to lateral meniscus injury and intervention in 

cadaveric knee joint samples at higher axial loads of 2280 N, were based on the inputs 

from the ISO standard (Figure 1.18 previously) but capped at the 2.3 kN maximum axial 

load of the specific simulator (Bedi et al., 2012; Brial et al., 2019). 

Bedi et al. (2012) assessed the effect of lateral radial tears in order of increasing 

severity (intact, 30%, 60%, 90% radial cut) followed by a suture repair and a partial 

meniscectomy procedure. Contact pressures and contact areas were extracted from the 

two highest axial load peaks during mid stance of the gait cycle (14%: 2280 N, 15° flexion; 

45%: 2130 N, 8° flexion). The knees were simulated for 20 gait cycles at 0.5 Hz and 

contact pressure/area means were calculated from the last 8 cycles. Peak contact 

pressures were significantly higher for most severe (90%) radial tear compared to intact, 

30% tear and 60% tear conditions at 45% of gait the cycle.  Results for the suture repair 

and partial meniscectomy were not significantly different from the 90% tear condition and 

did not restore meniscal function to intact levels. The researchers also segmented the 

sensor maps into quadrants to identify the spatial differences in contact pressures. The 

90% radial tear in the posterior-peripheral quadrant showed the most significant 
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increases. However, it is unclear how the researchers controlled the sensor positioning 

between samples, which could have the distribution analysis. Similarly, Brial et al. (2019) 

used the same simulator, driven ISO inputs and contact mechanics methodology as Bedi 

et al. (2012) to assess fixation methods (bone-plug or suture) of a lateral meniscus MAT. 

The researchers found that both MAT fixation methods reduced peak contact stress at 

14% and 45% of the gait cycle closer to that of the intact condition versus a total 

meniscectomy condition.  

Soft-tissue constraint is frequently mimicked using compressive springs during 

knee simulation. Bedi et al. (2012) and Brial et al. (2019) described above used 14.5 

N/mm springs to mimic soft tissue constraint. This spring constraint was defined based on 

the findings of van Houtem et al. (2006) whom assessed hard (33.8 N/mm) (ACL and PCL 

intact) and soft (7.24 N/mm) (ACL and PCL cut) springs on the anterior-posterior 

displacement output in simulated cadaveric knees. These values were taken from TKR 

wear assessment literature. The conclusion was an intermediate spring constraint maybe 

more appropriate to simulate intact anterior-posterior soft tissue constraint, hence 14.5 

N/mm.  

Furthermore, the work of Liu and colleagues has shown that non-linear spring 

parameters (spring forces and free lengths) applied to the anterior-posterior and tibial 

rotation axes can influence the kinematic (anterior-posterior displacement, internal-

external rotation angle) and tribological (anterior -posterior shear force) outputs in both a 

porcine natural knee simulation model and more recently a human model using the Leeds 

single station knee simulator (see section 2.3) (Liu et al., 2015; Liu et al., 2019; Liu et al., 

2020). Liu et al. (2020) applied the ISO gait inputs at full load and motion parameters with 

a modified two-peak axial force. This study showed the large variability which occurs in the 

output anterior-posterior displacement and tibial rotation angle between each intact 

human knee sample (with natural soft-tissue ligamentous control). In addition, with the 

incremental and systematic application of varying spring forces and free lengths (non-

linear region) when the soft-tissues were resected, it was found that not one spring 

constraint for the anterior-posterior displacement and tibial rotation was consistent 

between human knee specimens and each were unique to each knee specimen.  

 

1.6.2.2 Quantitative Outcome Measures: Contact Mechanics 

The outputs measured in experimental meniscal studies are usually mean or peak 

contact areas and contact pressures; using pressure sensitive films and sensors (Figure 

1.20) (Allaire et al., 2008; Brophy et al., 2010; Schillhammer et al., 2012; Kim et al., 2013; 

Walker et al., 2015; Ozeki et al., 2020). A handful of similar studies arose around 10 -15 

years ago, assessing the biomechanical effects of medial meniscus root tears on knee 
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contact mechanics, however, there has not been much progression since. These 

conditions included an intact state, a simulated root tear and a root repair method. Some 

also included a meniscectomy condition as a positive control.  

 

 

Figure 1.20. (A) Tekscan K-scan 4011 contact pressure sensors for biomechanical 

knee joints. (B) Image of the Tekscan sensors being used for cadaveric assessment.  

 

 Allaire et al. (2008) examined contact pressures and kinematics in 6 cadaveric 

knees with a scalpel cut tear 5 mm away from the attachment insertion of the medial 

posterior horn. A static load of 1000 N was applied at 0º, 30º, 60º and 90º flexion and 

small incisions into the joint capsule allowed the insertion of Fuji Prescale Film sensors 

(Fujifilm, NY, USA) under the medial meniscus and on top of the tibial cartilage. These 

sensors imprint the area of contact between two surfaces and estimate pressure using a 

colour intensity scale. Mean contact pressure significantly increased in the medial 

compartment by 25.4% across all flexion angles in the presence of a root tear when 

compared to the intact condition. These figures were not significantly different to mean 

contact pressures recorded for total meniscectomy (38% increase from intact). Similarly, 

Marzo and Gurske-DePerio (2009) found a 24.4% increase in mean contact pressure 

when the knee was loaded in the presence of a medial meniscus root avulsion. However, 

unlike Allaire et al. (2008), this study applied a higher axial force of 1800N, which roughly 

equates to 2.5 times BW of a 70kg man and is a commonly used maximum load in quasi-

static biomechanical meniscus research. In addition, the knee was kept in full extension 

and piezo-electric pressure sensitive Tekscan sensors (Figure 1.20) were used to assess 

the contact mechanics. Interestingly, despite the higher axial load, the results were ~2 

MPa lower than the 0º flexion results of Allaire et al. (2008). This could be reflected by the 

different measuring equipment as Tekscan may underestimate values as the electronically 

equipped sensors are less conformable over uneven surfaces. The Fuji Prescale films are 

B A 
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more conforming to the condyles and tibial plateau, but pressure maps cannot be viewed 

in real-time as with Tekscan sensors.  

Following on from this, Kim et al. (2013) conducted a similar study with a novel 

electronic pressure sensor system (Pliance X, Munich, Germany), which was typically 

used to assess foot plantar pressures for diabetic foot ulcer research. The justification was 

that this sensors system allowed better conformity of the pressure film over the tibial 

surface than Tekscan sensors. In addition, an additional MAT condition and MCL release 

condition were implemented to understand the effects of these procedures compared to 

the intact, root repair and meniscectomy conditions. The MCL release is a surgical 

technique sometimes conducted during MAT to improve joint space access, however, the 

biomechanical effects are not well understood. Due to the conformable sensors, the 

compressive load had to be limited to 300N in this study. This load was applied to a rig 

which allowed unconstrained tibial motion and a femoral part which aligned the knees at 

0º, 30º, 60º and 90º flexion. Findings showed a root tear significantly increased the mean 

contact pressures from the intact condition. The root repair and MAT surgery both 

reduced the contact pressures but not back to the previous intact values. In addition, 

there was no significant effect of MCL-release reported. However, considerable variation 

is apparent in the standard deviations reported which could be due to sample variation or 

the added film conformity causing a more uneven pressure map. In this case, reporting the 

mean pressures may not have been the most descriptive analysis. In addition, the use of a 

300N load is low and not physiological for cadaveric specimens.   

It is important to note the levels of soft tissue constraint also differ between all 

three of these studies. In addition, to measure contact mechanics, several steps must take 

place to insert and protect the equipment, which potentially reduces the clinical and 

physiological relevance of the experiment. For example, Marzo and Gurske-DePerio 

(2009) excised the coronary meniscal ligaments, to aid the conformity of the Tekscan 

sensors. Kim et al. (2013) and Allaire et al. (2008) retained as much of the capsule as 

possible when testing the intact condition, but it is unclear whether certain structures were 

excised or retained in the subsequent surgeries. Furthermore, Kim et al. (2013) tested six 

serial knee conditions, which arise questions regarding the quality and integrity of the 

tissues during the subsequent tests. These aspects could have affected how far the 

medial meniscus displaced, and therefore the contact area (Debieux et al., 2021), 

however, meniscal displacements in these studies were not quantified despite there being 

strong clinical associations with root tears and meniscus extrusion (see section 1.5.3). 

On the other hand, measuring contact mechanics is important because higher 

pressure values suggest damage to cartilage and OA risk. In addition, as discussed in the 

previous section, dynamic contact mechanics have been measured during knee 

simulation studies applying dynamic load and motion regimes (Brophy et al., 2010; Bedi et 
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al., 2012; Schillhammer et al., 2012; Brial et al., 2019), however, there is discrepancy as 

to how durable and repeatable pressure readings are in the presence of shear forces 

(Wilharm et al., 2013). 

Further work could focus on predicting the longevity of meniscal interventions in 

the knee joint by regionally dividing pressures across the meniscus, rather than reporting 

means. Thus, gaining a better understanding how the meniscus, or intervention, moves in 

relation to the loading and how this effects the contact mechanics. Walker et al. (2015) 

investigated the basic load transmitting and stabilising functions of the medial meniscus by 

regionally defining the Tekscan sensor area into anterior, posterior and middle sections as 

well as using a dynamic continuous range of flexion-extension motion. The loading 

apparatus applied a 500 N load and a mathematical method was used to estimate the 

effect of 100 N of anterior or posterior shear force whilst the knees were manually moved 

through -5 to 135 flexion. The load carried by the meniscus remained the same 

throughout flexion, however, the load distributions differed. After 30, the posterior region 

had an increased stabilising effect when posterior shear was applied as over 50% of the 

load was taken on by this region. The anterior region took on about 35% of this load at 

lower flexion angles < 30, and when anterior shear force applied this was higher during 

extension (-5 - 0) but again the posterior region dominated with increasing flexion angle. 

However, the 10 specimens were of older age (range: 55 - 91 years), which meant that 

some samples were not able to be tested at the extremes of motion due to tissue integrity, 

therefore, reducing the sample size for analysis at these flexion angles. The tibial cartilage 

covered by the meniscus experiences less damage than the uncovered cartilage during 

the progression of OA; the researchers concluded that this could be mechanically due to 

the sliding motion this area takes on. This study shows that the sliding as well as the 

loading component upon cartilage is important to consider in experimental investigation; 

something which can be modelled with dynamic biomechanical assessment. 

 

 

1.6.2.3 Quantitative Outcome Measures: Meniscus Displacement / Position 

Contact mechanics are usually reported in biomechanical studies, however, the 

measurement of changes in meniscus displacement or position remains underrepresented 

in comparison. However, the use of this outcome measure has increased in experimental 

literature over the last 5 years. This is possibly due to the increasing clinical awareness of 

meniscus extrusion and its association with OA (see section 1.5). 

Meniscus displacement defines a linear change in position of the meniscus in any 

measured direction (typically anterior-posterior and medial-lateral directions) and usually 
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with reference to points on the tibial plateau. Meniscus displacement contains both the 

deformation and the movement of the tissue in response to load facilitated by the 

microstructure of the meniscal tissue and the action of the root attachments stretching 

and facilitating sliding with knee joint motion (see section 1.4.2). Recently, Debieux et al. 

(2021) biomechanically modelled the effect of meniscus displacement in the medial 

direction on the contract area and pressure of cadaveric samples through pulling the 

medial meniscus 1 mm, 2 mm, 3 mm, 4 mm and maximum outward (radially) from the 

medial margin of the tibial plateau. Modelling extrusion was achieved by passing sutures 

through the peripheral meniscus body and a traction device pulled the meniscus 

centrifugally. Medial meniscus extrusion was measured using a digital calliper from a fixed 

point on the tibia. A medial condyle osteotomy was performed to access the medial tibial 

plateau to measure the extrusion. The coronary ligaments (meniscotibial, meniscofemoral) 

were released to achieve the maximum extrusion of each sample. A suture repair method 

was also performed as the final condition, which reattached the meniscus to the stabilising 

structures. Samples were axial loaded to 1000N at 0°, 30°, 60° and 90° flexion angles to 

assess each extrusion condition on the contact mechanics; measured using Tekscan 

pressure sensors. The most significant findings were that contact area significantly 

reduced with increased medial meniscus extrusion > 4 mm at all flexion angles. Average 

maximum extrusion (with intact roots) for all specimens was 5.3 mm (range: 4.0 mm – 8.9 

mm). However, no significant differences and trends were found between mean or peak 

contact pressures with increasing meniscus extrusion. Despite fixation plate reattachment 

of the medial condyle after the osteotomy, which was performed to access the medial 

tibial plateau, it is possible this procedure may have destabilised the bone geometry and 

effected the joint load applied to the sensors. 

Various methods have been used to measure meniscus displacement in the 

literature, such as: radiographical (Bylski-Austrow et al., 1994; Vrancken et al., 2014; 

Paletta et al., 2020), probe methods (Hein et al., 2011; Walczak et al., 2021), coordinate 

measuring equipment (Daney et al., 2019) and motion capture (Hirose et al., 2022) 

(Figure 1.21). 
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Figure 1.21. Meniscus displacement measurement techniques. (A) Radiographical X-

ray methods such as roentgen stereo-grammatic analysis (RSA) (Reproduced with 

permission from: Tienen et al., 2005, p. 289). (B) Ultrasound methods. (C) Probe 

methods such as using linear variable displacement transformers (LVDTs) (Reproduced 

with permission from: Hein et al., 2011, p. 190). (D) Motion capture using optical 

cameras and retro-reflective markers. 

 

Radiographical methods can be accurate in locating the position of metal markers 

inserted into or attached onto the menisci of cadaveric samples, however, due to the 

surrounding equipment, continuous dynamic motion is usually limited. Bylski-Austrow et al. 

(1994) used this technique to assess the displacements of the medial and lateral menisci 

in response to tibial rotation and translation under 1000 N axial compression and at 0, 

15 and 30 static flexion angles. Lead markers were adhered to the superior surfaces of 

the menisci; however, the exact positioning of these markers was not stated, nor whether 

the positioning was controlled in between samples. X-rays were taken in the transverse 

plane whilst 11 different loading conditions were performed on each knee. Displacements 

were measured from the reference load case radiographs, which comprised of 1000 N 

axial compression and unconstrained tibial axes. Generally, the lateral meniscus moved 

posteriorly with internal tibial rotation and anteriorly with external tibial rotation; the inverse 

was reported for medial meniscus. Anterior translation of the tibia generated posterior 
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movement of the menisci and posterior translation of the tibia generated anterior 

movement of the menisci. The effect of flexion angles 0, 15 and 30 did not have a 

profound effect on meniscal position, nor did the effect of increased axial compression 

from 250 N to 1000 N. It was likely that most of the radial displacement occurs from 0 – 

250 N compressive load, but this was not measured as, all displacements were measured 

from the reference X-ray and not from a zero position. The researchers concluded that 

due to the redistribution of water molecules, the stiffness of the tissue increases as axial 

compression increases; thus, the rate of radial expansion reduces as increasing load is 

applied. These early analyses highlight the importance of characterising the meniscus as a 

dual functioning tissue by measuring meniscus tissue displacement in response to load. 

Progressing from the work of Bylski-Austrow et al. (1994), roentgen stereo-

grammatic analysis (RSA) has been used to radiographically measure changes in 

meniscal displacement in cadaveric samples. RSA has been previously used to measure 

in-vivo implant migration or micro motion in the initial stages of prosthesis clinical trials 

(Selvik, 1989). This method uses x-ray photographs taken at different angles to measure 

the positions of tantalum beads inserted into the body of the meniscus in cadaveric knee 

joints (Figure 1.21 A). Assuming the beads move in response to the meniscus 

displacement, researchers have verified this method to be highly accurate (Tienen et al., 

2005; Vrancken et al., 2014; Vrancken et al., 2016). Tienen et al. (2005) were the first to 

apply this to the meniscus and found similar results to those reported in an in-vivo MRI 

study assessing unloaded and loaded meniscus kinematics during 90° squatting (Vedi et 

al., 1999) (see section 1.4.2.2).   

More recently, Vrancken et al. (2016) applied RSA to assess the kinematics of a 

polyurethane total meniscal replacement compared with an intact, MAT and 

meniscectomy condition during a simulated squat scaled to 1000 N maximum load. 

Findings indicated a significant increase in posterior translation of the implant and allograft 

condition when compared with the intact condition. Generally, the implant and allograft 

conditions were more mobile than the intact condition but not significantly different from 

one another; therefore, the researchers concluded that the implant could not restore the 

native meniscal function as increased meniscal mobility alludes to increases in abnormal 

cartilage loading and knee laxity. These factors were reported in the contact mechanics 

and knee laxity test results of this study. It should be noted however, that there were 

differences in the attachment methods between the implant and allograft conditions which 

could have affected the results. Additional fixation sutures were used to attach the 

allograft to the capsule; however, this was not performed for the implant, in line with the 

implants surgical protocol. Nevertheless, the implant tested in this study underwent further 

product development and is currently in clinical trials; potentially offering an effective 

alternative solution to MAT. This is an example of how measuring meniscal displacement 
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can be beneficial in prediction of intervention longevity. Moreover, ultrasound is a cheaper 

radiographical alternative to RSA or MRI (Figure 1.21 B), and has been used in a recent 

cadaveric study assessing meniscus extrusion and the repair of the meniscotibial ligament 

using suture anchors (Paletta et al., 2020). Lesions of the meniscotibial ligament and MCL 

attachments to the medial meniscus were made arthroscopically and the knee specimens 

underwent 100 flexion-extension cycles using a novel pulley system in an E10000 Instron 

before ultrasound images were taken at full extension with a 10 Nm varus load. This study 

found the meniscotibial ligament lesion significantly increased meniscus extrusion from 1.5 

mm (intact) to 3.4 mm (damaged) (55.8%). The repair procedure reduced the meniscus 

extrusion from the damaged condition by 35.8 %, however, remained significantly different 

than the baseline means.  

 In contrast to radiographical methods, flexible tipped probes have been previously 

used to measure changes in radial meniscal displacement during axial load of natural knee 

joints (Ikeuchi et al., 1998; Hein et al., 2011; Walczak et al., 2021). Ikeuchi et al. (1998) 

developed a novel flexible needle device which was able to measure radial displacement 

of the porcine meniscus within 10 m of the operating range of +/- 3 mm during axial 

loading. Later, Hein et al. (2011), measured the change in position of the anterior, 

posterior and middle regions of the medial meniscus whilst simulating a medial meniscus 

posterior horn complete rupture. An 1800 N maximum load was applied to seven human 

knees position at full extension. Three linear variable differential transformers (LVDTs) 

(Figure 1.21 C) were placed around the medial meniscus to measure meniscal 

displacement. The results showed the medially positioned LVDT showed a significant 

increase in mean displacement from the intact (1.67 mm) to the avulsed condition (3.28 

mm). Displacements recorded by the anterior and posterior LVDTs were lower but not 

significant between the avulsed and intact state. These results were in agreement with 

previous MRI studies of healthy patients and those with meniscal extrusion (Boxheimer et 

al., 2004; Lee et al., 2014).  

Probe methods, such as LVDTs, have a high precision, can be calibrated easily, 

and do not require beads or markers to be inserted into the meniscus. However, the soft 

deformable meniscus pushing against the probe tip may have underestimated the 

displacement. A certain amount of force is required to push the probe to record 

displacements; if the meniscus deforms around the probe, there would be a lag in initial 

meniscal displacement compared to the displacement the probe records. Although probe 

methods are precise, the loading regime and applied motions are usually slow and 

controlled to maintain probe contact with the meniscus body and obtain measurements. 

Applying dynamic loads and motions at physiological walking frequencies may damage 

the probe tips. 
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Studies assessing meniscal displacement in the presence of root tears and 

meniscal extrusion are relatively limited but have increased in recent years. Ozeki et al. 

(2020) examined the effect of the lateral meniscus suture anchor centralisation procedure 

(see section 1.5.4) in a porcine experimental model. This procedure reduces meniscal 

extrusion after a root tear by attaching the protruding peripheral edge of the meniscus to 

the tibia, preventing the meniscus displacing radially. The simplistic loading regime 

incorporated a 200N axial load at a 45 angle, whilst simulating three conditions: intact, 

extrusion (1 cm radial root cut) and suture anchor repair (centralisation). Extrusion was 

measured using 3 mm diameter markers placed on the PCL and the peripheral edge of 

the lateral meniscus. The distance in between these markers was measured for each 

condition and the means were reported (Intact: 18.1 mm. Extrusion: 21.9 mm. 

Centralisation: 15.3 mm), contact mechanics using Tekscan sensors were also measured. 

The researchers confirmed the creation of an extrusion model as there was a significant 

difference between the intact and the extrusion condition. However, the researchers did 

not consider the kinematic capabilities of the pig stifle joint, as a 45 flexion angle would be 

too large (Thorup, 2007). In addition, measuring the distance from the PCL does not relate 

to the clinical method, which is measured from the line of the tibial plateau, however, this 

did allow more space for the pressure film to be inserted. Furthermore, the technique used 

to measure this distance was not described. Arguably, the primary aim of this study was to 

report the differences contact mechanics between each condition and the measure of 

extrusion was more supportive to denote the effectiveness of the centralisation procedure. 

Interestingly, the centralisation seemed to have a tightening effect on the meniscus, this in 

turn could cause areas of operated tissue to struggle to withstand higher tensile stress 

than usual (Ozeki et al., 2020).  

Other more recent studies include the use of expensive but precise three 

dimensional (3D) coordinate measurement and motion capture equipment (Daney et al., 

2019; Hirose et al., 2022) (Figure 1.21 D). Hirose et al. (2022) assessed changes in the 

distance between anterior and posterior markers adhered to the peripheral body of the 

porcine lateral meniscus with varying severities of radial meniscal body tears (Intact, 30%, 

60% and 90% width) using a commercial motion capture system (OptiTrack Inc, Oregon, 

USA) and a robotic arm system (FRS Robotics, Leuven, Belgium). The loading protocol 

incorporated three pre-conditioning 20° to 90° flexion-extension cycles with a 100 N 

constant load. The marker distance measurements were taken at 30° and 60° flexion 

angles with a higher load of 300 N applied. All tibial movement was fixed in this loading 

regime and at the time of meniscus displacement measurement, the experiment more so 

resembled a static loading regime. The most severe tear (90% of the lateral meniscus 

width) caused a significant increase in the measured distance between the meniscus body 

markers in the anteroposterior direction. This also coincided with a 62 % reduction in the 
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resultant force transmitted through the tibia measured using a force transducer. The 

increase in the distance between the markers near the tear site suggest abnormal tissue 

deformations and displacements due to the loss in continuity of the meniscus body in 

dissipating load. This study highlights that motion capture is possible at the tissue level 

and can give important insights into meniscus function. However, a maximum load of 300 

N was applied during this study, due to the limitations of the robotic arm system used.  

In summary, meniscus displacement has been measured using a variety of 

techniques, however, static or quasi-static loading regimes are usually applied, which do 

not consider the cyclic loading experienced by the meniscus in-vivo. This is true for all the 

discussed biomechanical studies measuring meniscus displacement in this section. To the 

authors knowledge, research involving measurement of meniscal displacement has yet to 

be performed under a physiological dynamic loading regime in-vitro. 

 

1.6.3 Knee Capsule Constraint in Whole-Joint Models  

The knee joint capsule, or fascia, is made up of an inner and outer network of 

fibrous membranous tissue and protective fat deposits surrounding the major structures of 

the knee, including the ligaments, patella, cartilage, menisci, and bursae (see section 

1.2.1). The primary function of the capsule is to provide joint stability and contain the 

synovial fluid to lubricate the articulating surfaces (Hamill et al., 2015). The knee capsule 

keeps moving structures in the correct position to aid motion and lubricate the joint. 

However, the effect of the knee capsule on meniscus biomechanics is not well 

understood.  

Within the literature, varying levels of capsular constraint are used during 

biomechanical meniscus assessment. The majority retain as much of the capsule as 

possible during the initial intact knee specimen, but further incisions are made in 

subsequent surgeries, and it is unclear how much of the capsule is retained by the final 

test condition. A handful of studies adopt the technique of cutting the insertion of the 

collateral ligaments and attaching a bolt to the insertion. This is so the LCL/MCL is 

detached to perform an intervention and then reattached for testing (Brophy et al., 2010; 

Schillhammer et al., 2012; Vrancken et al., 2016; Ozeki et al., 2020). The problem with 

this alteration is the uncertainty whether these ligaments are offering enough physiological 

constraint and whether this is affecting the results. 

Dissection of the capsule is frequently performed to access specific structures and 

perform interventions, however, in the case of meniscal extrusion, it is unclear whether 

tampering with the capsule in this way alters the meniscal kinematics. For example, Bylski-

Austrow et al. (1994) removed the LCL during their radiological study in order to insert 
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markers to measure meniscal position. Interestingly, the lateral meniscus was more mobile 

than the medial meniscus in all kinematic cases tested. Although similar findings have be 

reported previously (Thompson et al., 1991; Vedi et al., 1999). The effect of removing the 

LCL but retaining the MCL and connective fascia could have affected the results. Unlike 

the LCL, the MCL is interwoven with the outer edge of the medial meniscus and the 

capsule. Some research suggests that this could be the reason the medial meniscus is 

less mobile than the lateral meniscus, causing a higher occurrence of injury (Allen et al., 

1995; Fox et al., 2012). Kim et al. (2013) (described previously in section 1.6.2.2), the 

final condition assessed involved detaching the medial meniscus from the MCL after a 

MAT. No significant differences in contact mechanics were reported as compared to the 

MAT (with MCL attachment) condition. Similarly, Vrancken and colleagues used RSA to 

measure meniscal displacement in response to different capsular conditions. Three 

conditions were examined, the knee intact, the medial meniscus detached from the 

capsule and then re-sutured (centralised). Findings suggest that the medial meniscus 

detachment did not have any significant effects on the mobility of the meniscus (Vrancken 

et al., 2014). However, considerably older cadaveric specimens were used in this study (n 

= 6, age 75 to 90 years old) which could have affected the tissue integrity (Tsujii et al., 

2017). More recently, a biomechanical studies have shown that creating lesions in the 

meniscotibial ligament, attaching the medial meniscus to the capsule, significantly 

increases the amount of meniscal extrusion compared to the intact condition (Paletta et 

al., 2020; Ozeki et al., 2020). However, it is unknown whether analysing meniscal mobility 

is more sensitive to varying levels of capsular constraint when using a loading regime 

incorporating dynamic motion, rather than static and quasi-static motion.  

 

1.7 Conclusions 

Meniscal extrusion is a condition commonly associated with the onset of OA, this 

occurs when the meniscus adopts an abnormal position, moving radially outward from the 

joint space. Pathological meniscal extrusion is usually preceded by traumatic meniscal 

injury, such as a medial meniscus posterior root tear, or from underlying degeneration of 

the internal collagen network. This abnormal meniscal position accelerates cartilage 

degeneration by affecting the load distribution across the knee joint. Therefore, meniscal 

position or meniscal displacement is an important measure of function, however this 

metric is underrepresented pre-clinically and particularly in a functional setting, where 

physiological loads and motions of the whole knee joint are applied. Loads applied to the 

knee and its articulating tissues are rarely constant, therefore, modelling dynamic knee 

kinetics allows results to be obtained whilst the meniscus is mechanically responding to 

forces and motions like those experienced in-vivo. This improves pre-clinical studies of 
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new meniscal interventions in a functional setting, so engineers can better predict 

intervention longevity, or identify further avenues to redesign or develop. Developing a 

biomechanical assessment model of meniscus position in whole-knee joints experiencing 

dynamic physiological loads and motions with would be an effective way of addressing 

some of these issues. To this review’s knowledge, this has not been attempted before, 

highlighting the importance and novelty of this project. 

 

1.8 Project Rationale 

1.8.1 Aims and Objectives 

There were two key aims of this project:  

1. To develop a novel method to measure dynamic meniscus displacement in a 

human tibiofemoral joint undergoing a physiologically relevant simulated gait profile 

in a six degrees of freedom knee simulator. 

2. To develop a pre-clinical biomechanical model measuring meniscus displacement 

to assess the effects of meniscus extrusion and the efficacy of a meniscus 

intervention in comparison with a healthy and a damaged (root tear) condition.  

 

The overall objectives were:  

• To develop a measurement technique to measure dynamic displacement within 

the sample area of the knee simulator; 

• to further understand the reliability of the dynamic meniscus measurement method 

in response to known simulator inputs, building up to complex gait profiles; 

• to assess the feasibility of the experimental model on porcine tibiofemoral joints 

driven through a simulated gait cycle, whilst incorporating the meniscus 

displacement measurement system in response to soft tissue constraint levels and 

root tear severity; 

• to apply the experimental model and meniscus displacement measurement 

technique to human cadaveric tibiofemoral joints in response to soft tissue 

constraint levels and root tear severity; 

• to assess the efficacy of the experimental model in human tibiofemoral joints with 

an applied meniscus allograft transplant intervention.  
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Chapter 2  

Experimental Materials and Methods 

 

2.1 Materials  

 In accordance with the Human Tissue Act 2004 and laboratory regulations, all lab 

equipment was duplicated and split into two groups for use on animal (porcine) tissue or 

human cadaveric tissue. Materials associated with human tissue studies materials were 

clearly labelled with a brightly coloured permanent marker and stored in a separate room 

to materials associated with animal studies. 

 

2.1.1 Phosphate Buffered Saline (PBS) 

 Phosphate Buffered Saline (PBS) is a pH balanced isotonic solution which was 

used to maintain tissue hydration throughout all dissections and experiments. This 

included fridge and freezer storage, as the samples were wrapped in tissue paper and 

soaked in PBS to maintain tissue hydration as much as possible over the course of the 

experiment. The PBS solution was prepared by dissolving one tablet into 100ml of distilled 

water, according to the manufacturer’s instructions (MP Biomedicals LLC, UK).  

 

2.1.2 PMMA Bone Cement 

 Polymethymethacrylate (PMMA) bone cement purchased from WHW Plastics 

(Hull, UK) was used as a fixing material throughout this project. The femur and the tibia of 

each knee specimen were aligned and fixed with PMMA to the corresponding tibial and 

femoral pots, enabling the knee to be screwed into the knee simulator and tested. PMMA 

consisted of a cold cure polymer powder (methylmethacrylate and 2-ethylhexylacrylate) 

and a liquid monomer and was prepared according to the manufacturer’s instructions. The 

PMMA bone cement was always mixed and left to set in a fume cupboard.  
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2.1.3 Dissection Tools 

 The dissection tools used during this project included: scalpel handles, disposable 

scalpel blades (Swann-Morton, Sheffield, UK), forceps, chainmail glove, hacksaw, 

cordless hand drill (Bosch Ltd, Stuttgart, Germany), drill bit (3.5 mm and 4.1 mm) and 

fixation screws. Human tissue dissection was always carried out in a Class II Biological 

Safety Cabinet (Monmouth Scientific, UK). After use, all the dissection tools were cleaned 

with laboratory regulation disinfectant. 

 

2.1.4 Cementing Fixtures 

 The cementing fixtures and associated equipment were used to align and cement 

each knee specimen for simulation. These included the tibial pot, femoral pot, lower base 

component, upper fixture arm, tibial spike, locating pins, fixation screws, grub screws, cap 

screws and hex keys. After use, all the cementing fixtures were cleaned with laboratory 

regulation disinfectant. 

 

2.2 Methods  

2.2.1 Porcine Tissue 

2.2.1.1 Procurement 

 The right hind legs of skeletally immature (4 to 6 months) female pigs were 

procured from a local abattoir (John Penny & Company, Leeds, UK) within 24 hours of 

slaughter. The right hind legs were cut at the pelvis, near the hip joint, and all the skin and 

muscle on the leg, including the trotter were received intact (Figure 2.1A).  

 

2.2.1.2 Dissection 

 The dissection process of right porcine hind legs was based on previously 

documented methods (Liu et al., 2015; Liu et al., 2019). The complete porcine knee joint 

was harvested from the leg whilst keeping the knee capsule fully intact containing the 

patella, Hoffas pad, cruciate and collateral ligaments, menisci, synovial fluid and articular 

cartilage. To ensure the knee joint was kept in the in-situ alignment, a small window was 

cut deep into the lateral side of the leg and in the location of knee joint. Tissue was 

carefully cut back until the LCL was visible and tissue could be shaved around the LCL 

insertions to expose part of the lateral femoral condyle and the proximal tibia. A metal 
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brace was drilled and screwed onto the exposed areas of the femur and the tibia just 

anterior to the LCL and fitting to the contours of the joint (Figure 2.1B). This process was 

then repeated on the medial side of the knee, securing metal brace to the femoral condyle 

and the tibia just anterior to the MCL. All excess skin and muscle tissue in the thigh and 

calve region was excised and the femoral head was lifted out of the acetabular cup (Figure 

2.1C). The bones were shaved of excess muscle and fat tissue and the knee capsule was 

left intact. The tibia and fibula were sawed through roughly 10mm above the ankle joint 

(Figure 2.1D), and the femur was sawed just below the head and greater trochanter 

(Figure 2.1E). The harvested knee joint is displayed in Figure 2.1F. PBS spray was used 

frequently to hydrate the tissue. 

 

 

Figure 2.1. A-F. Porcine knee joint with capsule retained dissection process.  

 

2.2.1.3 Alignment and Cementing 

 Once dissected, the porcine knee joints were prepared for simulation by fixing the 

femur and the tibia in PMMA bone cement, and aligned in an anatomical position (Liu et 
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al., 2015; Liu et al., 2019). The centre of rotation (COR) points were determined for the 

medial and lateral femoral condyle. The COR locations were determined by identifying the 

anatomical landmarks of the MCL and LCL insertions on the knee sample. The CORs 

were located just distal to the insertions of the MCL and LCL on the corresponding femoral 

condyles (Figure 2.2). Map pins were used to mark the location and a small scalpel 

incision through the capsule to the insertion sites prevented the fascia from pulling and 

tearing whilst the COR holes were drilled. Once the locations were determined, the COR 

holes were drilled using a small 3.5 mm drill bit. The COR location method was adapted in 

this project from previously documented methods which involved using transparent 

templates to estimate the diameter, circumference and therefore centre point of each 

condyle (McCann et al., 2008; Liu et al., 2015). The reason for adapting the COR locating 

method was because the knee capsule was retained and therefore the condyles were not 

exposed to line up the condylar curvature with the COR templates. Once the CORs had 

been drilled, the offset of the cementing jig was shifted to ensure a higher percentage of 

the load travels down the medial compartment of the knee (McCann et al., 2008). ISO 

standards for TKR simulation recommended the medial offset should be set at 7% of the 

tibial plateau width (Liu et al., 2015). The tibial plateau width was measured using callipers 

and the offset was calculated. The dial was adjusted on the upper fixture arm from the 

zero position to this calculated offset in millimetres. The medial offset value for porcine 

knees ranged between 4.5 – 5.0 mm.  

 

 

Figure 2.2. Porcine knee joint centre of rotation (COR) positioning for the medial and 

lateral condyles (indicated by the red arrows in the images).  

  

Two delrin cementing pots were used to fix the femur and tibia in alignment and to 

allow attachment to the tibial base and flexion-extension arm of the simulator. The tibial 

and femoral pots were greased, and grub screws were screwed into the tapped holes to 
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be flush against the outer surface of the pot. The grub screws prevented the cement 

moving within the pot and allowed removal of the knee joint from the pots for storage 

and/or disposal after simulation.  

As illustrated in Figure 2.3, the fixture rig incorporated an upper fixture arm and a 

base component which replicated the sample area of the simulator. The tibial spike was 

attached to the upper fixture arm (with the medial offset applied), the knee sample was 

inverted, and the tibial bone marrow was pushed into the tibial spike. The femoral pot and 

all the cementing jig components were screwed together and the COR holes in the knee 

joint sample were aligned with the COR locating pins. The pig stifle joint falls in a natural 

state of flexion, therefore a flexion offset of ~24º flexion at heel strike was applied to the 

porcine knee samples. This flexion offset was estimated from a pig gait analysis study 

(Thorup, 2007). This offset was applied by tilting the upper arm and using the angle dial on 

the side of the fixture rig. The fixture rig was secured at the offset angle and PMMA bone 

cement was poured into the femoral pot, fixing the femur in alignment (Figure 2.3). 

 

 

Figure 2.3. Porcine femoral side alignment and cementing procedure. 

 

The tibia was potted relative to the femur; the upper fixture arm and tibial spike 

were removed, and the medial offset gauge was set back to 0 mm. The cemented femoral 

pot was unscrewed from the base component and attached to the upper fixture arm in 

place of the tibial spike. The tibial pot was attached to the lower platform and the fixture rig 
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was erected and secured again with the COR locating pins at the 0º angle. The PMMA 

cementing process was repeated for the tibial pot. 

 

2.2.2 Human Tissue 

2.2.2.1 Ethical Approval, Procurement and Storage  

 Ethical approval for use of cadaveric human knee specimens in this research 

project was granted by the National Health Service (NHS) Health Research Authority 

Ethics Committee (REC reference: 18/EM/0224. IRAS project ID: 239594) (Appendix B).  

 The human knee specimens were purchased from MedCure Limited (Oregon, US) 

as fresh-frozen whole joint specimens, clearly labelled with an anonymous donor 

identification code and details of gender, age and BMI. The human specimens were stored 

at -40°C in airtight bags in a securely locked and alarmed human tissue freezer. When 

required for imaging/testing, human specimens were moved from the freezer and 

defrosted at 2 °C to 5 °C for 72 hours in a designated human tissue fridge.  

 

2.2.2.2 Human Specimen Recording and Tracking  

 The donor identification codes, details and storage location of each human knee 

specimen were uploaded to a secure online tracking system (Achiever Solutions, 

Interactive Software Limited, Solihull, UK). At all stages of the experiment, the specimen 

storage location was recorded, including all excised tissue from the experiment. Air-tight 

fridge and freezer bags containing the human specimen and human specimen excised 

tissues were labelled with the donor identification code, specimen details (eg: patella), 

date and principal investigator to allow identification within the storage locations.  

 

2.2.2.3 Magnetic Resonance Imaging (MRI) 

 All human knee specimens underwent one thaw cycle to allow for Magnetic 

Resonance Imaging (MRI) (Siemens Magnetom Prisma (3T), Erlangen, Germany), prior to 

dissection. This was done by a colleague who was trained in radiography. The scans were 

analysed by the same colleague and the tibial width, epicondylar axis and condylar 

dimensions were measured to use as a guide during alignment and cementing. An 

imaging report for each specimen was circulated which detailed the quality of the bone, 

meniscus and cartilage prior to simulation. The criterion of consistent bone quality (i.e: no 

spaces indicating bone loss/low bone density) was deemed the most important due to the 
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high physiological loads (~ 3000 N) the knee would have to experience during knee 

simulation. An example of the MRI scans are displayed in Figure 2.4. 

 

Figure 2.4. Example MRI images to obtain distance measurements and scanning 

reports on the bone, meniscus and cartilage condition prior to testing. 

 

2.2.2.4 Dissection 

The human knee dissection procedure followed a method developed in previously 

published literature (Liu et al., 2020). All human cadaveric specimen preparation was 

carried out in a Class II Biological safety Cabinet (Monmouth Scientific, UK), using specific 

equipment and tools for human tissue use and appropriate personal protection equipment. 

The human specimens throughout this project were received as whole joints with part of 

the upper calf and the lower thigh included (Figure 2.5A). The human knee joint was 

dissected from the leg whilst keeping the knee capsule intact, containing muscular 

attachments, patella, ligaments, menisci, articular cartilage and synovial fluid.  

Avoiding the knee joint articulation area, the skin and fat around the femur and the 

tibia were removed first, exposing the thigh and calf muscles. The muscle was then 

removed in these areas to expose the femur, tibia and fibula bones (Figure 2.5B). It was 

important to retain as much muscle as possible around the knee joint articulation to retain 

the natural soft tissue constraint prior to the alignment and cementing procedure. The 

skin, fat and a small amount of muscle was removed from the posterior portion of the knee 

joint articulation area. Caution was taken around the medial head of the gastrocnemius 

muscle which was connected to the knee capsule and attached directly to the medial 

condyle. The lateral and medial condyles sit close to the skin; therefore, caution was taken 

in these areas to expose the LCL and MCL, without cutting the knee capsule. A thin layer 

of fibrous connective tissue usually covered the LCL and MCL (Figure 2.5C).  
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Figure 2.5. A-C. Human knee specimen dissection procedure. 

 

The femur, tibia and fibula were sawed to size, so the specimen was able to fit into 

the cementing jig. The cementing jig was constructed to estimate the cutting locations on 

the bones. Anti-rotation screws were drilled into the ends of the cut femur and tibia bones. 

These screws prevented movement of the bone within the PMMA cement during human 

knee simulation.  

 

2.2.2.5 Alignment and Cementing  

The alignment and cementing procedure for human knee specimens followed a 

similar process as previously described for porcine (section 2.2.1.3) and in Liu et al. 

(2020). Firstly, the medial and lateral centre of rotation (COR) positions were located. 

Previous literature suggests that the transepicondylar axis more closely reflects the true 

COR of the knee during flexion, and that this axis is usually located between the medial 

sulcus or furrow and the lateral prominence (Hollister et al., 1993; Churchill et al., 1998; 
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Yin et al., 2015). In this study, the COR holes for each condyle were located using these 

landmarks and were positioned just posterior to the bony prominences (epicondyles) of 

the MCL and LCL insertions (Figure 2.6A and B).  

 

 

 

Figure 2.6. Human knee joint centre of rotation (COR) approximation from the (A) 

medial and (B) lateral epicondyles. (C) Lining up the COR holes with the simulator 

centre of rotation axes in the transverse and frontal plane. 
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The epicondyles were palpated, and the femur was rotated to aid the COR location 

estimation. Due to the heterogeneity of human knee anatomy, in some cases the 

insertions of the MCL and LCL were difficult to locate through the capsule, or the 

epicondyle axis was at a large angle. It was important that the lateral and medial COR 

holes were approximately level in the frontal and transverse planes, to line up with the 

simulator COR flexion-extension axis (Figure 2.6C). Therefore, if in the case that the COR 

holes were not visually level, one COR hole may be moved within a 10 mm radius to 

prevent overly twisting or tilting the knee joint during alignment. Pins were inserted to mark 

the COR hole location before drilling. The limitations of the alignment and cementing 

methodology is explained in more detail in the final discussion section of this thesis (see 

section 7.5.2.5). The medial offset was applied in the same way as the porcine method by 

calculating 7% of the tibial width (mm) and adjusting the medial offset gauge on the upper 

fixture arm. Due to the larger human knee size, the medial offset was 5.5 – 6.0 mm. The 

tibia was pushed through the tibial spike and human cementing fixture was constructed so 

the COR pins lined up with the drilled COR holes on the specimen. The human knee joint 

is roughly 0° at full extension, therefore, no angular offset was applied to the upper fixture 

arm and a spirit level was used to ensure the alignment was at 0°. A clamp was used to 

pull the excess skin and muscle on the anterior portion of the knee away from the pot. 

PMMA bone cement was poured into the femoral pot and the femur was fixed in the 

alignment (Figure 2.7). After the cement had set, the cementing jig was deconstructed 

and the medial offset gauge on the upper arm was moved back to zero. The tibia was then 

cemented relative to the femoral alignment. 

 

 

Figure 2.7. Human knee specimen femoral side alignment and cementing procedure. 
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2.2.2.6 Post Experiment Handling of Human Knee Specimens  

 As described in section 2.2.2.2 each knee specimen and the associated excised 

tissue were recorded and stored appropriately throughout the experiment. After the 

experiment, the distal femur and the tibia plateau (including menisci) of the remaining knee 

specimen were stored at -40°C in the same freezer compartment as the excised tissue. 

The airtight freezer bags were clearly labelled with the donor identification code, specimen 

details (eg: femur), freezing date and the name of the principal investigator (grant holder). 

All parts of the assessed human specimens were available to use by trained colleagues to 

maximise the accessibility of human tissue for other research projects in the institute in 

accordance with the ethical approval obtained.  

 

2.3 Knee Simulation  

2.3.1 Single Station Knee Simulator 

 The Leeds Single Station Knee Simulator (Simulation Solutions, Stockport, UK) 

was used throughout this research project (Figure 2.8A). Based on total knee replacement 

wear simulators; this knee simulator had been adapted to simulate natural tissue to 

facilitate biomechanical and tribological research on early knee interventions (Liu et al., 

2015; Bowland et al., 2018; Liu et al., 2019; Liu et al., 2020).  

The knee simulator is electromechanically driven and able to cyclically simulate 

walking gait motion by driving two translation axes: compression-distraction (axial 

translation), anterior-posterior translation; and driving three rotation axes: flexion-

extension rotation, internal-external rotation and abduction-adduction rotation (Figure 2.8 

B, C and Figure 2.9). The natural knee joint moves about 6 degrees of freedom, however, 

the medial-lateral axis of the simulator was not able to be driven and therefore was fixed at 

zero. The simulator has the capability of driving these axes with displacement inputs 

(displacement-controlled) or force inputs (force controlled). Table 2.1 describes a 

breakdown of the motion axes parameters and limits used in this project. The axial force 

axis was always driven in force control. The flexion-extension and abduction-adduction 

axes were always driven in displacement control. In line with previous knee simulation 

work, the abduction-adduction axis was not driven and left to move freely (Liu et al., 2015; 

Liu et al., 2020). The anterior-posterior translation and tibial rotation axes could either be 

controlled with force or displacement inputs, depending on the research question. In this 

research project, both the anterior-posterior translation and tibial rotation were 

displacement controlled at predefined profile parameters to control more factors affecting 

meniscus displacement measurements (see section 2.3.2).  
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Figure 2.8. (A) Porcine knee sample set up in the Leeds single station knee simulator. 

(B) Sagittal plane and (C) frontal plane schematics of the rotation (blue arrows) and 

translation (red arrows) movement axes for a right knee sample in the knee simulator. 

The axial force is applied vertically to the femoral components of the knee sample. The 

force is applied perpendicular to the axis of centre of rotation of the flexion – extension 

arm whilst other parts of the machine drive tibial rotations (internal-external) and tibial 

translations (anterior-posterior). The abduction-adduction rotation axis was left 

unconstrained (free), and the medial-lateral translation axis was fixed at zero. 

A 
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Figure 2.9. Schematic showing the mechanical parts of the simulator facilitating 

movement of the rotation and translation movement axes during knee gait simulation.  

 

 

 

Table 2.1. Summary of the key mechanical motion axes’ sensor control information and 

limits. 

Axis of Motion and Polarity Control Mode Range  Accuracy 

Axial Force  Force 0 – 5kN ± 30N 

Flexion (+) / Extension (-) Angle Displacement ± 90º ± 0.03º 

Abduction (-) / Adduction (+) Angle Displacement ± 10º ± 0.03º 

Anterior (-) / Posterior (+) Translation Force or 

Displacement 

± 30mm ± 0.1mm 

Internal (+) / External (-) Rotation  Force or 

Displacement 

± 15º ± 0.09º 

Medial (+) / Lateral (-) Translation Not controlled 

(Fixed at zero) 

± 10mm N/A 
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Studies using force-controlled anterior-posterior translation and tibial rotation have 

the benefit of achieving kinematic output data, providing that suitable spring constraints 

were applied. The springs limit the motion of the axes produced by the applied force and 

may be in the form of natural collateral/cruciate ligaments of the tibiofemoral joint sample, 

programmed virtual springs of the simulator, or physical springs attached to the machinery 

(Bowland et al., 2018; Liu et al., 2019; Abdelgaied et al., 2022). 

The simulator contains a six-axis load cell within the tibial platform which gives the 

axial load output as well as a force or torque output for each translation or rotation axis, 

respectively. The simulator also has an additional shear force load cell to determine the AP 

shear force, which describes the force transmitted between the femoral to tibial 

components. To summarise, the force outputs were axial force, flexion-extension torque, 

tibial rotation torque, anterior-posterior force, anterior-posterior fiction (shear force) and 

abduction-adduction torque. 

The simulator was operated with a connected computer using the ProSim 

graphical user interface, which enabled the configuration and execution of cyclic gait 

profiles, driven at a specific frequency. The ProSim software used the numbers in the gait 

profile input file (text file) to drive the motors to move the axes of the simulator across 1 

cycle. This was the demand and repeats for a defined number of cycles. The simulators 

sensors fed-back the output displacement/force data to the computer as analog to digital 

converter (ADC) values. The ADC values were then converted by the computer using 

recent axis-specific calibration values to generate the digital output of load/displacement 

for each axis during operation. The output data was automatically saved as tab delimited 

text files during simulation. 

 

2.3.1.1 Calibration  

The sensors of the simulator can drift overtime due to factors such as mechanical 

vibrations and temperature changes. Therefore, to maintain measurement accuracy, the 

simulator was routinely calibrated by a trained Simulation Solutions engineer prior to each 

individual porcine and human study. To carry out the calibration, all the mechanical axes 

were enabled and the abduction-adduction component and anterior-posterior carriage 

were connected to their corresponding motors. An initial check was carried out to verify 

the zero readings using the centring jig; this jig ensured all the mechanical axes were in 

the zero position to check the positional readings of the sensors (Figure 2.10A). 

Calibration procedures were not required for the flexion-extension and tibial rotation 

positional axes as optical encoder sensors were built within the corresponding motors 

(Bowland, 2016). Rarely changes in the zero values for these axes would occur, however, 

if errors became present, the engineer would reprogram the coupling of the sensor with 
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the motor using code. The anterior-posterior translation and abduction-adduction axes 

were calibrated and verified using slip gauges and an inclinometer, respectively. The slip 

gauge calibration process for the anterior-posterior translation axis has been previously 

described in detail in Bowland. (2016). 

 

 

Figure 2.10. Simulator calibration images showing the set up of the (A) centring jig to 

zero all positional axes and (B) the axial force load calibration set up.  

 

Axial force calibration:  

Force axis calibration was achieved using an external calibrated USB load cell 

(5kN), plugged into the USB port of the connected computer. The axial force axis was the 

only force-controlled axis used during this project and this was calibrated using the 

mechanical set-up jig pictured in Figure 2.10B. The tibial base plate of the simulator was 

removed, and a steel cap was attached to protect the exposed simulator load cell. The 

simulator predominantly used during this project was equipped with an automatic load 

calibration procedure built into the software. Using the ProSim software, all the loads were 

tared, and connection was made with the external load cell. Ensuring the simulator was in 

calibration mode, the axial force axis was selected in the ‘auto load calibration’ dialog box, 

then ‘auto-run’ was selected to begin the automatic calibration process. The calibration 

process applied five demand loads of: 100N, 750N, 1500N, 2250N and 3000N and 

produces two calibration graphs, one graph comparing the demand load vs actual load 

and another graph comparing the sensor ADC values to real-world newton values with 

deviations corrected through calibration. The software calculated a set of calibration 

constants to account for the variation in actual vs demand load for the observer to either 

accept or re-run the calibration process.  
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2.3.2 Simulated Gait Profile  

 The Leeds high kinematics displacement-controlled gait profile with modified two-

peak axial force input was used to simulate walking motion throughout this project. This 

profile was used in previously published natural knee simulation studies (Liu et al., 2015; 

Liu et al., 2019). The kinematic inputs of the gait profile were based on the results from 

Lafortune et al. (1992) healthy participant bone-pin gait study. The gait profile was 

developed from wear simulation studies (Barnett et al., 2001; McEwen et al., 2005; 

Abdelgaied et al., 2022) and simulates a high magnitude (0-10 mm) of anterior tibial shift 

to replicate the posterior roll-back of the femur during flexion (Brockett et al., 2016).  

In previous literature, a three peak axial force input was used in knee simulation, 

based on the early findings of Morrison (1970) (Liu et al., 2015; Liu et al., 2019). However, 

more recent gait analysis and instrumented prosthesis studies show that the axial force 

profile commonly exhibits two-peaks (D Lima et al., 2005; Heinlein et al., 2009; Kutzner et 

al., 2010). This was modified in a recent study simulating human knee gait and was used 

throughout this project (Liu et al., 2020). The driven input axes of the porcine and human 

Leeds high kinematics gait profile (with the modified two-peak axial force) are presented 

for a right knee in Figure 2.11 on the next page.  

The flexion-extension rotation, anterior-posterior translation, and internal-external 

rotation were all driven in displacement control. The axial load was driven in force control. 

The gait profile used for porcine knee joints was scaled down from the human gait profile 

for each driven axes using parameters based on a 70kg pig (Liu et al., 2015). This scaling 

factor was approximately one third of the human gait parameters. The frequency of gait 

simulation using in this project was 0.5 Hz (2 seconds per gait cycle). This was slower 

than the standard (1 Hz) and average physiological gait (~ 0.8 Hz) (Heinlein et al., 2009; 

Kutzner et al., 2010; Reinders et al., 2015), however, this speed was important to obtain 

meaningful displacement data from the videos, as explained later in section 4.2.2.1. The 

maximum and minimum values for each driven axes of the human and the porcine input 

profile are described in Table 2.2 on the next page. 
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Figure 2.11. The Leeds high kinematics gait profile driven inputs for porcine and human 

knee simulation (driven at 0.5 Hz). (A) Modified two-peak axial force profile, (B) flexion 

extension, (C) anterior-posterior tibia translation and (D) tibial rotation.  

 

 

 

Table 2.2. Maximum and minimum values for each gait profile axis of the porcine and 

human profiles.   

Gat Profile Axis Control Mode Sample  Minimum Maximum 

Axial Force  Force 
Porcine 63.5 N 984.7 N 

Human 167.6 N 2592 N 

Flexion (+) / Extension (-) Angle Displacement 
Porcine  0.0° 20.8° 

Human 0.0° 57.9° 

Anterior (-) / Posterior (+) 

Translation  
Displacement 

Porcine - 3.8 mm 0.1 mm 

Human - 10 mm 1.4 mm 

Internal (+) / External (-) Rotation  Displacement 
Porcine - 1.6° 1.6° 

Human - 5.0° 5.0° 

Adduction (+) / Abduction Angle 

(-)  
Free 

Porcine N/A N/A 

Human N/A N/A 

C D 

A B 
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2.3.2.1 Left Knee Joint Simulation 

 The standard model for natural knee simulation was based on right knees, 

however, human specimens came as left and right knee joints. As described in Table 2.3, 

the polarity of the tibial rotation and abduction-adduction axes were inverted when 

characterising left and right knee movement. Rather than changing the mechanical 

polarity of the simulator, the polarity of the tibial rotation was inverted on the gait profile to 

simulate left knee gait in the correct direction of rotation (Figure 2.12). The polarity of the 

passive abduction-adduction axis for left knee simulation was inverted during the post 

processing of the results.  

 

Table 2.3. Polarity differences of the tibial rotation (TR) and the adduction-abduction 

(AA) axes during left and right human knee simulation.  

Axis Direction Right Knee Left Knee 

TR Internal + - 
External - + 

AA Adduction + - 
Abduction - + 

 

 

 

Figure 2.12. Inversion of the tibial rotation input axes for right and left human knee 

simulation. 

 

  

Right  Left  
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Chapter 3  

Development of a Measurement Technique to Quantify Dynamic 

Medial Meniscal Displacement In-Vitro 

 

3.1 Introduction  

This thesis has discussed that meniscal extrusion manifests in two forms: 

degenerative extrusion or traumatic extrusion (see section 1.5.3). Degenerative extrusion 

is caused by a degenerated meniscus, where the internal microstructure loses its integrity 

over time, meaning that the meniscus adopts an altered position when it is not bearing 

bodyweight and is permanently deformed. Degenerative extrusion is rarely reported and 

usually goes undetected until the patient is older and has been diagnosed with OA. 

Traumatic extrusion occurs due to an injury, most commonly a root tear caused by a mix 

of high load, flexion and torsion of the knee. The avascular and aneural nature of the 

meniscal tissue can mean that a root injury might be undetected, or the current repair and 

replacement methods might not be sufficient to restore healthy meniscal position and 

kinematics. Traumatic extrusion more commonly occurs in younger active patients and 

because the focus of this thesis is the prevention/delay of OA using early knee 

interventions, modelling a traumatic injury to model meniscal extrusion is more 

appropriate.  

However, the same result occurs for both forms of extrusion, which is a change in 

position of the meniscus and an altered dynamic meniscal kinematics with knee load and 

motion. These factors create an imbalance in the functionality of the meniscus, which 

effects the stability of the knee joint and increases the likelihood of cartilage degeneration. 

Therefore, measuring the change in position or displacement of the meniscus, which 

includes both deformation and the movement of the tissue, is an effective way to 

investigate deviations from normal and signify negative biomechanical effects under a 

variety of conditions. The herein method could be applied to both forms of extrusion, 

however, the focus is on traumatic extrusion.  

This chapter discusses the process of developing a method to measure medial 

meniscal displacement in the frontal and sagittal plane, whilst the knee is driven through 
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quasi-static and dynamic profiles in the knee simulator. The method was developed 

systematically, using a simple video camera, loading profile and image acquisition 

technique. Further method developments included optimising the loading regime and 

automating the measurement technique using computational methods.  

 

3.1.1 Aim and Objectives  

The overall aim was to develop a method to measure medial meniscal 

displacement in a whole knee joint sample, performing a dynamic gait cycle in the 

simulator. The medial meniscus was chosen because it is more clinically associated with 

meniscal extrusion than the lateral (Krych, Bernard, Kennedy, et al., 2020). Due to the 

anatomical differences of porcine and human knee joints and menisci (see section 

1.6.1.2), porcine knee joints will only be used for method development before transferring 

the method to human samples. To achieve this aim, the following objectives were:  

1. to create and validate a motion capture method to measure the medial 

meniscal displacement in the frontal plane and medial-lateral direction, under 

a simplified quasi-static loading protocol; 

2. to apply and develop this method to measure the sagittal plane anterior-

posterior displacement of the medial meniscus simultaneously; 

3. to perform this method on a porcine knee performing a simple dynamic 

flexion-extension profile; 

4. to improve the objectivity, repeatability and precision of the measurement 

technique using computational techniques; 

5. to fully pilot the developed method on one porcine knee under different soft 

tissue constraint conditions. 

 

3.2 Measurement Methodology Specification  

As described in Table 3.1, potential meniscus displacement measurement methods 

were evaluated. The decision was made to use a marker-based tracking method as there 

was minimal contact with the tissue enabling free knee movement and the application of 

complex dynamic simulator gait inputs. In addition, capsular constraint could be assessed 

whilst maintaining marker positioning. The markers can be pinned through the capsule, 

and the capsule dissected away. The other evaluated methods maybe more effective in 

measuring strains and slow deformation in static environments under increasing load. The 

objectives of this method were to measure meniscal displacement undergoing dynamic 

physiological load and motion.  
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Table 3.1. Meniscus displacement measurement method specification and comparisons. 

Method Type Marker Tracking / Motion 

Capture  

Digital Image Correlation (DIC) Linear Variable Differential 

Transformers (LVDTs) 

Ultrasound 

 

 

    
Description Markers are pinned to the 

tissue. Images are taken during 

loading and a software is used 

to calculate the change in 

position of the markers 

between each image. 

A speckle pattern is applied to 

the tissue. Images are taken 

during loading and an algorithm 

calculates the speckle size and 

distance to estimate 

displacement and strain.  

Operates through 

electromagnetic coupling 

principles. Transmitting 

mechanical linear motion into 

electrical signals.  

A transducer emits and detects 

soundwaves. The distance 

between the transducer and the 

tissue boundary is calculated 

from the speed and frequency of 

reflecting soundwaves.  

Possible to apply 

dynamic load and 

motion regimes? 

Yes, allows free dynamic 

movement at 0.5Hz to 1Hz gait 

speeds. 

Yes, allows free dynamic 

movement but at slower 

frequencies < 0.5Hz  

No, a slower controlled / static 

regime would need to be 

applied to measure accurately 

No, a slower controlled / static 

regime would need to be applied 

to measure accurately.  

Tissue Contact? Minimal from markers No Yes Yes 

Ability to assess knee 

capsule constraint 

and meniscus injury?   

Yes, marker pins penetrate 

through the capsule and 

positions can be controlled. 

No, incompatible with capsule 

intact as the speckle pattern is 

applied to the capsule surface.   

Yes, however LVDT tip 

locations on the meniscus 

must be controlled. 

Yes, most effective when the 

capsule is fully intact. Conditions 

could be applied arthroscopically  

Compact size for 

simulator? 

Yes, providing small cameras 

are used.  

Yes, providing small cameras 

are used. 

Yes, providing < 30 mm total 

lengths are acquired  

No. Difficult to position the 

transducer in the sample area    

Estimated Cost   < £500 (2D) - £30,000 (3D)  < £500 (2D) - £100,000 (3D).  ~ £200 - £1000 each ~ £3,000 – £15,000  

References  (Bilesan et al., 2018; Hirose et 

al., 2022) 

(Palanca et al., 2016) (Hein et al., 2011; LORD 

Corp. MircoStrain, 2013)  

(Paletta et al., 2020; NiBIB, 

2023) 



74 

 

 

 

3.3 Frontal Plane Method Development  

3.3.1 Rationale  

An experimental method was trialled using a video camera and an ImageJ 

(Schneider et al., 2012) image measurement technique to measure the displacement of 

the medial meniscus under increasing load, in relation to the tibial plateau. The purpose of 

this work was to develop and validate a novel method in the simulator and observe trends 

of the medial meniscus displacement in the frontal plane with increasing load and fixed 

flexion angles in intact porcine samples. An additional aim was to simulate a complete 

medial meniscus posterior root tear and compare the torn and intact conditions. 

 

3.3.2 Experimental Set Up  

3.3.2.1 Sample preparation 

Fresh whole knee joint samples (n = 3) were dissected from the right hind legs of 

6-month-old female pigs (84.7kg, 100.2kg and 90.7kg). Samples were dissected no 

greater than 24 hours after slaughter and stored in 4ºC wrapped in tissue soaked with 

PBS before testing. The full dissection process is described in section 2.2.1.2. For this 

preliminary study, the fascia around the medial collateral ligament (MCL) was carefully 

removed to expose the ligament, and a line was scored on the tibia and along the 

posterior aspect of the ligament to mark their position for marker placement. In other work, 

the posterior aspect of the MCL line was used as the position to measure quasi-static 

medial-lateral meniscal displacement (Hein et al., 2011). After the line was scored, the 

MCL the and lateral collateral ligaments (LCL), and the anterior and posterior cruciate 

ligaments (ACL and PCL) were removed in accordance to previously performed sample 

preparation protocol (Liu et al., 2015; Bowland et al., 2018). The alignment and cementing 

process followed methods described in section 2.2.1.3. 

Map pins of 5 mm diameter with black and white centroid quadrants were used as 

markers. A fixed reference marker was pinned and adhered with superglue, to the tibial 

plateau on the scored MCL line. A moving meniscal marker was placed on the medial 

meniscus directly above this marker, with the knee aligned at 0 extension (Figure 3.1A). 

Control markers were also placed on the anterior aspect of the femur and tibia to measure 

the vertical displacement of the femur relative to the fixed tibia. However, due to narrow 

space and limited focusing distance of the camera, this data was excluded as the markers 

were not in clear focus to give an accurate measurement. Markers were also placed on 

the lateral meniscus and acted as a control for the torn condition.  
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3.3.2.2 Video Camera Specifications and Positioning 

A Panasonic Lumix GF7 (Panasonic, Osaka, Japan) was used for video recording. 

This camera records at a HD resolution of 1920 x 1080 pixels at 60 frames per second 

(fps) for a quality image and clarity of motion. The focusing system was set to manual 

focus and no zoom was used. The camera was positioned in the simulator, viewing the 

knee in the frontal plane, and held by a universal bracket arm attached to the marked 

point on the simulator. Care was taken to ensure the camera remained in the same 

position for all tests and repeats, therefore, as well as the fixed bracket, position 

measurements were taken with a tape measure from the bottom and back of the camera 

to the abduction-adduction (AA) arm of the simulator and kept constant (Figure 3.1B). 

 

 

Figure 3.1. Experimental set up: (A) marker placement on the porcine medial meniscus 

and the tibia. (B) Diagram of the digital camera positioning in the simulator (SSKS). (C) 

Schematic of the step-ramp loading profile used for biomechanical investigation. 
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3.3.2.3 Loading Protocol  

Details of the simulator and its axes are described previously in section 2.3.1. A 

simplified ‘step - ramp’ loading protocol was created for this preliminary investigation 

(Figure 3.1C). The profile consisted of ten sequential 20 second 100 N sub-profiles, 

cumulating to reach a maximum of 1000 N axial force. The anterior-posterior translation, 

tibial rotation, abduction-adduction position, and medial-lateral translation tibial axes were 

constrained to ensure the tibial bone marker was fixed for reference. The flexion-extension 

axis was also constrained at either 0° or 10° for each condition. As the pig knee is in a 

constant state of flexion, 10 flexion equates to ~ 30 human knee flexion. An additional 

static flexion condition was used as this represented another kinematic point in the gait 

cycle, other than 0°.  

 

3.3.2.4 Video Data Acquisition and Image Analysis  

Videos were imported from the camera and the start of simulator movement in the 

videos was identified as the audible sound of the axial force cam contacting the load 

spring. This start point was then calibrated to the start of the 200 second ‘step-ramp’ test 

at 1000 milliseconds per cycle (1.0 Hz). A video frame was measured at approximately 17 

seconds into each 20 second sub profile, this ensured that the maximum marker 

movement during that axial force gain was captured, and that the first 10 seconds and the 

last 3 seconds of the sub-profile were avoided because the simulator can produce load 

stabilisation signal noise immediately before and after initiating a new sub-profile. Image J 

software (Schneider et al., 2012), was used to measure the meniscal displacement during 

each sub-profile. 

The known 5 mm diameter of the marker was used to calibrate the pixel scale on 

the image prior to using the measure function. A vertical line was drawn up through the 

fixed bone marker centre and the horizontal displacement (mm, medial (+ve) and lateral (-

ve)) was measured from this line to the centre of the moving meniscal marker. A short 

validation study was performed using this measurement technique (see section 3.3.2.6). 

Three repeats of the experimental loading protocol were performed for each knee, and 

three repeat measurements were performed at each sub-profile screenshot. After each 

experimental repeat, the sample was sprayed with PBS and given 10 minutes of unloaded 

rest, before the next repeat.  The data was inputted into MatLab R2020a (The MathWorks 

Inc, Natick, USA) and the 0 N sub-profile measurements were assumed to equate to a 

displacement of 0 mm. The difference in displacement was calculated for each sub-profile 

load from the 0 N measurement. A paired samples t-test was performed to investigate if 

the method was sensitive enough to detect a difference in meniscus displacement 

between the intact and torn conditions. The t-test was performed with means taken at two 
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time/load points during the test, the 300 N and the 900 N point. Ideally the peak load 

(1000 N) would have been used, however, in most of the torn cases the radial 

displacement at 1000 N was unmeasurable as the meniscus moved outward and covered 

the tibial reference marker. Confidence intervals (95% CI) were also calculated to 

understand the uncertainty of the measurements around the mean. 

 

3.3.2.5 Torn Condition 

After assessing in the intact condition, an additional injury condition was simulated, 

and the experiment was repeated. A scalpel was used to cut a complete radial medial 

meniscus posterior root tear along the superior - inferior axis, in the inferior direction. This 

tear was simulated as this was the most common type of root attachment tear previously 

classified arthroscopically; 68% of cases reported a complete radial tear within 3 mm to 9 

mm from the root attachment edge (LaPrade et al., 2015). Therefore, the root was cut at 6 

mm from the root insertion Figure 3.2. Although porcine tissue was used for the method 

development, the rationale for the tear was based on studies of human knees, as the 

method will be translated to investigate human knees in later chapters.  

 

 

Figure 3.2. Complete radial root tear creation of the porcine medial meniscus posterior 

root. (A) Measurement of 6 mm from the root insertion. (B) Scalpel cut in the inferior 

direction at 6 mm from the insertion.  

 

3.3.2.6 Validation Study 

The ImageJ measurement technique was validated by using the same camera-

marker setup and moving a marker along the medial-lateral axis to a known distance on 

A B 
6 mm  

Medial Meniscus 
Posterior Root   

Superior  

Inferior  
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the simulator (+/- 1, 2 and 3 mm) (Figure 3.3). The 0 mm start point was marked with an 

image overlay on the video, so it was clear where to measure from. The 5 mm diameter of 

the marker stickers were used as the known distance to calibrate the images to the 

number of pixels in millimetres. The simulator medial-lateral translations (actual values) 

were compared to the ImageJ medial-lateral displacements (measured values) and the 

percentage error were calculated (Equation 3.1 and 3.2). The error was also calculated 

whilst simulating subjective factors, such as being +/- 1 pixel out using the ‘measure’ 

function on ImageJ or being +/- 1 pixel out when calibrating the image from the 5 mm 

marker. This was to understand the observer (user) sensitivity of the method. 

Equation 3.1.   𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝑬𝒓𝒓𝒐𝒓 = (
(𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒗𝒂𝒍𝒖𝒆 − 𝒂𝒄𝒕𝒖𝒂𝒍 𝒗𝒂𝒍𝒖𝒆)

𝒂𝒄𝒕𝒖𝒂𝒍 𝒗𝒂𝒍𝒖𝒆
 ) 𝟏𝟎𝟎% 

Equation 3.2.  𝑨𝒃𝒔𝒐𝒍𝒖𝒕𝒆 𝑬𝒓𝒓𝒐𝒓 =  (𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒗𝒂𝒍𝒖𝒆 − 𝒂𝒄𝒕𝒖𝒂𝒍 𝒗𝒂𝒍𝒖𝒆) 

 

 

3.3.3 Results  

3.3.3.1 Intact vs Torn Results  

The intact and torn meniscal displacement results for each tested knee are 

displayed in Table 3.2 and Figure 3.4. Images of the final measurement screenshots for 

the intact and torn knees are presented in Figure 3.5.  

 

Figure 3.3. Validation method for the ImageJ measurement technique. (A) Method set 

up showing a marker adhered to a solid piece of plastic, cemented into one of the 

knee pots and screwed into the tibial base of the simulator. (B) Video camera view of 

the validation marker annotated with the known medial-lateral axis translation. 
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Figure 3.4. Difference in the relative medial meniscus displacement with increasing axial 

force for (A) Knee A, (B) Knee B and (C) Knee C, between the intact and torn 

conditions at 0° and 10° flexion. As shown in the schematic, positive results equate to 

medial marker displacement (n= 3, error bars = SD of 3 repeat measurements, 

porcine).  

A 

B 



80 

 

 

 

The results show the relative meniscal displacement increased throughout the 

experiment with the presence of a medial meniscus posterior root tear, when compared to 

the intact conditions. As presented in Table 3.2, Knee A, Knee B and Knee C presented a 

significant increase (p <0.05) in meniscal displacement at the 300 N point. Knee A and 

Knee B further presented a significant increase in displacement at the 900 N point of the 

torn medial meniscus at both 0 and 10 flexion angles. Flexion angle seemed to have an 

effect in the torn results but not in the intact results. A 10° flexion angle generated larger 

displacements in the torn condition results compared to the 0° flexion angle. Knee A and 

Knee B followed similar trends, however Knee C differed. Knee C’s torn condition was only 

measured to 500 N and 600 N for the 0° and 10° tests respectively. This was because the 

test had to be stopped prematurely as the medial meniscus fell out of the joint space 

during the test and the marker was unable to be measured (Figure 3.5C).  

                   

 

 

 

Figure 3.5. Screenshots of the 0° flexion angle test, showing maximum displacement of 

the intact conditions (left) and the torn conditions (right) for (A) Knee A, (B) Knee B and 

(C) Knee C (porcine).  

A 

B 

C 
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In most cases the greatest change in displacement happened between 0 and 100 

N, followed by some plateauing for the remainder of the test. Generally, displacements of 

the meniscus as load increased became more random and variable with a root tear. It was 

not possible to show the 95% confidence intervals for the torn condition results as Sample 

C was excluded in the final mean calculation (Table 3.2).  

 

 

3.3.3.2 Validation Study Results 

The percentage error ranged from 1.93 % - 6.97 % (mean = 4.2 %) between the 

actual and measured medial-lateral displacement values. When the measurement was +/- 

1 pixel out, the mean percentage error was higher for the +1 pixel ranging from 4.92 % - 

15.93 % (mean = 8.85 %) and the -1 pixel ranged from 0.49 % - 7.90 % (mean: 3.36 %). 

In terms of the calibration error, -1 pixel generated a larger range of error 0.23 % - 11.10 

% (mean: 6.33 %) compared with the +1 pixel; 1.72 % - 8.08 % (mean: 4.73 %). The 

maximum absolute error recorded for this study was 0.25 mm.  

  

Table 3.2. Mean (+/- SD) relative displacement in the medial direction of the intact and 

torn medial meniscus, relative to the tibia as the load increased from 800 to 900 N. 

^ = 300 N axial force interval value taken as 900 N was unmeasurable.                               

* = significant at 300N axial force interval p < 0.05                                                               

** = significant at 300N and 900N axial force interval p < 0.05                                                    
n = 2 = sample C excluded 

Sample 
Intact Torn 

0° 10° 0° 10° 

A 0.87 (± 0.24) 0.37 (± 0.17) 6.21 (± 0.07) ** 5.66 (± 0.35) ** 

B 0.51 (± 0.28) 0.32 (± 0.11) 2.34 (± 0.11) ** 3.18 (± 0.07) ** 

C 1.12 (± 0.26) 1.45 (± 0.46) 3.20 (± 0.12) ^* 3.81 (± 0.05) ^* 

Mean (σ) 0.83 (± 0.31) 0.71 (± 0.64) 3.90 (± 2.30) n = 2 3.84 (± 1.82) n = 2 

SE (σM) 0.18 0.37   

95% CI ± 0.76 ± 1.58   

All dimensions in millimetres.  
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3.3.4 Discussion 

3.3.4.1 Overview 

The ImageJ method was sensitive enough to detect differences in meniscal 

displacement between an intact and a torn condition. The cases with the completely torn 

meniscal root showed increased, random, and variable meniscal displacement, especially 

at higher loads. It was likely the meniscus became decoupled from the applied axial force 

to transmit load through the joint effectively.  

The ImageJ method was sufficiently sensitive to measure meniscal displacement 

after the application of 100 N axial force in almost all cases. The results may somewhat 

reflect the material characteristics of the meniscus as a whole tissue in response to load. 

There was an initial increase in the displacement with load, followed by a reduction and 

plateauing in displacement when further load was applied. Biological tissues adopt a creep 

response, where deformation increases under constant load and the largest amount of 

deformation occurs at the initial application (see section 1.4.1). Even though the 

displacement measurement was not able to distinguish between deformation and 

displacement, it is likely that creep properties were reflected in the results.   

 

3.3.4.2 Evaluation of the Method 

Measurement Sensitivity: The ImageJ technique was accessible and easy to use. 

Actual displacements of the porcine menisci are unknown; therefore, a validation 

experiment was created to compare the known medial-lateral displacement of the 

simulator to the measured ImageJ values. A mean % absolute error was found to be 4.2% 

and the maximum was ~7% for the measured values. However, the validation experiment 

has a potential observer bias, as the observer was aware of the known simulator 

measurement.  

Observer Sensitivity: The method has a large reliance on the observer; a 

measurement made by one observer on ImageJ could be more accurate than another. 

These errors are likely to occur from visual and coordination differences between 

individuals and potentially reduces the reproducibility of the method. The observer 

sensitivity could be better understood by conducting a multiple participant sensitivity 

study. Participants would measure a marker in an image to generate an error value of 

inter-observer variability. This was performed later in this project after further 

developments and reliability assessments of the marker-tracking methodology (see 

section 4.3.2.2).  
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The validation experiment in this study included parameters relating to observer 

error. The maximum margin for error increased to ~16% for the +1 pixel 1 mm 

measurement (mean: 8.85%). With this error margin, it would be possible to distinguish 

between the intact and torn conditions for the same knee samples but not between 

individual knee samples, which is important to consider in future method developments. 

Moreover, a maximum absolute value of 0.25mm was established from the validation 

study. However, this margin of error kept on or within the standard deviations of the 

results, meaning that in the individually analysed samples, the measurement error was 

predominantly due to systematic error and not random occurrences. However, when the 

error was examined between the knee cases (Table 3.2), large amounts of variation were 

evident and random error likely occurred, which may be generated by some uncontrollable 

factors, such as variation between porcine knee anatomy, or controllable factors in future 

study, such as evaluating the camera position set-up (see section 3.7 and Chapter 4). 

 

3.3.4.3 Limitations  

The meniscal displacement relative to the tibia was dictated solely through the 

location of the markers, however, this position was chosen as it is of the highest interest, 

as meniscal extrusion is measured and diagnosed in this location on frontal plane 

radiographs (see section 1.5.2). Moreover, only 2D linear measurements were taken, 

therefore deformations in other planes were disregarded. However, the aim was to 

develop a simple and robust method which was able to measure a difference in relative 

meniscal displacement between an intact and torn condition. In addition, the use of a 

complete radial tear at this stage in method development was useful to show a clear 

difference, however, in vivo the capsule would provide a barrier against complete 

subluxation of the meniscus outside the joint space. Therefore, it would not be sensible to 

test this condition in a cyclic loading study. Finally, the tissue relaxation time was not 

addressed during this study, which would have affected the results as reduced water 

retention would limit the deformation of the tissue under load. Further developments will 

include a calculated time for the tissue to relax between each test.  

 

3.4 Sagittal Plane Method Development 

3.4.1 Rationale 

The knee joint allows the greatest amount of motion along the sagittal plane during 

flexion and extension. The meniscus moves along this plane in response to flexion and 

extension to keep the area of contact continuously satisfying the moving geometry the 
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femur and tibia (Vedi et al., 1999). Meniscal extrusion is frequently described in the frontal 

plane; however, little is known for the sagittal plane. When evaluating changes in meniscal 

kinematics in response to traumatic extrusion, assessing changes in the anterior and 

posterior meniscal regions are of high interest. Therefore, developing the method 

described in the previous section to measure sagittal plane meniscal displacement of the 

anterior and posterior regions of the medial meniscus is important when the dynamic knee 

axes in the simulator will be incorporated into the profile.  

This section describes the application of the same ImageJ method, to measure the 

displacement of the anterior and posterior meniscal regions under increasing static load in 

intact porcine samples. A torn condition was not studied for the initial sagittal plane 

investigations as the aim in this preliminary stage was to investigate if it was possible to 

translate the frontal plane method to the sagittal plane. Therefore, this section focuses on 

the application of the method to measure markers on the anterior and posterior regions of 

the medial meniscus with intact meniscal roots and reports on trends observed across 

three samples.  

 

3.4.2 Experimental Set Up  

3.4.2.1 Sample Preparation and Loading Protocol 

Fresh whole knee joint samples (n = 3: labelled Sag A, Sag B and Sag C) were 

dissected from the right hind legs of 6-month-old female pigs (67.2kg, 84.3kg and 

84.6kg). The methods for sample preparation, including dissection and cementing are 

previously described in section 2.2.1. The fascia and the ligaments were removed during 

dissection, following the same conditions as those carried out for the frontal plane 

investigations (section 3.3.2.1). The same ramp loading protocol was used, as previously 

described in section 3.3.2.3. In addition to the loading protocol, a tissue rest period was 

included between each test. Each sample was left hydrated with PBS and unloaded for 10 

minutes, so the compressed tissues recovered.  

 

3.4.2.2  Camera Specifications 

Due to the limited space in the simulator, a discrete camera with a small focusing 

distance was required. The focusing distance, or focal length, is the smallest distance the 

object can be away from the lens, and still be in focus. A digital camera, such as the one 

used for the frontal plane method in the previous section, was too large to fit in-between 

the sample and the simulator. A smartphone (iPhone 7, Apple Inc. CA, USA) had a 

camera which is capable of filming in 1080 x 1920 resolution and has a relatively small 
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focusing distance (~100 mm), with a thin casing. The distance between the medial 

meniscus of the sample and the smartphone lens was measured at ~50 mm, therefore, 

the focusing distance of the smartphone camera had to be reduced by around 50%. This 

was achieved with a clip-on macro lens, attached to the smartphone camera and with the 

addition of more artificial light to brighten the markers. 

 

3.4.2.3 Anterior and Posterior Meniscal Marker Positioning 

To attach the 5 mm diameter markers on the anterior and posterior regions of the 

medial meniscus, the tibial width was measured with callipers and then multiplied by a 

factor of 0.4 to give a distance in millimetres, which was used to pin the anterior and 

posterior markers away from the anterior and posterior horn insertions of the medial 

meniscus, respectively (Figure 3.6A). Corresponding markers were placed directly below 

the meniscal markers on the tibia. The sample was kept at 0° extension when attaching 

the markers. The markers were adhered with superglue as well as pinned.   

 

 

 

Figure 3.6. (A) Anterior (ANT) and posterior (POST) marker placement on the porcine 

medial meniscus, in relation to the anterior and posterior meniscal root insertions. (B) 

Smartphone camera position and screenshot of analysis carried out on ImageJ. 

 
 B 
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3.4.2.4 Video Data Acquisition and Data Analysis 

The same ImageJ image acquisition and data analysis measurement technique 

was used to calibrate and measure the displacements of the anterior and posterior 

markers, relative to the fixed tibia marker, for each 100 N axial force increase. This is 

previously described for the frontal plane protocol in section 3.3.2.4. The only difference 

for the sagittal plane protocol was that each screenshot had two markers to collect data 

from, because both the anterior and posterior marker were visible in the same frame 

(Figure 3.6B). In addition, each extracted frame was calibrated according to the known 5 

mm diameter of each marker. This was performed individually on the anterior and 

posterior markers to account for slight differences in marker depth from the camera lens. 

One repeat test was carried out for each knee sample in the sagittal plane study, this was 

because ImageJ measurement consistency from repeated experiments was observed 

during the preliminary results and validation reported in section 3.3.2.6 and to reduce the 

effect of unnecessary repeated loading which affects the tissue compression. 

 

3.4.3 Results  

The trends in relative meniscal displacement measured from the locations of the 

anterior and posterior markers for each sample are displayed in Figure 3.7 and Table 3.3.  

In most cases, increasing the load increased the amount of anterior and posterior 

displacement of the medial meniscal markers, except for the anterior marker of SagA and 

SagB, which displaced minimally and posteriorly during the 10° conditions. The rate of 

increase of relative posterior marker displacement, was highest in the first 100 N of the 

10° flexion results, whereas the 0° flexion conditions did not present a sharp initial 

increase. The trends shown for samples SagA and SagB were similar, whereas SagC 

differed compared to the other samples. Mean values are reported in Table 3.3 with 

standard error and 95% CI, reflecting the variation between the results. 
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Figure 3.7. Relative displacement of the anterior (ANT) and posterior (POST) meniscal 

markers with respect to the tibia for (A) Knee SagA, (B) Knee SagB and (C) Knee SagC, 

at 0° and 10° static flexion angles. As illustrated in the schematic, positive values 

indicate an anterior direction of movement for the ANT region. Positive values indicate a 

posterior direction of movement for the POST region (n = 1, porcine).  

A 

B 

C 
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Table 3.3. Individual sample results showing the mean displacement of the anterior 

and posterior regions of the medial meniscus, relative to the tibia during increasing 

load. Values taken at the 1000 N force interval.  

Sample 
Anterior Posterior 

0° 10° 0° 10° 

SagA 1.60 - 0.35 1.43 2.64 

SagB 0.67 - 0.29 0.93 3.04 

SagC 2.73 2.12 1.32 2.25 

Mean (σ) 1.67 (± 1.03) 0.49 (± 1.41) 1.23 (± 0.26) 2.64 (± 0.39) 

SE (σM) 0.60 0.82 0.15 0.23 

95% CI ± 2.56 ± 3.51 ± 0.65 ± 0.98 

All dimensions in millimetres.  

 

 

3.4.4 Discussion  

This study showed that it was possible to use the ImageJ method in the sagittal 

plane as well as the frontal plane, to measure a change and observe trends in meniscal 

displacement, relative to the tibia, with only 100 N axial force applied. However, from the 

mean values and 95% CI’s little can be deduced about the relationship between the 

relative displacements of the meniscal regions under increasing load. Herein, trends 

showing similar behaviour were observed for samples SagA and SagB. The sample SagC 

could have had a more posteriorly positioned tibia relative to the femur, potentially due to 

the cementing procedure, or from anatomic sample variations. This may have contributed 

to an abnormal distribution of load on the anterior portion of the medial meniscus. 

However, it is difficult to analyse the data presented in this preliminary work with a small 

sample size and until confounding factors are addressed in further study. The main 

conclusion to progress with is that the motion capture method can be applied to the 

sagittal plane despite the limited space in the knee simulator.  

 

3.4.4.1 Limitations and Confounding Factors   

Due to the nature of the chosen method, limitations involving the marker 

positioning and 2D characterisation remain the same (section 3.3.4.3). However, placing 
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markers in multiple key meniscal regions across multiple motion planes, increases the 

overall kinematic characterisation of the meniscus. In this study, 10 minutes of tissue rest 

was given between each condition in the sagittal plane study, to reduce the issues 

associated with tissue compression reported in the frontal plane study.  

As indicated in Figure 3.7, positive values equated to net movement in the anterior 

or posterior direction for the anterior and posterior marker, respectively. This was 

presented in this way to illustrate overall expansion of these regions with axial load, 

however, when applying this method to dynamic profiles with changing flexion, this system 

would become confusing. Therefore, a logical coordinate system was required and will be 

discussed in the latter sections of this chapter.  

Moreover, aspects of the measurement technique and experimental control need 

to be addressed. The macro lens produced a small wide-angle distortion on the videos to 

increase the field of view. Due to this, there was a chance that as the markers moved 

towards the periphery of the frame during loading, measurements were underestimated. In 

addition, placing both markers in one sagittal camera frame provided just enough 

clearance for the porcine knee markers to move out radially in the video. However, the 

human tibia is wider, meaning both markers would not be visible in the video. In addition, 

camera positioning needs to be kept consistent between knee samples, a higher amount 

of control is required in the current set up. Finally, the measurement technique was 

observer dependent, and a fair amount of concentration and screen time was required to 

complete measurements from one sample’s video screenshots. This increases the risk of 

fatigue and limits the number of data points collected. In the following section, 

measurement automation, camera positioning and lens distortion were developed.  

 

3.5 Developing Partial Automation of the Measurement Technique  

During the preliminary experiments described in the previous sections of this 

chapter, a camera marker method was able to obtain 2D position data from markers 

attached to medial, anterior, and posterior regions of the medial meniscus undergoing a 

quasi-static loading protocol in the knee simulator. The validation study described 

previously in section 3.3.2.6 showed that the ImageJ method was able to measure 

displacement within an estimated mean error of +/- 4.2 %. However, when comparing 

results between multiple samples, there was a large amount of variation, some of which 

was due to anatomical differences when studying natural tissue and some of which were 

due to confounding factors of the methodology. Therefore, addressing some of the 

confounding factors (measurement automation, camera positioning and lens distortion) 

was important to mitigate error. This section describes how the measurement technique 
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was developed to become a more automated process, putting less reliance on the 

observer to measure accurately and more reliance on the computer. 

 

3.5.1 Problems with the Current (ImageJ) Measurement Technique 

Video processing and data analysis is laborious for the observer in the current 

method. Prolonged concentration is required from the observer, which increases the risk 

of error and limits the number of data points collected. An acquisition bias also occurs 

after time because one observer who performs this analysis regularly may produce more 

accurate results than another observer. The reproducibility and the objectivity of the 

measurement technique was improved using a computational method developed on 

MatLab R2020a (MatLab, The MathWorks Inc.) to track the moving marker in the video.   

 

3.5.2 Computational Object Tracking  

A code was developed on MatLab to detect and track the movement of multiple 

moving objects in a 1080 x 1920 resolution video (The MathWorks Inc., 2017; Kikawada, 

2023). Specific details of how to implement this code can be found in the standard 

operating procedure in Appendix C.  

 

3.5.2.1 Object Identification 

The first stage of the process was the object identification. There are a variety of 

ways for a computer vision system to detect an object in a video frame or image. Systems 

such as traffic monitoring use object detection to identify and track specific vehicles. 

Methods of identifying an object in an image include segmenting the colour, contours, or 

the geometry from the background of the image. In this case, a MatLab computer vision 

program called the Colour Thresholder Application (The MathWorks Inc., 2023) was used 

to filter out the specific colour of the marker from the rest of the colours in the image 

frame. Firstly, the HSV (hue, saturation, value) colour space was chosen as supposed to 

the RGB (red, green, blue) as this broadens the spectrum of colours detected by the 

model. The code was capable of tracking multiple objects of the same colour in the video, 

which was important when tracking simultaneous tibial and meniscus movement in the 

following chapters.  

To trial the script, a simple test video was created which incorporated a 5 mm red 

square of card attached to a pin and a 50 mm scale, the pin was manually moved along 

the scale in the video (Figure 3.8A). The colour thresholding process involved toggling 
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colour parameters in the MatLab application to highlight the colour of the red marker, 

whilst other background colours were blacked out. Once complete, the colour 

thresholding parameters were contained and saved as a ‘.Mask’ function, which overlays a 

black and white binary image on the first frame of the video (Figure 3.8B). The white pixels 

of the image are assigned the number ‘1’ and represent the marker. The black pixels of 

the image represent the background and are assigned the number ‘0’.  

Blob analysis is a form of object detection which applies to images having 

undergone binarisation (Jia et al., 2008). The function places a bounding box, or a ‘blob’ 

around the object. This bounding box gives us quantitative pixel information from the 

image including the centroid pixel, total area, and the corner pixels (Figure 3.8C).  

 

 

Figure 3.8. (A) Test video screenshot. (B) Image binarisation of the coloured marker in 

the test video. (C) Bounding box (blob) identifying the marker to track in the video. 

 

 

3.5.2.2 Object Tracking and Segmentation  

 The marker-tracking script contains a loop which applies the object detection 

parameters as a binary image overlay (‘.Mask’ function) to all the frames in the video. 

Concurrently, a computer-vision MatLab function called the ‘Blob Analyser’ tracks the 

marker across all the frames in the video by locating the area of the frames assigned the 

binary number ‘1’ (i.e. the colour segmented object). Once all the frames in the video had 

A 

B 

C 

Centroid 
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been processed in the loop, an additional resultant video was written in the output, 

showing the bounding box attached to the marker throughout the video.  

During the tracking-loop, the centroid of the bounding box (Figure 3.8C) was the 

point at which the x and y coordinates of the pixel data were collected from each frame in 

the video and were logged on an empty spreadsheet. The y-axis pixel coordinate data logs 

in the odd numbered cells and the x-axis pixel coordinate data logs in the even numbered 

cells of the spreadsheet. This data was then arranged into two column arrays of x-axis and 

y-axis pixel data to plot against the video time. The resolution of the image (1080 x 1920 

pixels) governs the x-axis and y-axis scales which can be logged in pixels. The output 

produces a plot showing the spatial change of the marker throughout the video (Figure 

3.9).  

The bounding box around the object flickered as the video played which increased 

and decreased the pixel area in an oscillating fashion between each frame. This caused 

oscillations or noise in the centroid position of the bounding box, which was reflected as 

noise in the tracking results. To reduce this noise, it was important to have a coloured 

marker which was highly contrasting to the background. 

 

 

3.5.2.3  Image Calibration  

To present the tracking results, the first element was zeroed and the difference in 

pixel distance from this element in the x-axis and y-axis arrays was computed. The y-axis 

 

Figure 3.9. Spatial change (x-axis and y-axis pixel position) of the marker in the test 

video over the image resolution.  
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results were inverted because the y-axes of images are read from top to bottom, whereas 

in graphical representation the y-axis is read from bottom to top. Inverting the y-axis 

results meant that downward motion of the marker equated to decreasing or negative 

displacement, making graphical representation more intuitive. The MatLab image tool was 

used to measure the size of the marker in the frame in pixels. The pixel calibration factor 

was found using Equation 3.3; this factor was multiplied with the x-axis and y-axis results 

to convert the data to millimetres. This factor also equates to the smallest division that can 

be measured, or the resolution of the measurement. In the test video, the marker was 

manually moved ~ 50 mm horizontally and back again, as shown in Figure 3.10. The 

output of the script represents what was happening to the object in the video as a 

displacement-time graph; this was the primary goal at this stage.  

 

Equation 3.3.  𝐏𝐢𝐱𝐞𝐥 𝐂𝐚𝐥𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧 𝐅𝐚𝐜𝐭𝐨𝐫 =  
𝐊𝐧𝐨𝐰𝐧 𝐌𝐚𝐫𝐤𝐞𝐫 𝐃𝐢𝐚𝐦𝐞𝐭𝐞𝐫 (𝐦𝐦)

𝐏𝐢𝐱𝐞𝐥 𝐌𝐚𝐫𝐤𝐞𝐫 𝐃𝐢𝐚𝐦𝐞𝐭𝐞𝐫 (𝐩𝐢𝐱𝐞𝐥)
  

   

 

Figure 3.10. Temporal change of the x-axis and y-axis position of the test video marker 

over the video duration. Calibrated to the known size of the marker.  
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3.6 Measuring Dynamic Meniscal Position under Capsule Constraint 

Conditions: A Comparison of the ImageJ and MatLab methods  

 

3.6.1 Rationale 

In this section, the ImageJ and the MatLab measurement techniques described in 

the previous sections were trialled using the same experimental protocol. The 

experimental protocol was advanced to include dynamic flexion-extension motion as well 

as axial load, as the primary aim was to be able to develop a method which can measure 

meniscal position under dynamic simulator loads and motions. Both measurement 

methods are similar as 2D displacement data is estimated from calibrated frames in a 

video. However, the MatLab technique is more automated than the ImageJ technique; it 

requires less concentration from the observer and is likely more applicable when 

performing complex gait cycles in the simulator. In this study, the experimental set up was 

also progressed to include dissection conditions of knee fascia/capsule removal, this was 

to simulate differing levels of soft tissue constraint and is something which would be 

applied in human studies as the method progresses. Therefore, evaluating the 

measurements technique with respect to these conditions was important to develop at this 

stage.  

 

3.6.2 Sample Preparation, Loading Protocol and Video Capture 

 One fresh whole knee joint was dissected from the right hind leg of a 6 month old 

female pig weighing 72.3 kg. The dissection protocol is outlined in section 2.2.1, where 

the capsule was initially retained and then dissected away in stages during the 

investigation. The dissection conditions tested were labelled as follows: the knee capsule 

fully intact (CAP), the knee capsule removed (NOCAP), and the ligaments (ACL, PCL, 

MCL, LCL) removed (NOLIG). Markers were positioned on the medial meniscus as 

previously described in section 3.4.2.3. However, the marker positioning method for the 

anterior marker was adapted because with the capsule retained the anterior horn was not 

visible. The anterior marker was placed relative to the medial and posterior marker. The 

distance Ad is equal to the distance between the posterior edge of the MCL and the 

posterior marker (Figure 3.11A). 
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Figure 3.11. (A) Positioning of the anterior (A), posterior (P) and medial (M) meniscal 

markers using distances Pd and Ad, in relation to the position of the MCL and PCL. (B) 

Loading profile for the experiment. All tibial axes (AP, AA, TR, ML) were fixed, only the 

FE axis was driven (porcine).   

 

The simulator was used to perform a simplified loading and motion regime on the 

specimen. The specimen was subjected to 50 cycles (1 Hz (+/- 0.1) frequency) of a simple 

dynamic profile, which consisted of an extension/flexion position of 0 - 15° and a 1000 N 

constant axial force (Figure 3.11B). All other axes were constrained to simplify the input 

and aid the comparison of the two measurement techniques. Eventually the relative 

meniscal displacement will be calculated using the moving tibia as a reference, but for the 

purposes of this preliminary study, the tibia was fixed and just the meniscal displacements 

were measured in response to load and flexion-extension. After each test, the knee was 

dissected down to the next condition and kept hydrated with phosphate-buffered saline 

(PBS). The tissues were also left to relax (unloaded) for 10 minutes prior to the next test. 

The digital camera and the smartphone camera, described in previous sections 

3.3.2.2 and 3.4.2.2, were used to video marker motion in the frontal plane (measuring 

B 

A 
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medial-lateral displacement) and sagittal plane (measuring anterior-posterior 

displacement) at 30 frames per second and a resolution of 1080 x 1920 pixels. The 

cameras were stationary and securely mounted in brackets throughout the experiment 

and a light box was also used to illuminate the markers during the experiment. The 

cameras were manually triggered prior to starting the simulator and recorded the full 50 

cycle tests. The video files were imported and trimmed to 5 seconds (5 cycles) in duration, 

at cycles 25 – 29, located by audible signals on the videos. The change in position of the 

medial, anterior, and posterior marker for the three test conditions were measured using 

either the ImageJ® or the MatLab method and presented over one cycle (cycle-25). 

Information on the similarities and differences between the two measurement methods are 

described in Table 3.4. 

 

3.6.2.1 Validation 

The same validation study, which was previously carried out using the ImageJ 

method, was also performed using the MatLab method. This method was described 

previously in section 3.3.2.6. The medial-lateral axis of the simulator was manually moved 

to known translations of +/- 1mm, 2mm and 3mm and three repeats were performed using 

each measurement method. The known translations were compared to the measured 

displacements and the mean percentage error (MPE), standard deviation (SD) and 

coefficient of variance (CV) were calculated. The precision of the method was calculated 

using the CV (SD /Mean x 100) and in accordance with general practices a threshold of 

<10 % data dispersion around the mean was desirable as a guideline. Due to the novelty 

of this work, determining the threshold for the accuracy was difficult as the true values for 

porcine meniscal displacement are unknown. As a guideline, having a MPE within a +/- 5% 

threshold was deemed a good starting point to evaluate method accuracy. However, at 

this stage, the main goal is to determine a method which was systematically consistent, 

easy to implement and reproducible.  
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Table 3.4. Comparison table of the two measurement techniques.  

 Measurement Method 1 

(ImageJ) 

Measurement Method 2 

(MatLab) 

Description Photogrammetry method used 

on screenshots taken from the 

video, previously described in 

sections 3.3.2.4 and 3.4.2.4. 

 

 

Computational object tracking 

method. Markers were tracked 

using the code outlined in 

section 3.5.2. The white areas 

of the map pins were 

segmented during object 

identification and tracking. 

Software ImageJ MatLab 2020a 

Data Collection 

Cycle 
Cycle 25 Cycle 25 

Output Number 

of Data Frames 
10 30 

Image 

Calibration 
5 mm marker 5 mm marker 

Data Set 

Analysis 

Duration 

8 hours 10 minutes 

Reference 
Overlayed stationary image 

signalling the location of the 

marker at 0° extension on the 

video  

First frame of the video was the 

reference. A single cycle was 

filtered out from the troughs in 

the graph recorded for the 5-

cycle duration of the video.  

Frontal Plane 

Measurements 

Medial (+ve) - Lateral (-ve) 

Direction (x-axis) 

Medial (+ve) - Lateral (-ve) 

Direction (x-axis) 

Sagittal Plane 

Measurements 

Anterior (-ve) - Posterior (+ve) 

Direction (x-axis) 

Anterior (-ve) - Posterior (+ve) 

Direction (x-axis) 

Screenshot of 

sagittal plane 

camera view 

for the CAP 

condition 

  

 

 

3.6.3 Results  

 The displacement results using both measurement techniques are presented in 

Figure 3.12. The validation study results comparing both methods are displayed in Table 

3.5 and Table 3.6. 
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The MPE ranged from 0.19 % to 2.39 % (mean: 1.19 %) for the MatLab 

measurement method (Table 3.5) and from 1.93 % to 6.97 % (mean: 4.20 %) for the 

ImageJ measurement (Table 3.6). The maximum percentage error found for individual 

measurements were +/- 5 % for the MatLab method and +/- 14.5 % for the ImageJ 

method. This equated to an absolute value of 0.1 mm for MatLab and 0.29 mm for 

ImageJ, respectively. 

 

These error margins were applied to the results in Figure 3.12 to illustrate the 

largest error threshold, calculated from the validation study, which maybe expected for a 

single measurement for each measurement method. Both methods showed a good 

amount of precision as the majority CV’s showed low data dispersion (< 10 %) for each 

Table 3.5. MatLab measurement method validation displacement results.  

Known (mm) 
Measured (mm) 

Mean SD 
MPE 

(%) 

Abs 

Value  

CV 

(%) Trial 1  Trial 2 Trial 3 

3.00 3.04 2.96 2.99 2.99 0.04 0.19 0.01 1.35 

2.00 1.97 2.00 1.96 1.98 0.02 1.11 0.02 1.17 

1.00 0.98 1.07 0.95 1.00 0.06 0.21 0.00 6.05 

-1.00 -1.07 -0.96 -1.05 -1.02 0.06 2.39 0.02 5.84 

-2.00 -2.10 -1.97 -2.02 -2.03 0.07 1.47 0.03 3.28 

-3.00 -3.08 -3.03 -3.05 -3.05 0.02 1.78 0.05 0.70 

Table 3.6. ImageJ measurement method validation displacement results. 

Known (mm) 
Measured (mm) 

Mean SD 
MPE 

(%) 

Abs 

Value 

CV 

(%) Trial 1 Trial 2 Trial 3 

3.00 3.04 3.09 3.13 3.09 0.05 2.91 0.09 1.48 

2.00 1.85 2.28 2.29 2.14 0.25 6.97 0.14 11.79 

1.00 0.98 1.09 1.10 1.06 0.07 5.60 0.06 6.44 

-1.00 -1.01 -0.92 -1.01 -0.98 0.05 1.93 0.02 5.36 

-2.00 -1.96 -1.93 -1.93 -1.94 0.02 3.02 0.06 0.77 

-3.00 -3.15 -3.13 -3.15 -3.14 0.01 4.79 0.14 0.38 
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measurement method, with only one value (11.79 %) just exceeding this threshold for the 

ImageJ method. In addition, the SD for the MatLab method was low and ranged from 0.02 

mm to 0.07 mm, whereas more variation was present with the ImageJ method ranging 

from 0.01 mm to 0.25 mm.  

As presented in Figure 3.12, the ImageJ and MatLab measurement techniques 

were able to track similar shaped profiles of meniscal displacement for the anterior, 

posterior, and medial markers, however, there were differences in the magnitudes of the 

results. The posterior marker results followed the motion of the flexion-extension arm on 

the simulator. For the condition with the capsule fully intact, at 15° flexion a 0.93 mm peak 

displacement of the medial meniscus was measured with the ImageJ method (Figure 

3.12A), and a 0.82 mm peak displacement was measured with the MatLab method 

(Figure 3.12B). An increase of ~ 72 % in posterior displacement was measured after the 

knee capsule and collateral and cruciate ligaments were removed using the MatLab 

measurement technique, whereas an 25 % increase was measured with the ImageJ 

method. Both methods measured minimal differences in displacement between the 

capsule removed and ligaments removed conditions. 

Unexpectedly, the anterior marker moved minimally during the study and did not 

follow the motion of the flexion-extension arm. At 15° flexion, the ImageJ and MatLab 

methods measured minimal medial meniscus displacement at 0.02 mm and 0.03 mm for 

the capsule intact condition, respectively (Figure 3.12C and D). Each method was also not 

able to distinguish between the dissection conditions for the anterior marker as all the 

error boundaries overlapped. However, as both methods measured a similar profile for the 

anterior results, it is likely that other factors of the methodology, not the measurement 

technique, were causing this result.  

The medial marker displacement results showed the largest displacement in the 

medial direction at 15° flexion. For the capsule intact condition, a peak displacement of 

0.47 mm was measured with the ImageJ method (Figure 3.12E) and 0.65 mm using the 

MatLab method (Figure 3.12F). No trends were observed between the capsule intact, 

capsule removed, and ligaments removed conditions for the medial marker results. The 

MatLab technique produced some ‘noise’ in the medial marker displacement data. This 

was due to the MatLab bounding box flickering in response to certain aspects of the test 

set up, such as lighting conditions and the camera distance.  
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           ImageJ  MatLab  

  

  

  

Figure 3.12. Comparison of the meniscal displacement between porcine knee sample 

dissection conditions, capsule intact (CAP, capsule removed (NOCAP) and ligaments 

removed (NOLIG), of the posterior marker (A, B), anterior marker (C, D) and the medial 

marker (E, F) results using two different measurement methods (n = 1). Shaded error 

bars equate to the highest measured absolute value from the validation study. ImageJ 

method +/- 0.29 mm; MatLab method +/- 0.10 mm.  
 

A 
B 

C D 

E F 

Posterior Marker  

Medial Marker 
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3.6.4 Discussion 

 The aim of this study was to develop a method which can measure meniscus 

displacement over a single dynamic profile cycle, performing flexion-extension motion with 

a constant load. In addition, to compare two measurement techniques on the same 

sample undergoing the same protocol. It is important to note that only a single porcine 

sample has been evaluated thus far, because at this stage the measurement technique 

was the focus and progression onto human samples is of upmost importance for clinical 

relevance.  

 Radiographical studies in the literature studying human meniscal movement with 

flexion - extension have shown that the whole meniscus moves posteriorly with flexion 

(Vedi et al., 1999; Boxheimer et al., 2004; Scholes et al., 2015). Although it is difficult to 

make direct comparisons between the results of this preliminary study on porcine 

specimens and those reported in the literature, it was observed during the study that 

anterior and posterior region of the porcine menisci were moving posteriorly during flexion 

to stabilise the knee. However, the results show minimal movement of the anterior region 

of the porcine meniscus; yet the posterior region followed the motion of the simulators 

flexion arm. Therefore, the sagittal plane video capture was not emulating real motion, 

which is likely a result of camera lens distortion and camera positioning. To bring the 

sagittal plane markers into focus, a macro lens was placed on the smartphone camera, 

however, this created a wide-angle distortion on the outer edges of the frame. It is 

important for the cameras to emulate what the eye sees, having lens distortion means that 

the marker motion is being underestimated towards the edges of the frame. This could be 

why the anterior marker results were minimal compared to the posterior marker results, 

due to the positioning the markers on the frame. In addition, it was important that the 

camera was positioned at 90° to the marker to measure the most anterior-posterior 

movement. Further method developments were applied to control these factors and are 

described in the next sections.  

 

3.6.4.1 MatLab vs ImageJ Method Evaluation 

The ImageJ and the MatLab method represent two forms of video marker tracking 

measurement techniques, this section discusses each method based on the results.   

Repeatability and Ease of Use: One of the main advantages of the MatLab method 

is that the computational automation has considerably reduced the time taken to analyse 

results. Observer bias has also been reduced to one instance (the image calibration) 

which increases the objectivity of the method. The ImageJ method requires the user to 

measure the distance between each frame manually, generating the likelihood for more 
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random errors at each instance. In addition, developing this method on a popular and 

accessible package such as MatLab increases the reproducibility. Due to the limitations of 

time and observer concentration, the ImageJ method could only produce 10 data points, 

whereas the MatLab method produced 30 data points throughout a singe 1 second 

duration cycle. This meant that more descriptive displacement information was be 

gathered within the same timeframe using the MatLab method.  

Margin for Error and Precision: The MatLab method had a lower margin for error 

(within 0.1 mm) than the ImageJ method (within 0.29 mm). Due to the novelty of this 

application, there is little evidence for acceptable error margins in the literature. However, 

the validation suggests that the MatLab method is more likely to be sensitive to detect 

differences between test conditions than the ImageJ method. Even though, no definitive 

conclusions between the dissection conditions can be drawn from this preliminary work, 

the only case which showed a trend between the capsule intact and capsule sacrificed 

conditions were the posterior marker results using the MatLab technique. 

The MatLab method was also found to have a fair level of precision with the 

majority of SD’s falling within the <10% threshold. This suggests that measurement error 

could be attributed more toward systematic error and less to random error. Even though 

both methods require the observer to measure the marker size to calibrate the results 

from pixels to millimetres, the ImageJ method relies heavily on the observer as the 

measurement of the distance between the marker and the tibia is taken at each interval. 

Meaning there is an increased risk of random error and bias with the ImageJ method, 

creating variation within the results, and reflected in the standard deviations.  

 

3.6.4.2 Conclusion 

This preliminary study has shown that it is possible to adhere markers to the medial, 

anterior, and posterior regions of the medial meniscus and estimate the movement of 

these regions during dynamic flexion-extension motion. In addition, as explained above, 

the MatLab method will be chosen to progress with the methodology and further camera 

and marker developments are required to understand the measurement thoroughly before 

implementing more complex gait profiles and an injury condition. 
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3.7 Video Capture and Mounting Development 

This section describes developments made to the experimental apparatus, to 

mitigate the risk of confounding factors such as camera position, lens distortion and low 

marker-background colour contrast. The goal is illustrated in Figure 3.13, where three 

separate cameras are held in the simulator, each filming a region of the meniscus in the 

whole joint sample. The method can now be described in a coordinate system with a 

consistent set of polarities between the markers, where the polarities match the axes of 

the simulator.  

 

 

 

3.7.1 Design Specification for Improved Method Apparatus  

Table 3.7 summaries the requirements which were put in place to source the 

appropriate video cameras and markers, and to design the camera holder which attached 

to the simulator in order to facilitate data collection.  

  

 

Figure 3.13. Schematic of the tissue-level test set up for the medial meniscus of a right 

knee in the simulator, showing the medial, anterior, and posterior camera views and the 

polarity of measured medial-lateral and anterior-posterior movement directions in the 

video frames. A tibial reference marker will also be introduced so two markers will be 

tracked with the MatLab script in the same video to find the meniscus displacement, 

relative to the tibia.  
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Table 3.7. Specifications for designing and sourcing the cameras, markers and camera 

holder for the improved method set up illustrated in Figure 3.12.  

Video Camera Requirements 

Quantity 3 x cameras were required to film the meniscus and tibia markers on 

each individual region (medial, anterior and posterior) of the knee joint 

Lens Field of 

View 

To have a narrow and near-natural field of view of 50° – 70° to avoid 

large lens distortions affecting the tracking estimations. 

Size As small and thin (< 30 (w) x 30 (h) x 10 (d) mm) as possible. The 

space to fit the anterior and posterior cameras between the knee and 

the FE arm of the simulator could be as small as 50 mm for porcine 

knees and 30 mm for human knees. 

Focusing 

Distance 

To have a small minimum focusing distance of < 20mm which could be 

adjusted manually depending on the size of the sample.  

Resolution To have a high-definition resolution of 1080 x 1920 pixels 

Frame Rate To have a minimum frames per second of 30 fps to be able to track the 

markers moving in the frame. 

Marker Requirements 

Size / 

Diameter 

Pins of diameter 2 mm > 4 mm. The meniscus and the tibial marker will 

be displayed in the same frame and therefore the markers need to be 

small enough to be measured in the frame.  

Colour To have a solid contrasting colour (green/yellow) to the background. 

This helps the colour threshold process and reduces the noise 

generated from the MatLab script.   

Camera Holder Rig Requirements: 

Function To attach to the simulator and be adjustable in the x, y and z directions 

to allow for varying sized knees. To hold three video cameras in the 

correct position at the tissue level to enable clear filming of the markers 

attached in the medial, anterior and posterior meniscal regions.  

Durability and 

Fixation 

To be able to maintain secure fixation throughout each full sample 

experiment and dissipate any simulator vibrations to ensure a 

stationary video capture. To avoid and camera movement/tilt which 

would reduce the accuracy of measurements taken from the videos.  

Usability To allow easy removal (clip on, clip off) from the knee simulator. 

Modular design to be able to change singular parts easily in case of 

damage or readjustments to material/size/dimensions. Standard 

camera mount tapped thread used (UNC 1/4” – 20).  

Material To be made from a material which is corrosion resistant, waterproof, 

and easy to clean. The porcine and human knees will have to be 

sprayed with PBS to be kept hydrated, therefore the holder needs to be 

resistant to PBS as well as laboratory regulation disinfectants.  

Size and 

Dimensions 

To be able to hold cameras at the tissue level in an estimated sample 

area/volume of 150 cubic millimetres and avoid contacting moving 

parts of the simulator. Simulator measurements indicate an adjustable 

size within an area of: width: 265 mm; height: 200 mm; depth: 270 mm.  
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3.7.2 Camera Hardware and Markers 

Raspberry Pi v2 camera modules (Raspberry Pi, UK) connected to a Raspberry Pi 

Zero (Raspberry Pi, UK) printed circuit board (PCB) were chosen as video capture 

hardware. The cameras were capable of filming at 1080 x 1920 resolution at 30 frames 

per second. Three of these cameras were purchased and programmed on Python (Python 

Software Foundation, Delaware, USA) to be recognisable by computer as a webcam. The 

miniature size (Height: 25 mm x Width: 23 mm x Depth: 9 mm) and the adjustable focus 

was able to show a clear image with an object ~10 mm away. The field of view was also 

within specification at 62° to reduce the amount of lens distortion.  

 For the frontal plane, 4 mm diameter map pins with a round yellow head were 

used. The sagittal plane meniscal markers were made from plastic delrin ball bearings of 2 

mm diameter (Simply Bearings, UK). These were then superglued to a 10 mm long piece 

of metal wire 0.017 mm thick. The glued ball bearings were dipped twice in florescent 

green petrol resistant paint to make them appropriate for colour segmenting in MatLab. 

The markers were measured after painting to take into account any increases in diameter. 

 

3.7.3 Camera Holder Design 

Details of the simulator camera holder are outlined in Figure 3.14, including the 

SolidWorks assembly design (A, B) and the finished rig in the simulator and with the 

anterior, posterior and medial Raspberry Pi cameras mounted (C, D). The holder was 

made from aluminium due to its machining ease, low cost, and corrosion resistant 

properties. All cap head screws and tapped holes were ANSI inch UNC thread 1/4” – 20 

as this is the standardised screw size for camera mounting. Printed and laminated scales 

were placed on the adjustable parts of the holder in order to quantify and control the 

camera positioning. To protect the Raspberry Pi camera modules, splashproof cases were 

3D printed from VeroClear® plastic using a fused-filament 3D printer (Objet30, Stratasys, 

USA) to protect them from PBS spray and biological tissue (Figure 3.14D). 
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Figure 3.14. (A) Annotated exploded SolidWorks assembly and (B) complete 

SolidWorks assembly of the camera holder design. (C) Manufactured camera holder 

adhered to the simulator and (D) with the Raspberry Pi cameras mounted.   

  

A 

B C D 
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3.8 Discussion  

This chapter has discussed the development of a method to measure dynamic 

meniscal displacement in a knee simulator. In the preliminary stages, ImageJ was used to 

measure the frontal plane marker position changes between frames taken from a video 

during a static ramping load protocol. This method was then applied to the sagittal plane, 

measuring position changes in the anterior and posterior regions of the meniscus. The 

measurement technique was then advanced to an object tracking method using MatLab. 

Validation experiments showed the MatLab method was more precise, with coefficient of 

variance’s <7% (max 6.05%), and more repeatable as data processing time was reduced 

considerably. This was chosen over the ImageJ method to measure medial meniscus 

displacement experiencing dynamic flexion-extension simulator motion. The latter stages 

of this chapter describe the apparatus and video capture developments to suit the MatLab 

measurement technique and control confounding factors. 

The use of markers adhered to the superior surfaces of the meniscus of cadaveric 

samples to identify a point of measurement has been performed in a handful of papers 

studying meniscal movement (Bylski-Austrow et al., 1994; Tienen et al., 2005). However, 

most studies take radiographical images at static states of flexion and only a handful track 

the movement during a continuous flexion-extension motion. In addition, the benefit of 

using an object tracking method is that a very small amount of tissue manipulation is 

required to place the pins, this allows more freedom of movement to measure dynamic 

displacements.  

The use of video object tracking has been used in a variety of different applications 

from military visual surveillance systems to ecological animal population counting systems 

to medical imaging (Olesen et al., 2012; Kalcounis-Rueppell et al., 2013; Kamate and 

Yilmazer, 2015). However, to the authors knowledge, no study has used a video capture 

and computational object tracking method to estimate and quantify dynamic meniscal 

displacement. 

 In the next chapter, the MatLab technique and experimental set up, using the 

Raspberry Pi video equipment and bespoke camera rig, will be investigated further by 

performing sinewave motions of the anterior-posterior and tibial rotation axes on the 

simulator. This will aid the understanding of how rotation effects the 2D measurements 

and the sensitivity of the relative meniscal displacement measurement. In addition, to 

progress the loading protocol to include dynamic tibial motion. These further investigations 

will help interpretation of the data in relation to the simulator outputs and be important 

when progressing the method onto human specimens.  
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Chapter 4  

Reliability Investigations of the Marker Tracking Method  

 

4.1 Introduction  

 In the previous chapter an object tracking method was developed to measure the 

anterior-posterior and medial-lateral displacement of a moving marker in a video. This 

marker tracking method was validated on the medial-lateral axis using a static reliability 

study in section 3.6. However, the overall goal is to measure dynamic meniscus 

movement. Therefore, this chapter presents work which further analysed the accuracy 

and precision of the marker tracking method to known dynamic simulator inputs. The 

simulator input profiles were built up in complexity, starting by applying sinewave profiles 

to a solid object (dummy rig), before applying a simulated gait cycle on a porcine knee 

joint. The end goal was to measure dynamic meniscal displacement in the anterior, 

posterior, and medial meniscal regions whilst the whole knee joint was driven through a 

simulated gait cycle. During the simulated gait cycle, the tibia moves with the abduction-

adduction, anterior-posterior and tibial rotation axes; therefore, two markers were placed 

at each region, one marker on the meniscus and one marker on the tibia. The key 

measurement was the relative displacement of the meniscus marker with respect to the 

tibia marker. This chapter presents a series of sub-studies prior to applying the full model 

to porcine and eventually human specimens, clarifying the reliability of the marker tracking 

method. 

 

4.1.1 Aims and Objectives  

 The aim of this chapter was to establish the reliability of the marker tracking 

method and to aid understanding of the meniscus movement measurements obtained 

when complex simulator inputs are applied.  

The objectives were: 
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1. To establish the accuracy and precision of the marker tracking method in the 

anterior-posterior axis using a solid plastic dummy joint;  

2. to describe the effect of introducing tibial rotation on the anterior-posterior marker 

tracking measurements; 

3. to describe the margin of error during image calibration and camera lens 

distortion; 

4. to establish the polarity of the relative displacement between two moving markers; 

5. to establish the relative meniscus displacement measurement and sample set up 

by performing sinewave inputs on a porcine knee joint sample with meniscal and 

tibial markers placed on the anterior, posterior and medial regions of the meniscus; 

6. to apply a complex displacement controlled simulated gait cycle and measure the 

relative meniscal displacement of the anterior, posterior and medial regions of the 

meniscus. 

 

 

4.2 Dummy Investigation: Understanding the Accuracy and Precision 

in Response to Sinewave Inputs  

4.2.1 Rationale 

This section presents work using markers adhered to a solid object (dummy) and 

driven through simple simulator inputs to assess the reliability of the marker tracking 

method. The accuracy was assessed by calculating how close the measured marker 

displacements were to known simulator translations. The precision was assessed by 

performing multiple repeats and calculating the dispersion of the measured displacements 

from one another. 

A basic single-axis study was performed initially, only driving the anterior-posterior 

translation axis using a sinewave profile at different magnitudes to assess the agreement 

and the dispersion of the measured displacements to the known simulator translations. 

This study was performed to determine a baseline margin of error of the marker tracking 

method in the absence of additional factors such as load, and 3D motion.  

A second study was performed examining the effect on the measured anterior-

posterior marker displacement when applying tibial rotation. Adding tibial rotation 

(transverse plane) changed the depth of the marker in the video frame of both the frontal 

and sagittal plane cameras (moving towards and away from the lens). This moved the 

marker out of plane and effected the measured 2D anterior-posterior displacement in the 

video frame. This study was performed to understand the effect of increasing the 

magnitude of tibial rotation on the marker displacements in the video frame. This is useful 
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because the simulated gait cycle will include an amount of driven tibial rotation and the 

sensitivity of this on the 2D tracking system requires investigating to help characterise the 

measured displacements.  

 

4.2.2 Method 

4.2.2.1 Test Set Up 

A dummy was manufactured consisting of a cylindrical delrin tibial base, a metal 

femur and a delrin floating insert to act as a meniscus (Figure 4.1A). This floating insert 

was able to float along the sagittal plane (anterior-posterior axis) only and allowed small 

amounts of rotation in the transverse plane. A green 5 mm diameter marker was adhered 

to the tibial base of the dummy with superglue and a small square of Velcro. The location 

of the marker on the tibial base was positioned medially and posteriorly at ~ 20° angle from 

the centre of the circular cross section (Figure 4.1B). This position was used so the 

marker could be closer to the camera lens for clarity. The tibial base diameter was large 

which meant if the marker was placed at the 0° on the cylindrical profile it would have 

been too far away to be illuminated properly. The polarities of the simulator anterior-

posterior and tibial rotation axes are described in Figure 4.1C in the video frame.  

A single Raspberry Pi camera was programmed and mounted in the simulator on 

the medial side to film the marker and a light source was placed on the simulator to 

illuminate the marker. A spirit level was used to ensure the camera was level. A flashing 

red LED light was linked to the opto-regulator of the simulator to indicate the cycle starting 

point in the video frame. The camera was triggered via USB through a standard web-

camera application (Camera, Windows 10) and the videos were captured at 30 fps with 

the simulator running at a frequency of 0.5 Hz (2 second cycle duration). This frequency is 

half the speed of the standard frequency used in previously published work (Liu et al., 

2015). This speed was necessary to reduce the motion blur of the markers in the output 

videos. Motion blur prevented the object-tracking bounding box adhering to the marker in 

the video. Reducing the frequency allowed clearer movement to be captured whilst not 

affecting the pattern of movement produced by the simulator.  

All the videos were processed in MatLab to measure the anterior-posterior 

displacement of the tibial base marker during one simulator cycle (cycle 10). The pixel 

calibration factor was calculated as described previously (see section 3.5.2.3) to estimate 

the displacements in millimetres. The total measured anterior-posterior displacements for 

each sinewave condition were used for data analysis.   
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Figure 4.1.(A) Dummy study set up in the simulator. (B) Tibial base top view showing the 

marker position (attached to the tibial base) in relation to the camera position and the 

directions of the simulators driven sinewave anterior-posterior translation and internal-

external rotation of the tibial base. (C) Camera frame video of the marker attached to the 

tibial base with labelled simulator translation and rotation axes.   

 

 

4.2.2.2 Study 1: Anterior-Posterior Displacement Agreement 

This study was carried out to investigate how effective the method was at 

measuring a moving marker in one plane. Only the anterior-posterior translation axis was 

driven as a sinewave profile at differing magnitudes (+/- 1 mm, +/- 2 mm, +/- 4mm, +/- 6 

mm) (Figure 4.2). No load was applied, and the tibial rotation axis and the abduction-

adduction axis were fixed. This study was repeated three times and the measured marker-

tracking video displacement were compared to the simulators anterior-posterior 

translation output, which were measured with built-in optical encoder sensors. Mean 

percentage error (MPE) was calculated as the accuracy measure and the coefficient of 

variance (CV) was calculated as the precision measure of the marker tracking method.   
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4.2.2.3 Study 2: The Effect of Tibial Rotation on the Measured Anterior-Posterior 

Displacement 

 The sinewave profiles applied to the anterior-posterior translation and internal-

external rotation axes of the simulator were used simultaneously in this study (Figure 4.2). 

For each of three anterior-posterior translation sinewave profiles (+/- 0 mm, +/- 2 mm, +/- 

6 mm), four tibial rotation sinewave profiles (+/- 0°, +/- 1°, +/- 2°, +/- 4°) were applied. The 

polarities were chosen to generate anterior tibial translation and internal tibial rotation 

together, as this is what generally occurs with knee flexion (Shenoy et al., 2013). The 

abduction-adduction axis was fixed and a 500N constant axial load was applied to the 

dummy system during this study. This was applied because a knee specimen would 

always have a certain amount of axial force transmitted through the system when applying 

tibial rotation. Each sinewave condition combination was repeated three times and the 

closeness of the measured displacements were compared with each other using the 

coefficient of variance (CV) to further study the precision of the marker tracking method.  

 

 

4.2.3 Results  

4.2.3.1 Study 1: Anterior-Posterior Displacement Agreement 

As shown in Table 4.1, the marking tracking measurements fell within +/- 2 % of 

the known outputs produced by the simulator. A slight trend was observed as the MPE 

increased as the magnitude of each anterior-posterior sinewave condition increased. The 

precision of the marker tracking method was also high showing little variation between 

repeat measurements (CV < 2%). The highest CV recorded for this study was for the 

sinewave condition of the smallest magnitude (+/- 1.0 mm: 1.31%). As shown in Figure 

 

Figure 4.2. Sinewave input profiles used for the anterior-posterior (AP) translation and the 

internal and external tibial rotation (TR).  
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4.3, the marker tracking method successfully measured the moving marker with good 

agreement to the simulator output for each sinewave condition.  

 

Table 4.1. Study 1 known and measured total displacements for each driven anterior-

posterior (AP) sinewave case (all measurements in mm) including statistical results of 

mean percentage error (MPE) and coefficient of variance (CV).  

AP 

Case 

SSKS 

Input 

SSKS 

Output 

Marker Tracking Method Mean 

(SD) 

MPE 

(%) 

CV  

(%) Trial 1 Trial 2 Trial 3 

+/- 1 2.00 
1.98 

(± 0.01) 
1.99 1.97 2.02 

1.99  

(± 0.03) 
- 0.97 1.31 

+/- 2  4.00 
3.96 

(± 0.02) 
3.92 3.92 3.92 

3.92  

(± 0.00) 
- 1.03 0.00 

+/- 4 8.00 
7.94 

(± 0.01) 
7.79 7.84 7.83 

7.82 

(± 0.03) 
- 1.49 0.33 

+/- 6 12.00 
11.90 

(± 0.01) 
11.73 11.71 11.73 

11.72 

(± 0.01) 
- 1.51 0.08 

 

 

 

 

 

Figure 4.3. Study 1 results from repeat trial 1 showing the agreement of the marker- 

tracking method (blue lines) in measuring known anterior-posterior sinewave 

translations driven by the simulator (grey/black lines). 
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4.2.3.2 Study 2: The Effect of Tibial Rotation on the measured Anterior-Posterior 

Displacement 

Even with no anterior-posterior translation applied, the tibial rotation movement 

created displacement of the marker along the anterior-posterior axis in the video frame 

(Figure 4.4A). When driven translation was applied increasing the magnitude of the tibial 

rotation had the effect of reducing the amount of measured anterior-posterior 

displacement in the video frame (Figure 4.4B). 

The majority of the CV’s reported in Study 2 showed an acceptable amount of 

precision (Table 4.2). All conditions, except for the 0 mm AP, 0° TR control condition, 

reported values < 10 % variation. The mean total displacement for the +/- 2 mm AP 0° TR 

and the +/- 6 mm AP 0° TR conditions were lower than the means reported in study 1 (AP 

+/- 2 mm sinewave case: 3.92 mm (study 1), 3.47 mm (study 2), - 0.45 mm; AP +/- 6 mm 

sinewave case: 11.72 mm (study 1), 10.85 mm (study 2), - 0.87mm).  

 

 

4.2.4 Discussion 

 The aim of this section was to investigate the accuracy and precision of the marker 

tracking method in response to a range of sinewave profiles using a plastic dummy. A 

simple experiment using only one movement axis and no load (Study 1) examined how 

close the marker displacement, measured through the MatLab marker-tracking technique, 

was to a known anterior-posterior translation outputs of the simulator. 

 This basic study showed that the method measured planar anterior-posterior 

displacement within a maximum absolute value of 0.18 mm, or a mean of +/- 0.1 mm 

when tracking a moving simulator output, and that the measurements were reproducible 

Table 4.2. Study 2 marker tracking measured displacements and calculated coefficients 

of variation (CV) from three repeat trials of each driven AP translation sinewave case 

with associated driven tibial rotation sinewave cases (500N constant axial load applied). 

Driven 

Tibial 

Rotation 

(°) 

Mean Total AP Displacement (mm) 

AP +/- 0 mm 

(SD) 

CV 

(%) 

AP +/- 2 mm 

(SD) 

CV 

(%) 

AP +/- 6 mm 

(SD) 

CV 

(%) 

± 0.0 0.07 (± 0.03) 39.1 3.47 (± 0.01) 0.2 10.85 (± 0.04) 0.4 

± 1.0 0.80 (± 0.07) 9.7 3.01 (± 0.14) 4.6 10.42 (± 0.06) 0.6 

± 2.0 1.37 (± 0.06) 4.7 2.47 (± 0.14) 5.8 9.65 (± 0.18) 1.9 

± 4.0 2.63 (± 0.10) 3.6 1.32 (± 0.04) 2.9 8.58 (± 0.17) 1.9 
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due to a low data dispersion (Table 4.1). The measured displacements also followed the 

movement path produced by the anterior-posterior carriage of the simulator. 

 

 

 

Figure 4.4. Study 2 results from repeat trial 1 showing the effect of applying tibial rotation 

on the anterior-posterior measurement of the marker in the video for the (A) +/- 0 mm 

(black/grey) AP sinewave condition and (B) the +/- 2 mm (blue) and the +/- 6 mm (red) 

AP conditions (500N constant load applied). 

A 

B 
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A second experiment (Study 2) was carried out during this investigation to 

understand the effect on the 2D marker tracking measurement when applying tibial 

rotation and load. When no translation was applied, the tibial rotation generated a small 

amount of measured anterior-posterior displacement in the video frame which followed the 

shape of the tibial rotation input profiles. The higher the magnitude of the applied tibial 

rotation sinewave case, the larger the amount of measured anterior-posterior 

displacement when no simulator translation was applied. Due to the polarities of the 

simulator, internal rotation produced posterior displacement and external rotation 

produced anterior displacement in the video frame. In the cases where driven anterior-

posterior translation was applied (+/- 2 mm and +/- 6 mm AP sinewave conditions), the 

opposite effect occurred. The measured anterior-posterior displacement in the video 

frame followed the direction of simulators AP carriage and the application of tibial rotation 

reduced the amount of measured anterior-posterior displacement in the video frame. The 

implications of this as a meniscus displacement measurement are discussed later in 

section 4.8. 

Moreover, the coefficients of variation remained < 10 % when motion was applied 

to the dummy, showing an acceptable amount of precision when measuring a moving 

marker. Therefore, despite the changes occurring when applying tibial rotation and 

moving the marker out of plane; effecting the measured 2D anterior-posterior 

displacement in the video frame, the marking tracking method can produce precise 

measurements if parameters such as camera positioning and lighting are meticulously 

controlled between experimental conditions. The ability to compare against experimental 

conditions with the developed marker tracking method relates to the overall aim of the 

project in devising a pre-clinical assessment, rather than producing accurate 

measurements in three dimensions. However, this also suggests that the marker tracking 

method is not particularly robust as the test set up requires tight controls and a specific 

environment for acceptable measurements to be obtained and compared between 

conditions. Herein, simulator vibrations and noise produced by the marker-tracking 

method meant that the CV for the fixed control condition in Study 2 (+/- 0 AP, +/- 0° TR) 

was high (39.1%) because small fluctuations in the signal had a larger effect on the data 

dispersion around the mean. 

 

4.2.4.1 Limitations 

A constant 500N load was applied during Study 2 which may have created slight 

vibrations in the dummy rig system affecting the measurements. In addition, any axes 

which were not driven were fixed at zero, meaning that the motors were working to keep 
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that axis at zero and creating some vibration in the system. This explains why the control 

condition was measured at 0.07 (+/- 0.03) mm when the target was 0.00 mm. 

In addition to simulator vibration, cases with small translations or rotations were 

affected by the precision of the marker- tracking method. This was due to the attachment 

of the bounding box to the pixel area of the marker in the video frame. A pixel is the 

smallest element of an image and is a discrete variable, because it is not possible to 

measure anything in the middle of one pixel. The resolution of the marker tracking method 

is the pixel calibration factor (see section 3.5.2.3) meaning that the smallest possible 

displacement measured is limited by the size of one pixel. When the marker was held at 

zero, the bounding box ‘flickers’ between pixel boundaries, as the line cannot fall in the 

middle of pixel. This creates noise in the measured signal. This noise can be moderated 

through adequate lighting and data smoothing; however, the effect is less noticeable when 

measuring larger displacements (> 1.0 mm).  

Lighting is a key factor to control when carrying out optical methods. Well 

illuminated markers allow for greater colour contrast from the background of the image 

generating a more accurate adherence of the bounding box to the moving marker during 

the blob analysis. In this study, a small trend was observed as the closeness of the 

measurements to the simulator outputs reduced slightly as the magnitude of each 

condition increased in study 1. During the larger anterior-posterior sinewave 

displacements (+/- 6.0 mm), the marker travelled further to the periphery of the video 

frame where the illumination was possibly lower than in the centre of the video frame. 

When the marker entered darker areas in the video more error was produced because the 

marker became less contrasting to the background. However, the MPE of the +/- 6.0 mm 

sinewave was still low at 1.51%.  

 

4.3 Image Calibration Error 

4.3.1 Rationale  

 A key part of the marker tracking method is calibrating all the frames in the video 

to the known marker diameter. The diameter of the marker was measured manually using 

the image tool function (‘imtool’) within the marker tracking script, which gave a number in 

pixels. The pixel calibration factor was calculated by dividing this value with the actual size 

of the marker (known diameter) in millimetres (Equation 3.3). The pixel calibration factor 

was then applied to the tracking results to give an estimate of the position data in 

millimetres. This estimate was dependent on the distance the camera was away from the 

marker and the size of the markers used. A margin of error was generated when 

calibrating the frames in the video in this way.  
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Therefore, the aims of this short study were:  

1) To investigate the effect of overestimating or underestimating the marker pixel 

diameter on the measured marker displacement; 

2) to investigate the inter and intra observer variability when measuring the 

diameter of the marker in the video frame using the ‘imtool’ function in MatLab 

and assessing this effect on the measurement.  

 

4.3.2 Method 

4.3.2.1 Pixel Measurement Sensitivity  

This was carried out by using the +/- 6.0 mm anterior-posterior displacement 

sinewave results from the dummy investigation previously (see section 4.2). The 5 mm 

marker diameter was measured at 292 pixels by the author, this generated a pixel 

calibration factor of 0.0171 mm per pixel. Within the script, the marker pixel diameter (292 

pixels) was manually changed to simulate overestimating and underestimating the 

calibration by +/- 5 pixel increments to understand the effect on the measured 

displacement.  The known diameter of the marker (5 mm) was also changed to +/- 1 mm 

in this sub study which equated to a pixel calibration factor of 0.014 mm per pixel for a 1 

mm underestimation and a factor of 0.020 mm per pixel for a 1 mm overestimation. 

 

4.3.2.2 Intra-Observer and Inter-Observer Variability  

To assess the differences between individual marker diameter measurement, a 

sample of healthy subjects familiar with computer use (n = 8; 4 males, 4 females, mean 

age: 28 years) took part in a marker measurement study using the ‘imtool’ function on the 

calibration image from the dummy investigation (see section 4.2). The trial was blinded to 

mitigate bias, meaning the subjects did not know the authors pixel measurement value 

(292 pixels), nor did they know what values the other subjects in the study measured. The 

subjects measured the 5 mm marker in the image (in pixels) three times and the mean 

was calculated to assess intra-observer variability. A mean was calculated across all 

subjects to assess inter-observer variability. 

 

4.3.3 Results 

 Overestimating the marker diameter (in pixels) by + 5 pixels in the equation 

caused the pixel calibration factor to decrease (0.0168 mm per pixel) and therefore less 

displacement to be measured in the image. The total displacement of the +/- 6 mm 
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sinewave measurement decreased by 0.19 mm. Underestimating the marker diameter by 

– 5 pixels increased the pixel calibration factor to 0.0174 mm per pixel, causing more 

displacement to be measured in the image. The total displacement of the +/- 6 mm 

sinewave measurement increased by 0.19 mm (Figure 4.5). A calibration error of +/- 5 

pixels when measuring the diameter of the marker in the image created a +/- 1.7 % error 

on the measured displacements in this analysis. Moreover, overestimating the known 

marker diameter (in mm) by +/- 1 mm, created a ~ +/- 20 % difference in displacement 

from the original result.  

 

 

Figure 4.5. Sensitivity analysis of the marker pixel diameter calibration on the measured 

+/- 6 mm anterior-posterior translation sinewave result from the dummy investigation 

(Study 1).  

 

The mean marker diameter measurement in the image calibration was 290.92 

pixels (+/- 2.36 SD) across the 8 subjects in the inter-observer variability study (Table 4.3). 

The maximum calibration measurement was 295.60 pixels and the minimum 

measurement was 286.50 pixels across all measurement trials of the 8 subjects. 

Therefore, all inter-observer measurements were with +/- 4.55 pixels from this 

investigation. Intra-observer variability fell on average within +/- 1.02 pixels of the mean 

measurement. The maximum range of the three repeat measurements for a subject was 

4.49 pixels (subject 8) and the minimum range was 0.02 pixels (subject 4). These inter 

and intra observer pixel ranges were in agreement with the +/- 5 pixel error generating a 

+/- 1.7 % error in the measurement in Figure 4.5 above.  
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4.3.4 Discussion 

This study found that underestimating or overestimating the marker pixel diameter 

influenced the measured anterior-posterior displacement in the image. A higher pixel 

calibration factor caused more millimetres calibrated to one pixel, increasing the measured 

displacement. The pixel calibration factor can be increased through increasing the known 

diameter (numerator) or decreasing the pixel diameter (denominator) in Equation 3.3. A 

lower pixel calibration factor caused fewer millimetres calibrated to one pixel, decreasing 

the measured displacement. The opposite process creates this effect, by either 

decreasing the known diameter or increasing the pixel diameter.  

Inter-observer variability and intra-observer variability fell within a +/- 5 pixel 

calibration measurement error. Therefore, measurements between observers would 

feasibly fluctuate within +/- 5 pixels, creating a potential +/- 1.7% error for a 12 mm (+/- 6 

mm) profile from this study. The sensitivity analysis spanned to +/- 30 pixels to illustrate 

the effect the calibration has on the results. The results from this study also stress the 

importance of accurately measuring the known diameter of the marker in millimetres 

before testing. The pixel calibration factor was dependent on the video resolution, the size 

of the marker and/or how far away the camera is from the marker, therefore this 

percentage error would be consistent for all magnitudes of displacement, providing the 

marker size, camera parameters and camera position were kept consistent. In addition, 

accurate image calibration was also dependent on a clear boundary of the marker from 

the background in the video frame. Adequate lighting and a contrasting marker colour 

would increase marker diameter measurement accuracy for image calibration.  

Table 4.3. Measured pixel diameters of the marker in the calibration image (Study 1) 

across 8 healthy subjects to assess intra and inter observer variability (All 

measurements in pixels).  

Subject 
Image Marker 

Measurement 1 

Image Marker 

Measurement 2 

Image Marker 

Measurement 3 
Mean ± SD 

1 289.66 292.56 291.03 291.03 1.45 

2 289.50 291.06 291.03 290.53 0.89 

3 295.50 295.52 295.60 295.54 0.05 

4 291.00 291.02 291.02 291.01 0.01 

5 288.04 288.04 289.56 288.55 0.88 

6 292.52 289.52 291.02 291.02 1.50 

7 288.02 286.50 286.69 287.07 0.83 

8 289.53 294.02 294.00 292.52 2.59 
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4.4 Lens Distortion Error  

4.4.1 Rationale 

All camera lenses distort the world they are viewing to a certain degree and the 

amount of lens distortion varies between camera models (Figure 4.6). For example, action 

cameras used to capture sports have a field of view ~ 180°, creating a ‘barrel’ distortion. 

Alternatively, telephoto cameras used for filming distant objects usually adopt a 

‘pincushion’ distortion. Large amounts of lens distortion would reduce the accuracy when 

measuring displacements of moving objects in the video and therefore post-processing 

may be necessary to correct this distortion and omit this error. 

 

Figure 4.6. Types of lens distortion: (A) no lens distortion, (B) barrel distortion and (C) 

pincushion distortion. 

 

The aim of this study was to remove any lens distortion by carrying out the intrinsic 

camera calibration process located within the MatLab’s computer vision toolbox and to 

discuss the effect of performing the intrinsic calibration on the anterior-posterior sinewave 

results obtained during Study 1 of the dummy investigation (section 4.2.2.2). 

 

4.4.2 Method 

The intrinsic camera calibration was performed using one miniature Raspberry Pi 

camera programmed as a webcam. This process uses the single Camera Calibrator and 

the Batch Image Processor applications available within the computer vision toolbox on 

MatLab. Multiple images of a standard checkerboard with 25 mm sized squares were 

taken with the Raspberry Pi camera at different angles (Figure 4.7A). Fourteen 

checkerboard images were taken in total and uploaded to the Camera Calibrator 

application on MatLab. The intrinsic calibration was carried out showing the reprojection 

errors and extrinsic parameter visualisation. These outputs are for visual purposes to 

evaluate the accuracy of the calibration. The reprojection errors are the distance in pixels 

between the corners of the checker squares within each image. An acceptable overall 
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mean error for this calibration is < 1.0 pixel (Figure 4.7B). The extrinsic parameters 

estimate the positions of the camera relative to the checkerboard and vice-versa. This is 

useful to identify errors from checkerboard images which may need to be repeated or 

excluded. 

 

The main outputs of the calibration were contained in the structural array 

‘cameraParams’ and exported into the workspace. This variable contained the calculated 

intrinsic and extrinsic camera parameters, plus the radial and tangential distortion 

coefficients. The camera parameters and distortion coefficients were inputted into an 

image function and applied to all the frames of the +/- 1.0 mm, +/- 2.0 mm and +/- 6.0 mm 

anterior-posterior translation sinewave condition videos from one of the study 1 trials 

during the dummy investigation (section 4.2.2.2). This was done by using the Batch Image 

Processor application (The MathWorks, 2022). The object-tracking script was then used 

on the videos with the applied intrinsic calibration. One cycle was extracted, and the 

percentage errors were calculated and compared with the previous uncalibrated results. 

 

4.4.3 Results  

The intrinsic calibration was sufficiently accurate and resulted in a mean overall 

reprojection error of 0.33 pixels. Comparisons between the calibrated and uncalibrated 

results are displayed in Figure 4.8. Images of the video frames are also illustrated to show 

the effect of the calibration on the lens distortion.  

As shown in Table 4.4., minimal difference was found between the measured 

displacements (+/- 0.016 mm, maximum: 0.03 mm) from the uncalibrated and calibrated 

results. The calibrated measurements remained sufficiently close to the known simulator 

 

Figure 4.7. (A) An example checkerboard image and (B) the reprojection errors.  

A B 
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outputs and a small difference in percentage error (+/- 1.09 %) was found when compared 

with the uncalibrated percentage errors.   

 

 

 

 

Figure 4.8. Calibrated (red) and uncalibrated (blue) anterior-posterior displacement 

results. Calibrated image (right) shows a narrow border (coloured red) around the edge 

of the frame to undistort the image using the intrinsic camera calibration method.  

 

 

 

Table 4.4.  Total displacements and percentage errors of the calibrated and 

uncalibrated results (all measurements in mm). 

Sinewave  
SSKS 

Output 
Uncalibrated 

Uncalibrated 

Error (%) 
Calibrated 

Calibrated 

Error (%) 

± 1 mm 1.99 1.99 0.04 2.02 1.66 

± 2 mm 3.94 3.92 - 0.40 3.92 - 0.40 

± 6 mm 11.89 11.73 - 1.35 11.71 - 1.21 
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4.4.4 Discussion  

The cameras chosen for this project were purposefully selected to have a short 

field of view of 62° to minimise lens distortion. Camera lenses will always distort the world 

viewed in the image in one way or another, but the purpose of this study was to 

understand the effect of lens distortion on the measurement by performing an intrinsic 

camera calibration using MatLab. The results showed generally a small difference 

between the displacements generated using the intrinsic calibration compared to the 

original uncalibrated results. However, the calibration correction is of a scale that it affects 

the percentage error at low displacements quite significantly but is less significant in the 

larger displacement cases where other forms of error dominate more so than the lens 

distortion.  

 

4.5 Relative Meniscus Displacement Measurement  

4.5.1 Rationale  

To characterise the displacement of the meniscus during the complex motions and 

loads of a gait cycle, a relative measure was investigated. During a simulated gait cycle, 

the tibia moves with anterior - posterior translation, internal - external rotation and 

abduction – adduction axes. The meniscus also moves passively within the knee joint. 

Therefore, to understand changes in position of the meniscus, a reference was 

established to find the relative displacement of the meniscus in a dynamic system with 

multiple simultaneously moving parts. The aim of this study was to describe the 

displacement of the meniscus relative to the tibia by understanding the calculation and the 

polarity in a basic sense, using the dummy set up described previously (section 4.2.2).  

 

4.5.2 Theory  

A series of schematics were drawn out to help understand the polarity of the 

calculation of the tibial reference marker and the meniscus marker (Figure 4.9). The 

reference system of the simulators anterior (-) and posterior (+) axis in the video frame 

was first used to understand the direction of movements occurring. Keeping the tibial 

marker at zero helped establish the resulting polarity of the relative displacement (DR) of 

the meniscus marker displacement (DM) relative to the tibial marker displacement (DT) 

using the calculation shown in Equation 4.1. 

 

Equation 4.1: 𝑫𝑹 = 𝑫𝑴 − 𝑫𝑻 
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Figure 4.9. Schematics of the meniscus (M) and tibial (T) markers viewed in the video 

frame to understand the resultant relative displacement (R) (red arrow) of the meniscus 

marker relative to the tibial marker. 

 

4.5.3 Method  

This calculation was written into the MatLab tracking script and tested on the 

dummy described previously (see section 4.2). The camera was positioned so a marker 

on the floating insert (meniscus marker, M) of the dummy and a marker on the tibial base 

(tibial marker, T) were visible in the video frame. Grease was applied between the 

components to allow the floating insert to slide more easily over the tibial base. A constant 

500N load was applied to the dummy and the +/- 6.0 mm anterior-posterior translation 

sinewave condition was repeated. The tibial rotation and abduction-adduction axes were 

fixed. The script simultaneously tracked the displacement of both markers over the 

duration of the video. The relative displacement (DR) of the marker on the floating insert 

(DM) relative to the marker on the tibial base (DT) during one cycle was calculated within 

the script by applying Equation 4.1.  

 

4.5.4 Results 

The movement of the floating insert (M) in response to the tibial base (T) moving 

through the +/- 6 mm sinewave motion generated a peak of 4 mm posterior relative 

displacement (R) during the first half of the cycle and a peak of - 2 mm anterior relative 

displacement during the second half of the cycle. Due to the symmetry of the sinewave 

tibial movement used as the reference; the pattern of relative displacement reflected the 

same shape and magnitude as the displacement of the floating insert (M), but on the 

inverse side of the graph (Figure 4.10). 
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4.5.5 Discussion  

A simple study using a solid body was conducted to assess the relative displacement 

calculation. The goal was not to emulate meniscus motion using solid body components, 

but to apply Equation 4.1 to the script. Due to the uniform tibial sinewave profile, the 

relative displacement followed a similar but inverted shape to the floating insert. The script 

could successfully output a relative displacement track based on this calculation. A basic 

subtraction was deemed sufficient for this calculation because when collecting data at the 

tissue level, the assumption was that the non-linear behaviours are contained within the 

measured displacements of the tissue withstanding dynamic loads and motions.  

It is important to understand the reference systems and polarity at this point to avoid 

confusion when studying knee samples. There are essentially two reference systems with 

the same polarity: anterior (-) and posterior (+). One is the simulator reference system and 

the other is the tibial marker reference system. The tibial marker and the meniscus marker 

tracks are following the reference system of the simulator. For example, in Figure 4.10, the 

meniscus and tibial markers are moving negatively in the first second, meaning they are 

both moving anteriorly with the simulator. However, the relative displacement is following 

the reference system of the tibial marker, not the simulator. For example, during the first 

second in Figure 4.10, the relative displacement is positive (posterior) because it is relative 

 

Figure 4.10. Finding the relative displacement of the meniscus marker to the tibial marker 

on the dummy with the simulator driving a +/- 6.0 mm anterior-posterior translation 

sinewave profile at 0.5 Hz. 
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to the tibial marker, even though the meniscus and tibia marker are both moving 

anteriorly. It is important to note the meniscus marker itself is not actually moving 

posteriorly within the simulators reference system, it is moving anteriorly, just less 

anteriorly than the tibial marker. The net effect is that the meniscus component is moving 

posteriorly relative to the tibial component. 

 

4.6 Investigating the Relative Meniscus Displacement in the Anterior, 

Posterior and Medial regions of a Porcine Knee  

4.6.1 Rationale 

This research included the development of protocols to insert tibia and meniscus 

markers into the posterior, anterior and medial regions of a porcine knee joint sample in 

the simulator. The cameras were programmed and set up to track and measure the 

displacements of the markers and calculate the relative displacement during one sinewave 

cycle. This investigation was an important step in applying the method to a porcine joint 

sample to measure the relative meniscus displacement in the medial-lateral and the 

anterior-posterior directions using multiple cameras.  

 The aim of this study was to implement the relative displacement calculation for 

each meniscal region whilst applying the anterior-posterior translation and internal-

external rotation sinewave conditions described previously in the dummy investigation 

(section 4.2.2.3). The overall goal was to apply the marker tracking method to a knee 

sample and examine the interactions between the meniscus and tibia marker 

displacement to calculate the relative displacement.  

 

4.6.2 Method 

One knee joint was dissected from the right hind leg from a 6-month year old 

female pig (91.3 Kg) according to the dissection and potting technique described in 

section 2.2.1. The capsule was retained for this study and meniscus markers were 

inserted into the medial (MED), anterior (ANT) and posterior (POST) regions of the medial 

meniscus, with corresponding tibia reference markers directly below. The sample was 

palpated and rotated to locate the medial meniscus with the joint capsule intact. The 

markers were then inserted through the joint capsule. The method for positioning the 

markers in each region of the meniscus is described in Figure 4.11. This method was 

further developed from the positioning described in section 3.4.2.3. The posterior marker 

was placed first by calculating the distance d from the lateral edge of the PCL (Figure 
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4.11A). The medial markers were placed along the posterior edge of the MCL (Hein et al., 

2011; Hirose et al., 2022) and the anterior markers were placed using the same distance 

d, measuring from the location of the medial markers (Figure 4.11B). (Previously the 

anterior marker was measured from the anterior edge of the MCL, however, the width of 

the MCL is variable between knees, especially for human samples, so the marker 

positioning method was altered to account for this).  

 

 

 

Figure 4.11. (A) Positioning of posterior (POST) meniscus and tibia markers using the 

equation d = TW x 0.4, measuring from the lateral edge of the PCL identified through the 

bony prominence. (B) Positioning of the medial (MED) markers on the posterior edge of 

the MCL and using this to measure to the position of the anterior (ANT) markers with 

the distance d. (C) The anterior-posterior (AP) translation (black solid) (+/- 0 mm, +/- 2 

mm and +/- 6 mm) and tibial rotation (TR) (grey dashed) (+/- 0°, +/- 1°, +/- 2° and +/- 4°) 

simulator profiles used. 

 

C 
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The markers inserted into the anterior and posterior regions were made from 2 mm 

diameter delrin ball bearing heads superglued to metal wire and painted green. Larger 4 

mm diameter pins were used for the medial region because the medial camera was 

positioned further away than the anterior and posterior cameras. The positioning of these 

cameras with reference to the polarity of the axes of the simulator are illustrated in the 

previous chapter (Figure 3.13). 

The same simulator sinewave profiles implemented during the dummy investigation 

Study 2) earlier in this chapter were used for this study (see section 4.2.2.3). These are 

illustrated in Figure 4.11C. A 500N constant axial load was applied and the abduction-

adduction angle was fixed during this study. The cameras were triggered to record the 

meniscus marker and tibial marker simultaneously during cycle 10. The tissue was 

sprayed with PBS and left to rest for 10 minutes with zero axial load between each 

kinematic condition due to repeated loading. The videos were processed in MatLab and 

the displacement of the marker on the meniscus was found relative to the marker on the 

tibia of each meniscal region and sinewave condition (see previous section 4.5). 

 

4.6.3 Results  

4.6.3.1 Meniscus and Tibia Marker Tracking 

The marker tracking method was able to measure all the regional markers on the 

knee sample and produced displacements which oscillated in a similar sinewave motion to 

the simulator input profiles. The relative displacement was also implemented within the 

measurement technique and graphically tracked. An example of the tracked 

displacements for the tibia, meniscus and relative displacements, for the +/- 6.0 mm AP 

condition, are presented in Figure 4.12 for each meniscus region. 

The ANT and POST meniscus and tibia marker displacements, measuring anterior-

posterior displacement, followed a similar pattern to those reported for Study 2 in the 

dummy investigation (Figure 4.12A, B). The tibial marker generally moved more than the 

meniscus marker and higher magnitudes of tibial rotation generated similar profiles but 

with smaller peaks in the anterior-posterior driven cases. The tibia marker displacements 

best mimicked the smoothness of the applied sinewave profiles and a similar pattern to the 

dummy investigation. However, with no applied tibial rotation, the tibia marker only 

reached approximately 50% of the simulator anterior-posterior translation output, unlike 

that of the dummy. This is illustrated more clearly for the POST tibia results in Figure 

4.13A.  

In the case of the MED results, measuring medial-lateral displacement, driven 

anterior-posterior translation and tibial rotation generated small amounts of medial-lateral 
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movement of the medial meniscus and tibia markers (Figure 4.12C). Generally, applied 

internal rotation caused small amounts of lateral displacement and external rotation 

caused small amounts of medial displacement to be measured in the video frame.  

 

4.6.3.2 Relative Displacement Tracking 

The POST results were used to graphically illustrate the changes in the relative 

displacement from the meniscus and tibia displacement results across all the driven 

translations and rotation conditions. In the POST region, the tibial marker produced 

smoother anterior-posterior displacements following the action of the simulator profiles 

(Figure 4.13A). More noise and a less uniform tracking shape was associated with the 

meniscus marker results (Figure 4.13B) and therefore was reflected in the relative 

displacement results (Figure 4.13C).  

During anterior simulator translation and internal rotation (0- 1 second of the 

cycle), the tibia and meniscus markers displaced a similar amount which created small 

amount relative displacement in this direction (Figure 4.13C). However, when the direction 

of simulator motion was shifted posteriorly and externally rotated, the meniscus marker 

displaced less than the tibia marker. This had a greater effect on the relative displacement 

and producing an anterior displacement of the meniscus marker relative to the tibia 

marker in the second half of the cycle (1 -2 seconds). In the case when zero anterior-

posterior translation was applied by the simulator, the relative displacement in the video 

frame was small, meaning that the tibia and meniscus markers were measured to be 

moving a similar amount in the video frame. However, when +/- 4.0° tibial rotation was 

applied, a larger posterior relative displacement was measured during external tibia 

rotation.  

Generally, the interaction between the effect of driven anterior-posterior translation 

and driven tibial rotation on the measured relative displacement changed between the 

different conditions tested. In the sagittal plane, a larger magnitude of relative 

displacement was measured for the POST results compared to the ANT results when 

driven anterior-posterior translation was applied. When zero anterior-posterior translation 

was applied, the applied tibial rotation incrementally increased the overall measured 

relative displacement for the ANT and POST results. In the frontal plane, increasing the 

magnitude of driven anterior-posterior translation increased the overall displacement of 

the medial-lateral relative displacement in the MED results, however, a 0.43 mm relative 

displacement was calculated during the control condition (MED, AP 0 mm, TR 0°).  
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Figure 4.12. (A) POST, (B) ANT and (C) MED displacements of the meniscus marker, tibia 

marker and calculated relative displacement for the +/- 6 mm AP sinewave condition with 

applied TR sinewave magnitudes of +/- 0° (black), +/- 1° (blue), +/- 2° (red) and +/- 4° 

(grey). Schematics indicate the marker position and the video frame polarity (n = 1). 

A 

B 

C 
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Figure 4.13.  Results for the posterior (POST) meniscus region showing the measured (A) 

tibia marker displacements, (B) meniscus marker displacements and (C) the relative 

displacements (R) calculated from the equation DR = DM - DT for all AP (+/- 0 mm (red), +/- 

2 mm (blue) and +/- 6 mm (black)) and TR (+/- 0° (circle), +/- 1° (triangle), +/- 2° 

(diamond) and +/- 4° (square)) sinewave conditions (n = 1). 

A 

B 

C 

DR = DM - DT 
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4.6.4 Discussion 

This study presents an important step in the method application to a knee sample. 

A method was established to place meniscus and tibia markers on the anterior, posterior 

and medial region of the medial meniscus with the capsule intact, and the relative 

displacement was measured from the meniscus and tibia marker displacements using the 

marker-tracking method.  

The main findings from this study were that the marker-tracking method can be 

applied to a porcine knee sample with the capsule intact and the relative displacement 

can be calculated in the frontal and sagittal plane whilst the knee is moving continuously 

through a cyclic profile. The meniscus and tibia markers moved differently allowing the 

variations in relative displacements when translation and rotation were applied. The tibia 

marker displacements followed a similar profile smoothness to those reported during the 

dummy investigation, however, the magnitudes of tibia displacements were approximately 

50% of the driven anterior-posterior translation when no tibial rotation was applied, this is 

discussed in more detail in the next sub-section. Generally, the meniscus marker moved at 

a slower or a similar rate and magnitude than the tibial marker and was dictated by the 

driven tibial motion and restricted by the anchoring root attachments and the articulation 

with the femoral condyles. This effected the relative displacement measurement at 

different points in the cycle and was able to be measured by the marker-tracking method.  

It is difficult to draw any further conclusions in terms of the effect of translation and 

rotation on the relative displacement because the profiles used in this study involved 

loads, translations and rotations a porcine knee would not experience; however, these 

profiles were chosen to limit complexity whilst the relative displacement measurement was 

studied, before moving onto comparing complex gait profiles. In addition, the meniscus 

marker results generated more noise, this was most likely due to the capsule sliding over 

the meniscus locally and causing small additional movements of the pin which would have 

affected the measurements. In addition, uneven and low lighting on the meniscus marker 

compared to the tibia marker could have produced more noise in the data.   

 

4.6.4.1 Sample Deformations  

The results from the dummy investigation show a closer estimate to the driven 

simulator anterior-posterior movement and a more even split between the anterior 

displacement and posterior displacement regions of the sinewave when no tibial rotation 

was applied (section 4.2.3.2). In this knee study, the tibia marker displacements were 

around 50% lower than simulator output and higher magnitudes of posterior displacement 
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were measured than anterior displacement during one cycle. It is possible that a fair 

amount of deformation or bending of the knee sample occurred in response to the applied 

load and motion, as illustrated in Figure 4.14. 

 

The bone of the proximal tibia consists mainly of cancellous bone, which has a 

lower stiffness to allow for load bearing at the joint space level (Goldstein, 1987; Hart et 

al., 2017). Antagonistic pulling is probably occurring by retaining the knee capsule. The 

capsule of the pig knee has more soft tissue constraint in the anterior portion due to the 

hoffas pad, which could explain why the measured anterior displacements were lower than 

the posterior displacements for the tibia marker.  

A short sub-study was conducted to assess the bone stiffness on the measured 

displacements in the video frame. Four markers were inserted at positions 10 mm apart on 

the tibia of the same knee sample used in this study. The +/- 6 mm anterior-posterior 

translation sinewave was driven and a single Raspberry Pi camera was used to record and 

track the displacement of each marker in the same way as the herein method. As shown 

in Figure 4.15, the marker in position 4 on the lowest part of the knee showed a 1.29 mm 

increase in total displacement compared with the marker in position 1 nearest the tibial 

plateau. The bone is stiffer at position 4 as more cortical bone is present. Therefore, it was 

likely deformation was occurring which gives confidence that this was what was 

happening and not a flaw or an underestimation within the marker tracking method itself 

and therefore the estimation of resultant relative displacement.  

 

Figure 4.14. Schematic of the tibia deforming during the study and the capsule pulling in 

the opposite direction to resist the movement of the anterior-posterior carriage  
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Figure 4.15. Measured displacement of four markers in four different positions along the 

tibia whilst simulating the +/- 6.0 AP sinewave profile (n =1). 

 

 

4.7 Complex Gait Profile 

A range of experiments were carried out using different simulator gait regimes 

including displacement control, force control and knee specific gait profiles (Liu et al., 

2015; Liu et al., 2020). Simulator profiles which were programmed to move the anterior-

posterior and tibial-rotation axes with force control generated sudden vibrations and 

shuddering of the knee joint, which made it difficult to obtain meaningful tracking results as 

the bounding box of the MatLab tracking script would detach from the marker in the video. 

Force control applies a force or a torque to the axis to facilitate translation or rotation. The 

constrain of natural (ligaments) or programmed (virtual) springs resist this movement. The 

movement of displacement control inputs was more controlled because the movement 

axes were responding to directly programmed displacement inputs and no springs were 

required to constrain the applied movement (see section 2.3). Therefore, displacement 

control was more suitable to apply the parameters of the marker tracking method. As 

previously described in section 2.3.2, a decision was made to use a modified high 

kinematics profile with both the anterior-posterior translation and tibial rotation axes driven 

and scaled to the parameters of the pig (Liu et al., 2015). This section describes the 

preliminary work of using the marker tracking method to measure the relative meniscal 

displacement in response to a gait cycle driven in the simulator.  
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4.7.1 Effect of Tibial Rotation on the Measured Anterior-Posterior Displacement 

in the Video Frame Using Gait Profile Parameters 

 

4.7.1.1 Theoretical Model 

 Previously in this chapter, it has been shown during the sinewave profile 

experiments that when only tibial rotation (TR) is applied, without anterior-posterior 

translation (AP), the result on the measured AP displacement in the video frame follows a 

similar pattern as the TR profile but with lower peaks (section 4.2 and section 4.6). If the 

knee is assumed to be circular with a given radius and the marker is placed on the outside 

curve, directly in the centre with the camera placed on the medial side (based on a right 

knee), this relationship can be described using a simple mathematical model illustrated in 

Figure 4.16. 

 

    

Figure 4.16. Mathematical model of the relationship between the applied AP and 

measured AP (blue line) with applied TR (red line) to find the total measured AP 

displacement in the video frame. Assumes a linear relationship between the applied and 

measured AP and that the tibia is circular with a radius of 30 mm. 

 

  

Firstly, a simple set of TR data (0 – 90° TR, zero applied AP) was used to describe 

the contribution of the TR to the overall measured AP by using the trigonometry sine rule 

for each angle increment of TR. The larger the TR, the lower its contribution to the 

AP + (r*sin (TR°)) 

T
o

ta
l 
D

is
p

la
c
e
m

e
n

t 

A
P

 D
is

p
la

c
e
m

e
n

t 

D
u

e
 t

o
 T

R
 

O
n

ly
 A

P
 

D
is

p
la

c
e
m

e
n

t 

 Cam 



137 

 

 

 

measured AP displacement in the video frame. This result can therefore be described as 

the AP displacement due to TR (AP + TR). Secondly, a simple set of AP data was applied, 

ramping from 0 – 30 mm. Here the idealised situation is modelled, where the applied AP 

translation is equal to the measured AP displacement giving a linear relationship. The 

measured AP displacement from both scenarios (Applied AP + AP displacement due to 

TR) can be combined to give the total measured AP displacement in the video frame. An 

addition was deemed suitable because the two factors, rotation and translation are 

independent of one another and do not interact. Depending on the polarity of the AP and 

TR profiles, the effect on the measured AP displacement would be subtractive or additive.  

 This model was then applied to the AP and TR simulator input profiles from the 

porcine Leeds High Kinematics gait cycle described in Figure 4.17A. The TR profile with 

+/- 1.6° peaks was the one used in the porcine gait profile, however, an additional 

condition with +/- 5.0° peaks was used to understand how the measured AP displacement 

theoretically changes with increased TR. The relationship between the measured AP and 

applied AP from these simulator inputs are displayed in Figure 4.17B to show the deviation 

of the measured displacement from the 1-to-1 relationship when varying degrees of TR are 

applied. The TR profile consisting of +/- 5.0° presents a larger deviation from the 1-to-1 

relationship compared with the +/- 1.6° TR condition. As shown in Figure 4.17C, the 

measured AP displacements were displayed across the gait cycle time to predict how the 

measured AP displacement in the video frame may differ across the course of one 

simulator cycle. 

  

4.7.1.2 Experimental Model 

 An experiment was carried out to assess the theoretical model described above 

with the simulator inputs and a porcine knee sample. One porcine right hind leg knee joint 

(78.0 Kg) was dissected (see section 2.2.1) with the capsule was removed, including the 

collateral and cruciate ligaments. A marker was placed on the posterior region of the tibia 

based on the marker positioning method described previously (section 4.6.2). No load was 

applied during this study, and the adduction-abduction motion was fixed. 

 The AP gait cycle input was driven with increasing magnitudes of the TR input 

profile (0.0°, 1.6°, 2.0°, 3.0°, 4.0° and 5.0°), as described in Figure 4.17A with additional 

increments of TR. A Raspberry Pi camera was set up to record the anterior-posterior 

displacement of the marker in the video (measured AP). Results were processed using the 

marker-tracking script in MatLab and presented in Figure 4.18. 
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Figure 4.17. Mathematical model applied to the (A) TR and AP porcine simulator gait 

inputs. (B) The relationship between measured AP and applied AP (using the equation 

in Figure 4.16) of the AP only (blue), AP + TR 1.6° (red narrow-dashed) and AP + TR 5° 

(red wide-dashed). (C) Represents these variables across a gait cycle to show the 

predicted measured AP in the 2D video frame when TR is applied (the variables start at 

zero to mark the beginning of the gait cycle in the video frame). 

B 

C 

± 5.0° 

± 1.6° 
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Figure 4.18. Experimental data showing the measured AP displacement of the marker in 

the video frame whilst increasing the magnitude of the applied TR input as the AP input 

was driven. In this case the AP translation input was moved to begin at zero to better 

compare the marker tracking measurements with the profile and assess the sensitivity 

of increasing the TR on the measurement (n = 1, porcine). 

 

 

4.7.1.3 Discussion 

 Previously in this chapter, the relationship between TR and the measured AP in the 

video frame has been represented using simple sinewave inputs. With this knowledge a 

theoretical model was established to help describe the measured AP displacement with 

the application of TR when more complex gait cycle profiles are driven. This aids the 

interpretation of the measured AP results from complex inputs and provides further 

confidence in the marker tracking method. The previous sinewave study on porcine knee 

joints presented deformations of the tibia under abnormal loading conditions and capsular 

constraint (see section 4.6.4.1). In this study, no axial load was applied and the capsule 

was removed to emulate the assumed conditions more closely in the mathematical model.  

 The experimental results shown in Figure 4.18 produced a similar profile to those 

presented in the mathematical model in Figure 4.17C. The marker tracking method was 

also sensitive enough to measure AP displacements when very small increments of TR 

were applied, from as little as 0.4°. The most noticeable difference is the smoothing of the 

profile and the reduction of the maximum peak in the experimental results as compared 

with the theoretical results (Figure 4.17C), this was more pronounced for the +/- 5.0° 

condition than the +/- 1.6° condition. These differences between the experimental and 

theoretical model most likely occur due to the assumptions made in the model. Firstly, the 
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mathematical model assumes a fixed radius and a perfect cylinder instead of a tibia. 

Secondly, the model assumes the marker is directly in the centre of the tibial AP length, 

and in line with the camera, when the TR and AP are at zero.  

 

4.7.2 Preliminary Investigation Measuring the Relative Meniscus Displacement 

using a Displacement Controlled Gait Profile in a Porcine Sample 

4.7.2.1 Rationale 

This section describes a preliminary investigation to understand the pattern of 

relative displacement outputs achieved from the meniscus and tibia markers of each 

meniscal region, for the full gait profile kinematics. This was an important step prior to 

performing the full porcine study, presented in the following chapter. 

 

4.7.2.2 Method 

One porcine knee joint with the capsule retained was dissected from the right-hind 

leg of a 6-month year old female pig (86.4 kg) and defrosted.  This sample had been used 

for multiple studies in preliminary work so had undergone two freeze-thaw cycles in total. 

Markers were attached to the medial (MED), anterior (ANT) and posterior (POST) regions 

of the medial meniscus, with corresponding markers on the tibia, as explained previously 

in section 4.6.2. Three miniature cameras corresponding to each meniscal region were 

lined up in the simulator using the bespoke camera rig. The modified Leeds high 

kinematics gait cycle was performed (see section 2.3.2) with all axes driven except the 

abduction-adduction axis, which was left free according to previously published protocol 

(Liu et al., 2015). The profile was run at 0.5 Hz for 50 cycles and each camera was 

triggered separately but at the same cycle point and a 10-minute tissue resting period was 

given in between each test. The cameras were triggered to record cycle 3, 10, 25 and 50 

at 30 fps. This was to see if there were any differences in the data obtained as the test 

proceeded and therefore cyclic loading was extended. The videos were processed in 

MatLab and the object-tracking script was used to measure the displacement of the 

meniscal and tibial markers to calculate the displacement of the meniscal marker relative 

to the tibial marker.  

 

4.7.2.3 Results  

The relative displacement results calculated from the meniscus and tibia marker 

displacements for each region from Cycle 3 are presented in Figure 4.19. Little difference 
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was found in the relative displacement between cycles 3, 10, 25 and 50. The results from 

Cycle 3 are presented. The POST and ANT results, measuring anterior-posterior 

displacement, presented similar result profiles for the meniscus, tibia and relative 

displacement results (Figure 4.19A compared to Figure 4.19B). Both sets of data showed 

peaks of ~ 1.5 mm of relative displacement which coincided with the peaks of the flexion 

and anterior translation during swing phase of the simulator gait cycle. The relative 

displacement was positive at this point, meaning that the meniscus marker moved in the 

posterior direction relative to the tibia marker, yet both the meniscus and the tibia marker 

were moving anteriorly with the simulator anterior-posterior translation carriage. When the 

knee was almost fully extended around mid-stance (0.8 seconds) the ANT meniscus 

marker displacement fell more anteriorly relative to the tibia marker when compared to the 

POST results.  

The MED region results, measuring ML displacement, showed an initial peak in 

relative displacement of ~ 0.5 mm which coincided with the initial peak in the simulator 

axial force profile where heel strike occurs (Figure 4.19C). The tibia marker results 

followed the path of the samples abduction-adduction angle measured at cycle 50. The 

meniscus marker profile presents two peaks which coincide with the two axial force peaks 

of the gait profile. The MED results were noisier than the ANT and POST results.  

 

4.7.3 Discussion  

This short study was carried out to understand the relative meniscal displacement 

measurement in response to the gait cycle inputs scaled to the parameters of the pig. The 

relative displacement calculation (see section 4.5) was successfully carried out for each 

meniscal and tibia marker in the anterior, posterior and medial regions. The results 

showed that the displacement outputs roughly reflected the loads and motions of the 

applied gait inputs.  

The results for the meniscus marker in the MED region were interesting because the 

measured displacement reflected the axial force profile applied to the knee sample. When 

the peaks of loading occurred during the gait cycle, the marker tracking method was able 

to measure the meniscus tissue moving radially and/or deforming. The results for the ANT 

and POST regions followed a similar pattern which was governed by the driven motion of 

the anterior-posterior translation and tibial rotation simulator inputs. A rounding of the 

peaks in the ANT and POST tibia results was measured, which is dissimilar to the 

measured displacement profile of the 1.6° tibial rotation condition in Figure 4.18 of the 

above section. This could be due to the application of load and flexion in this study, which 

was not applied in the previous investigation. However, it could also be due to the lighting 

again affecting the connection of the bounding box to the marker. 
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Figure 4.19. Relative (red - square), Meniscus (black – triangle) and Tibia (black – circle) 

displacement results across one 0.5 Hz cycle (cycle 3) for the (A) POST, (B) ANT and (C) 

MED meniscal regions. Knee sample tested with the capsule retained (n = 1). 

  

A 

B
  A 

C 
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Any changes in the size of this box can alter the position of the centroid of the bounding 

box which can therefore be reflected in the results.  

Moreover, the MED results generated a fair amount of noise in the signal. As 

aforementioned, noise is a limitation when measuring small displacements < 1 mm with the 

marker tracking method. However, a more accurate signal can be achieved through 

developments in the lighting set up. In gait motion capture, retro-reflective markers are 

typically used, and the light source is positioned directly around the camera lens to 

illuminate the marker giving the best contrast to the background. A similar set-up was 

emulated for further study using the marker tracking method as shown in Figure 4.20. 

Three bright LED strip lights were adhered to the camera cases directly above the camera 

lenses and could be switched off outside the simulator. This set up ensured the light was 

directly illuminating the markers from the background and ensured the lighting positioning 

was controlled between conditions.  

 

 

Figure 4.20. New direct LED lighting set up and video frame images showing the original 

lighting (before) compared with the colour contrast achieved when the new lighting set 

up was implemented (after)  

 

Part of the full experimental procedure was carried out during this study, including 

inserting the markers and setting up the cameras. In addition, the process of dissecting 

the soft tissue around the markers for the capsule removed and ligaments removed 

conditions was also carried out in this preliminary study to establish a certain amount of 

methodology skill acquisition prior to beginning the porcine study in the following chapter. 

These conditions were not shown within the results to retain clarity as the main goal was to 

understand the relative displacement output. The porcine sample used for this study had 

been previously used in multiple investigative assessments and had also experienced an 
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additional freeze thaw cycle. Therefore, the integrity of the tissue was below the 

requirements to be included as a sample in the porcine study. 

 

4.8 Discussion  

 This chapter presents an important step in method development and method 

acquisition by including a range of various sub-study investigations which were built-up in 

complexity to understand the reliability of method and its application to a porcine knee 

joint sample.  

 The dummy experiments showed that the marker-tracking technique was shown to 

be accurate and precise when measuring planar simulator motion with lighting and 

camera positioning controlled between repeat tests. Means fell within 2 % of the known 

simulator output with error falling within +/- 0.1 mm when measuring a moving solid object 

in sequential sinewaves +/- 1 mm to +/- 6 mm in the simulator. In addition, the effects on 

the measurement error from an inter-observer and intra observer image calibration 

variation of +/- 5 pixels generated 1.7 % error when moving a marker on a solid object in 

the simulator. The Raspberry Pi cameras had a small amount of lens distortion which 

generated minimal effects (maximum 0.03 mm) on the output sinewaves of +/- 1 mm, +/- 2 

mm and +/- 6 mm from the dummy investigation in the simulator. When more variables 

were applied to the dummy experiment including load and tibial rotation, the results were 

less accurate, however, a good level of precision remained. This increases the confidence 

in the minimum error contained within the measured displacements and is useful when 

comparing differences in displacement between conditions, providing factors such as 

lighting, and camera positioning are controlled. During application to natural knee joint 

samples, it is likely that this error will increase due to the addition of markers placed on 

pins and factors which are difficult to control, such as tissue integrity and heterogenic 

variability, associated with assessing the mechanics of natural tissue under complex 

loading conditions.  

 The robustness of the method is limited as conditions need to be meticulously 

controlled to obtain accurate and reliable results. The blob analysis function in the MatLab 

script relies on a clear contrast between the marker and the background to obtain higher 

accuracy in the tracking results. All the displacement data comes from the adherence of 

the bounding box to the moving marker in the video. A certain amount of noise is 

associated with this method due to the resolution limitation of one pixel. This noise had a 

larger effect on smaller applied motions where the measured movement was closer to the 

pixel calibration factor (resolution). However, when assessing the complex gait cycle, 

patterns of movement were able to be distinguished in the displacement output within +/- 
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0.5 mm of estimated movement. The lighting apparatus was developed to apply a more 

direct illumination and improve the bounding box adherence going forward which helped 

reduce the noise and therefore increase accuracy of the measurement.   

During complex gait cycles, the knee will move in 3D because tibial rotation will 

occur in the transverse plane. This will influence the 2D measurement in the video frame 

which was investigated herein. It was found that the larger the amount of tibial rotation, the 

less contribution it has to the measured anterior-posterior displacement in the video frame. 

Characterising 3D motion using a 2D method has limitations, however, new methods 

should be built up in complexity. In addition, there has been newly developing research in 

2D motion capture computer vision methods, allowing enhanced accessibility and ease of 

use (Ugbolue et al., 2013; Paternina et al., 2022). There has been previous studies 

looking into using singular cameras (Kinect, Microsoft, USA) to estimate 3D kinematics on 

solid body joint models stating fair amounts of accuracy < 0.5° in comparison with known 

measurements but larger amounts of noise in comparison to more advanced commercial 

gait analysis systems like OptiTrack (OptiTrack, OR, USA) (Schmitz et al., 2014; Bilesan 

et al., 2018). Therefore, there is scope to further develop the novel marker tracking 

methodology in this study by estimating 3D motions in the video (see section 7.6).  

The process of inserting meniscus and tibial markers into the different regions of 

porcine knee samples, applying simulator profiles and triggering the cameras to obtain 

relative medial meniscus displacements were undertaken in this chapter. Bylski-Austrow 

et al. (1994) conducted an early biomechanical study using a radiographical RSA 

technique to assess meniscal movement during tibial rotation and translation during static 

0° – 30° states of flexion and 1000 N of load in human cadaveric samples. Findings stated 

that anterior tibial translation moved the menisci posteriorly and visa versa, which agrees 

with the outcome calculated using the relative displacement calculation and the 

preliminary porcine knee joint investigations in this chapter. The benefit of measuring at 

the tissue level is that the method picks up a degree of non-linear behaviour the meniscus 

and the tibia experience during the gait cycle. Although the method cannot distinguish 

between the two, deformation and movement are contained within the measurement, and 

both parameters are associated with meniscal extrusion (see section 3.1). A complex gait 

cycle was trialled in this chapter and gave confidence that the method was able to 

measure the marker displacement responding to the dynamic loads and motions applied 

to the knee joint continuously over one gait cycle.  

The next chapter includes the full study on four porcine knee joint samples where 

various soft tissue constraint conditions and a root tear condition will be simulated. The 

aim was to develop an accessible method sensitive to show a difference between an intact 

and a torn condition to class as a potential preclinical biomechanical investigation for 

meniscus interventions.   
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Chapter 5  

Feasibility Study Assessing Dynamic Medial Meniscus Displacement 

using the Developed Motion Capture Method in Porcine Tibiofemoral 

Joints  

 

5.1 Introduction  

 In the previous chapter the reliability of the marker tracking method was 

investigated in developmental stages. In the final sections, the marker tracking method 

was applied to the medial meniscus of a porcine knee sample undergoing a simulated gait 

cycle to measure the relative displacement of the anterior, posterior and medial meniscal 

regions. The work presented in this chapter is an extension of the gait cycle sub-study in 

section 4.7, using four porcine samples driven through the Leeds High Kinematics gait 

cycle and analysing the relative displacement results in response to capsular constraint 

conditions, medial posterior root tear severity and cyclic test duration.  

 

5.1.1 Aims and Objectives  

 The overall aim of this chapter was to apply the full medial meniscus marker 

tracking method to four porcine knee samples prior to human knee specimen application 

and investigate feasibility to detect the difference in relative medial meniscus displacement 

between a healthy condition (capsule retained) and a damaged root tear condition (medial 

meniscus posterior root tear) to provide the basis for the development of a preclinical test.  

 

The objectives were: 

1. To measure the meniscus, tibia and relative displacement for the anterior, 

posterior and medial regions of each knee sample; 

2. to simulate levels of capsular constraint and root tear severity, and measure the 

effect these conditions have on the relative meniscus displacement; 
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3. to understand the effect of cyclic test duration on the relative meniscus 

displacement by recording the meniscus and tibia marker displacement for cycle 

3, 10, 25 and 50 for each meniscus region. 

 

 

5.2 Porcine Study Methodology 

5.2.1 Sample Preparation  

 Four porcine right knee joint samples were dissected with the knee capsule 

retained from the right-hind leg of four female pigs (Knee A: 82.9 kg; Knee B: 71.0 kg; 

Knee C: 85.3 kg; D: 85.7 kg). The samples were dissected and cemented for whole joint 

simulation in accordance with the protocol outlined in section 2.2.1. After dissection the 

samples were frozen at – 22°C and left to defrost for 48 hours in the fridge (4°C) prior to 

testing. 

 Tibia and meniscus motion markers pins were pinned through the capsule into the 

medial, anterior and posterior regions of the medial meniscus using the method outlined in 

the previous chapter (section 4.6.2). In line with the set up used in the knee sinewave 

investigation in section 4.6, yellow 4 mm diameter pins were used for the medial region 

measuring medial-lateral displacement and green 2 mm diameter pins were used for the 

anterior and posterior regions, measuring anterior-posterior displacement (Figure 5.1). 

 

5.2.2 Gait Profile and Camera Set Up 

As previously outlined in section 4.6, the knee samples were mounted into the 

simulator and the three miniature Raspberry Pi cameras were held by the custom camera 

rig (see section 3.7.3) to view and track the meniscus and tibia markers of each meniscus 

region using the MatLab marker tracking script (Figure 5.1).  

The Leeds High Kinematics gait cycle profile with a modified two-peak axial force 

scaled to the parameters of a pig was driven in displacement control at 0.5 Hz as outlined 

in section 2.3.2. All axes were driven except the medial-lateral axis was fixed and the 

abduction-adduction angle was left free to comply with that of past literature (Liu et al., 

2015). For this porcine study the ramping load was changed from 10 cycles to 3 cycles, 

meaning that full load was applied at cycle 3. This was changed to understand differences 

between an early cycle of initial contact (i.e. starting walking) versus steady state gait (i.e 

50 steps). A study duration of 55 cycles was carried out for each meniscal region and 

each dissection/tear condition. The cameras were triggered to record data at cycle 3, 10, 

25 and 50 by filtering out the cycle of interest within the data processing. To ensure the 
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highest image quality, the cameras were triggered individually for each 55 cycle test but 

capturing the same cycle number (cycle 3, 10, 25 and 50) each time for each region and 

condition. To account for the repeated cyclic loading, the tissue was left to rest for 10 

minutes unloaded and sprayed with PBS in between each simulated 55 cycles.  

 

 

5.2.3 Capsular Constraint and Root Tear Conditions  

Sequential dissection conditions were simulated during this study which involved 

taking away varying degrees of soft tissues at each stage. As illustrated in Figure 5.2, the 

conditions were: (A) the fully intact condition with the knee capsule retained, including the 

patella (CAP). (B) The whole knee capsule was then resected except the cruciate and 

collateral ligaments (NOCAP). (C) The cruciate and collateral ligaments were then 

resected along with any menisco-tibial connective tissue on the medial portion of the knee 

as these are very closely aligned with the medial-collateral ligament. The lateral meniscus 

posterior menisco-tibial root was retained to match the dissection condition used in earlier 

studies simulating porcine tissue (NOLIG) (Liu et al., 2015).  

A medial meniscus posterior root tear was then simulated in three stages of 

increasing severity. A scalpel was used to cut the medial meniscus posterior root 6 mm 

from the insertion, as previously justified in section 3.3.2.5. To develop and standardise 

this tear simulation, the width of the medial posterior root from Sample A was measured 

 

Figure 5.1 Test set up showing a porcine sample in the simulator with the medial, 

anterior, and posterior camera viewing the meniscus and tibia markers for each 

corresponding region of the medial meniscus. Screenshots of the video frame show the 

marker tracking bounding box and the direction of measured movement in a right knee: 

anterior (A) – posterior (P) and medial (M) - lateral (L). 
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with callipers, which was 13 mm. The root was cut along the superior-inferior axis 2 mm, 6 

mm and 12 mm which equated to a 15%, 46% and 92% root width cut, respectively, to 

consider varying root widths between samples. These conditions were labelled as TORN1, 

TORN2, and TORN3, respectively. To ensure results are obtained, a complete tear of the 

root was not simulated due to the probability of the medial meniscus falling outside of the 

joint space as previously shown (see section 3.3.3).  

 

 

Figure 5.2. Porcine experimental conditions: (A) CAP, knee capsule intact; (B) NOCAP, 

knee capsule removed but ligaments retained; (C) NOLIG, collateral and cruciate 

ligaments removed. Medial meniscus posterior root tear conditions: (D) TORN1, 15% 

width tear; (E) TORN2, 46% width tear and (F) TORN3 92% width tear.   

 

5.2.4 Data Processing and Analysis  

 The output videos from each test were processed in MatLab and displacement 

data for the meniscus and tibia markers was measured for the 2 second (0.5 Hz) duration 

of cycle 3, 10, 25 and 50 using the marking tracking script. Each meniscal region was 

calibrated using the marker diameter from the corresponding calibration image taken 

when the knee was unloaded and in the zero position. As explained in the previous 
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chapter, the relative displacement was calculated from the meniscus marker and tibia 

marker displacements across the period of one simulator cycle. The simulator abduction-

adduction angle was left unconstrained and the output position data was analysed as each 

capsular constraint and root tear condition was performed. 

 

5.2.4.1 Statistical Analysis and Comparisons 

 The displacement data was observed graphically for each individual sample to 

identify similarities and differences. The relative displacement data for cycle number 3 was 

statistically analysed across all the conditions for the four samples. Means, with 95% 

confidence intervals (95% CI), were generated from the relative displacement values at 

specific time-points and the range between the maximum and minimum relative 

displacement values during one simulator gait cycle was also calculated. Due to the 

outcome of the preliminary gait cycle test presented in the previous chapter (see section 

4.7), these time-points were taken from the two peaks of the axial force profile for the 

frontal plane (medial-lateral displacement) results (Figure 5.3A), and the two peaks of the 

flexion-extension profile were taken for the sagittal plane (anterior-posterior displacement) 

results (Figure 5.3B). Using SPSS software, a Shapiro-Wilk test of normality was carried 

out to show approximate normal distribution in the mean relative displacement data taken 

from these time-points and the range. Due to the within-subjects study design, a one-way 

repeated measures ANOVA (p < 0.05) and post-hoc pairwise comparisons using 

Bonferroni correction were carried out to identify if there were any differences in mean 

relative displacements between the sequential dissection/torn conditions. 

 

 

Figure 5.3 Time points from the (A) axial force (AF) and (B) flexion-extension (FE) porcine 

gait inputs where values were taken to generate relative displacement means for 

statistical analysis. Frontal plane (medial region) data uses the axial load time-points and 

sagittal plane (anterior region and posterior region) uses the flexion-extension time points. 

FE2: 1.45s AF2: 0.90s AF1: 0.28s FE1: 0.30s A B 
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5.3 Results 

5.3.1 Effect of Capsular Constraint and Posterior Root Tear Severity on Relative 

Displacement  

The displacement of the meniscus marker relative to the tibia marker (relative 

displacement) results for the medial, anterior and posterior regions from cycle 3 for the 

CAP, NOCAP, NOLIG and TORN3 conditions are presented graphically in for Knees A 

and B in Figure 5.4 A-F and for Knees C and D in Figure 5.5 A-F.  

The greatest changes in relative displacement with a root tear spanning 92% of 

the root width were found in the medial region (medial-lateral displacement) when 

compared to the other assessed conditions. As shown in Figure 5.4 A, D and Figure 5.5 A, 

D, all samples presented an increase in relative displacement for the TORN3 condition 

compared with all other assessed conditions. Displacements measured for the CAP, 

NOCAP, NOLIG, TORN1 and TORN2 conditions were close to the estimated minimum 

measurement precision of +/- 0.1 mm (mean). The maximum peak in medial relative 

displacement coincided with the first peak of the axial load applied during the gait cycle 

(AF1 0.28s time point). There were similarities in the medial region relative results for 

samples A, C and D, as the CAP, NOCAP, and NOLIG conditions medially displaced ~ 

0.20 – 0.44 mm, which increased to ~1.00 mm (~2 fold) when the root was almost fully 

cut. Sample B showed more relative meniscus mobility compared with the other samples 

as the CAP condition reached a value of ~1.00 mm relative medial displacement at AF1, 

like that of the TORN3 relative displacement measured for the other samples. However, 

the TORN3 condition still showed greater relative displacement than the CAP condition, 

increasing from 0.99 mm to 1.36 mm at AF1.  

In the sagittal plane, measuring anterior-posterior movement, the displacement 

results followed a similar two-peak shape to the flexion-extension profile of the driven gait 

cycle in all the assessed samples and for all the conditions (Figure 5.4 B,C, E,F and Figure 

5.5 B,C, E,F). Peak relative displacement was ~2.0 – 2.5 mm during the second half of the 

gait cycle and only small differences occurred between the assessed dissection/root tear 

conditions which were inside the estimated minimum measurement precision of +/- 0.1 

mm. However, when the knees extended during terminal stance phase (~0.8 - 0.9 

seconds of the gait cycle), a greater amount of anterior relative displacement occurred in 

the anterior region (~ - 0.2 mm to ~ -1.2 mm) compared with the posterior region (~ 0.2 

mm to ~ - 0.5 mm).   
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Figure 5.4 A-F. Cycle 3 relative displacement results for the medial, anterior, and posterior regions of Samples A and B (porcine). 
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Figure 5.5 A-F. Cycle 3 relative displacement results for the medial, anterior, and posterior regions of Samples C and D (porcine). 
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Table 5.1 Mean relative displacements (± 95% CI) taken from specific gait time-points 

(TP) and the range (maximum-minimum) across cycle 3. All units in mm. * = significant 

difference from one group p < 0.05 

Meniscal 

Region 

Data 

Type 
CAP NOCAP NOLIG TORN1 TORN2 TORN3 

Medial 

TP: AF1 
0.52 

(± 0.53) 

0.62 

(± 0.55) 

0.47* 

(± 0.40) 

0.48 

(± 0.30) 

0.52 

(± 0.34) 

1.12* 

(± 0.26) 

TP: AF2 
0.49 

(± 0.35) 

0.56  

(± 0.43) 

0.41* 

(± 0.25) 

0.41 

(± 0.23) 

0.43 

(± 0.22) 

0.99* 

(± 0.15) 

Range 
0.76  

(± 0.66) 

0.78 

(± 0.41) 

0.66 

(± 0.42) 

0.62 

(± 0.37) 

0.70 

(± 0.38) 

1.27 

(± 0.42) 

Anterior 

TP: FE1 
0.13 

(± 0.49) 

0.41 

(± 0.50) 

0.46 

(± 0.14) 

0.47 

(± 0.18) 

0.45 

(± 0.26) 

0.29 

(± 0.23) 

TP: FE2 
1.92 

(± 0.48) 

2.01 

(± 0.42) 

2.14 

(± 0.29) 

2.16 

(± 0.27) 

2.18 

(± 0.40) 

2.11 

(± 0.67) 

Range 
2.69 

(± 0.89) 

2.53 

(± 0.69) 

2.67 

(± 0.51) 

2.63 

(± 0.25) 

2.70 

(± 0.51) 

2.88 

(± 0.66) 

Posterior 

TP: FE1 
0.77 

(± 0.33) 

1.02 

(± 0.39) 

0.90 

(± 0.37) 

0.95 

(± 0.49) 

0.95 

(± 0.49) 

0.77 

(± 0.40) 

TP: FE2 
2.21 

(± 0.27) 

2.24 

(± 0.38) 

2.29 

(± 0.51) 

2.20 

(± 0.65) 

2.26 

(± 0.64) 

2.27 

(± 0.59) 

Range 
2.56 

(± 0.32) 

2.44 

(± 0.67) 

2.52 

(± 0.69) 

2.47 

(± 0.52) 

2.48 

(± 0.71) 

2.62 

(± 0.86) 

 

As shown in Table 5.1, the medial region (medial-lateral displacement) results 

presented the largest difference in relative displacement when the root was almost fully 

cut (TORN3) compared with all other tested conditions. A trend was present showing an 

increase in displacement from the CAP to the NOCAP conditions (AF1: + 0.10 mm; AF2: + 

0.13 mm; range: + 0.02 mm). A decrease in mean relative displacement then resulted 

when the NOLIG condition was tested, and this decrease fell below the CAP condition 

baseline means (AF1: -0.05 mm; AF2: -0.08 mm; range: -0.10 mm). The mean relative 

displacement then increased in the medial direction from the NOLIG condition with 

increasing severity of root tear damage to exceed the capsule intact condition mean. This 

increase was significant between the NOLIG and TORN3 conditions when the means were 

taken from the axial force peak time points (AF1: p = 0.023, AF2: p = 0.029).  

 The mean difference between the maximum and minimum relative displacement 

values across cycle 3 (range) increased by 0.51 mm in the presence of a severe root tear 

(TORN3) compared with the capsule intact condition (CAP). No statistical significance 

was found between the dissection/root tear conditions when the mean relative 
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displacement ranges were analysed. However, a near significance (p = 0.057) was found 

between the NOLIG and TORN3 conditions. 

 In the sagittal plane, the anterior and posterior region results showed no 

significantly different means between the conditions at either peak flexion time points or for 

the range. During the first flexion peak during the gait cycle (FE1, time-point) the mean 

relative displacement for the posterior region reached ~2x that of the anterior region for all 

tested conditions. During the second flexion peak in the gait cycle, the mean relative 

displacement for the posterior region reached a value of ~0.2mm more than the anterior 

region at FE2 time-point. The mean range data for the anterior and posterior region 

relative displacement results were similar and fell between ~2.5 – 3.0 mm during cycle 3. 

 

5.3.2 Meniscus and Tibia Marker Tracking  

In terms of the measured meniscus marker and tibia marker displacements used 

to calculate the relative displacement, an example of these tracking results is shown for 

Sample A in Figure 5.6 for the CAP and TORN3 conditions. All the meniscus marker and 

tibia marker tracking results are presented in Appendix E. Generally, across all samples, 

the tibia marker of medial region measuring medial-lateral displacement, followed the 

action of the unconstrained (free) adduction-abduction angle of the simulator during the 

gait cycle and the meniscus marker displacements reflected the two peaks of the axial 

load profile during the first half of the gait cycle (Figure 5.6 A). During swing phase the 

action of the other driven axes affected the 2D measurement by creating a measured 

lateral displacement of the meniscus marker. Changes in the measured relative 

displacement of the medial region during the presence of a root tear was generally caused 

by increases in the meniscus marker displacement.  

In the sagittal plane (Figure 5.6 B and C), the tibia marker displacements of the 

anterior and posterior region were similar across the conditions and the samples, 

reflecting the driven tibial rotation and anterior-posterior translation simulator axes as 

assessed previously (see section 4.7.1) . Slight changes in tibia marker displacements 

were measured in the presence of a root tear compared with the capsule intact condition. 

The difference between the maximum and minimum posterior region tibia displacements 

increased from 3.91 mm (CAP) to 4.49 mm (TORN3) (Figure 5.6B). Anterior region tibia 

displacements increased from 3.71 mm (CAP) to 4.23 mm (TORN3) (Figure 5.6C). The 

meniscus marker displacements in the sagittal plane followed a similar action to the tibial 

marker displacements but at a lower magnitude generating a predominant relative 

displacement in the posterior direction, as described in the above section. Small changes 

were measured for the meniscus marker between the capsule and root tear conditions in 

the sagittal plane and are reflected in the relative results described above. 
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Figure 5.6. Sample A representative example of the meniscus marker, tibia marker and 

calculated relative displacement results for the (A) medial, (B) posterior and (C) anterior 

region of the CAP and TORN3 conditions for across cycle 3 (porcine).  

 

A 

B 

C 
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5.3.3 Simulator Adduction – Abduction Position 

Changes in the adduction-abduction angle were measured in the medial tibia 

marker displacement results. All knees had a unique profile of adduction-abduction output 

during the simulated gait cycle, causing a unique tibial marker displacement. A 

representative example between Sample B and Sample C, which showed different 

abduction adduction profiles during the experiment is presented in Figure 5.7. In the 

presence of a severe tear, the adduction-abduction angle tended to offset or shift but 

retained a similar profile reflected in the tibia marker displacements, as shown for Sample 

B (Figure 5.7A). However, in Sample C, (Figure 5.7 B) where the adduction-abduction arm 

swing was near zero, the tibia marker displaced in small amounts and slightly reflected 

deformations caused by the applied two-peak axial force profile. In the presence of a 

severe tear the tibial marker displacement decreased in both directions to near zero and 

the two peaks disappeared (Figure 5.7 B).  

 

  

  

Figure 5.7. Comparative example of varying adduction-abduction angle between 

samples showing the simulator output and tibia marker displacement results during 

cycle 3 for (A) Sample B and (B) Sample C (porcine).  

 

 

A 

B 
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5.3.4 Effect of Cyclic Test Duration on Relative Displacement  

In the sagittal plane, no substantial trends were found for the cyclic test duration, 

which presented little effect on the relative displacement results for all the conditions. As 

shown in Figure 5.8 for Sample C, changes in the relative displacements were observed 

and fell within 0.05 – 0.2 mm (~10 %) of each other as the duration of the test increased 

between cycle 3, cycle 10, cycle 25 and cycle 50. In addition, these values generally fell 

within the minimum measurement error of +/- 0.1 mm. However, a larger difference of 0.5 

mm was found in the anterior region CAP condition profile between cycle 3 and the other 

measured cycles, although this was only found for Sample C.   

 

 Anterior Posterior 

CAP 

  

NOLIG 

  

TORN3 

  

Figure 5.8. Sample C anterior and posterior region relative displacement results for 

cycle 3, 10, 25 and 50 for the CAP, NOLIG and TORN3 conditions (porcine). 
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In the frontal plane, no substantial trends were found for the relative displacements 

across the cyclic test duration (cycle 3, cycle 10, cycle 25 and cycle 50) for the CAP, 

NOCAP, NOLIG, TORN1 and TORN2 conditions. Small changes of 0.02 - 0.15 mm (mean 

~15%) fell within the minimum error of +/- 0.1 mm of the method. For the TORN3 

condition, the relative displacement coinciding at timepoint AF1 decreased on average by 

26.25% (0.29 mm) from cycle 3 to cycle 50. The change in the difference between the 

maximum and minimum relative values (range) decreased on average by 12.6 % between 

cycle 3 and cycle 50. This trend was found across all samples (Figure 5.9 A, B, C and D). 

Most of this decrease in the medial-lateral relative displacement had occurred by cycle 10.  

 

  

  

Figure 5.9. Medial region TORN3 relative displacement results for cycle 3 and cycle 50 

for all tested porcine knee samples A-D (corresponding graphs to each sample). 

 

5.4 Discussion  

 The work in this chapter presents an important step in developing the experimental 

model by assessing the feasibility of the meniscus tracking model using the marker 

tracking method on four porcine whole-joint samples, prior to assessing the model on 

A B 

C D 
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human knee specimens. Due to the anatomical differences between the porcine and the 

human knee, few data comparisons are possible with previously published literature at this 

stage, however, the main goal was to develop the model on porcine knee joints and 

investigate the feasibility to detect the difference in displacement between a healthy and a 

damaged medial meniscus state.  

 

5.4.1 Main Findings 

• The main finding from this study was that the experimental model using the novel 

motion capture system was able to measure relative meniscal displacement for all 

three (anterior, posterior and medial) meniscal regions; 

• the largest changes in relative displacement occurred in the medial region 

measuring medial-lateral displacement measurement and reflected the first load 

peak in the applied dynamic axial force of the gait profile. The most severely torn 

condition (TORN3) showed increased displacement in the medial direction by ~ 2 

fold compared to the other experimental conditions, however, this was mostly not 

statistically significant; 

• statistical significance was found using a repeated measured one way ANOVA 

only between the NOLIG and TORN3 conditions in the medial region for Cycle 3 

when the AF1 and AF2 time-point means were analysed from the four porcine 

samples;  

• no significant differences were found for the anterior and posterior region results; 

however, the displacement profile reflected the two peak shape of the applied gait 

flexion-extension; 

• cycle duration influenced the medial region TORN3 results which presented a 

mean decrease in peak relative displacement of 0.29 mm at AF1 between Cycle 3 

and Cycle 50 for all knee samples throughout the experiment.   

 

5.4.2 Evaluation of the Motion Capture Method to Assess Biomechanical 

Changes with Root Tear Injury 

5.4.2.1 Frontal Plane, Medial-Lateral Displacement 

The novel motion capture was able to measure the relative displacement 

throughout a dynamic simulated gait cycle applied to the porcine knee joints. This study 

found the meniscus moved more medially relative to the tibial marker in the presence of a 

severe root tear. Despite the displacement of the tibial marker which was governed 

predominantly by the abduction-adduction angle, which was left free during the gait 
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profile, this change in relative displacement was measurable with the novel motion capture 

method and was brought about by increases in the magnitude of the meniscus marker 

displacement with a root tear. In addition, the two peaks of the axial force profile coincided 

with two peaks in the measured displacements of the meniscus marker and in some cases 

(where adduction-abduction angle was small) the tibia marker. The measured data 

reflected the action of the medial meniscus and the root attachments responding to the 

applied dynamic axial load and changes were detectable when the root was severely torn, 

affecting the load transmitted through the meniscus and therefore the tibia.  

 The motion capture method was able to detect a medial offset or extrusion of the 

meniscus marker relative to the tibia marker during the first few cycles of the test duration. 

The peak relative displacement of the medial region was higher during cycle 3 than for 

cycle 10, cycle 25 and cycle 50 for all knee samples, whereas the range (maximum – 

minimum value) did not change. The cycle 3 data included both the increase in relative 

displacement and the extrusion of the medial meniscus. By cycle 10, the meniscus had 

found a position, limited to further extrusion by the small part of the posterior root still 

attached and continued to move in the cyclic steady-state manor, producing a similar 

relative displacement range. Because the displacement data for each cycle is filtered to 

begin at zero at the start of the gait cycle, this offset of the whole meniscus was not 

directly measured in the results but could be assessed through screen shots taken from 

cycle 3 and cycle 50 (Figure 5.10).  

 

Figure 5.10. Porcine sample A TORN3 condition screenshots for cycle 3 and cycle 50 

showing the extrusion measured between the centroid of the meniscus (2) and tibia (1) 

markers. 

Cycle 3 

Cycle 50 
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Although the most severely root tear condition produced increased relative 

displacement in the frontal plane compared to the other experimental conditions, this 

difference was only statistically significant with the NOLIG condition during Cycle 3 and 

when the AF1 and AF2 timepoint means were taken. The NOLIG condition moved the 

least in the medial-lateral direction, compared to the soft-tissue constrained CAP and 

NOCAP conditions. This trend was shown across all the samples and potentially is counter 

intuitive, with one expecting more movement of the medial meniscus without the medial 

meniscus-MCL ligamentous constraint (Paletta et al., 2020). However, this is likely an 

effect of the sequential loading bias throughout the experiment affecting the water 

retention of the tissue, the stiffness, and the movement; rather than the measurement 

technique itself. The meniscus adopts time-dependent tissue mechanics and water 

retention is vital for its load dissipating functions (Özkaya et al., 2017). Even though a 10 

minute resting period with PBS spray between each test was given, it was almost 

impossible to retain adequate water retention and tissue integrity of the meniscus 

throughout this study design and remains a key limitation of the experimental model.  

In addition, the use of statistical techniques for such a low sample number are not 

particularly useful and can only allude to measured trends. A physical change is evident in 

the meniscus when root damage is caused and this can be measured using the developed 

model, however what is observed experimentally is challenging to show statistically and 

remains a further challenge for the future. It is also important to note that the precision of 

the marker tracking method from the reliability investigations in Chapter 4 was 

approximately +/- 0.1 mm affecting the comparison between measured displacements in 

this study. However, at this stage only the feasibility of the dynamic meniscus tracking 

model was assessed; application to human specimens involves applying higher 

magnitudes of load and motion which may produce and larger displacements further away 

from the thresholds of the marker tracking method precision.  

 

5.4.2.2 Sagittal Plane, Anterior-Posterior Displacement  

 The results for the anterior and posterior meniscal regions measuring anterior-

posterior displacement in the sagittal plane presented no substantial differences in relative 

displacement between the capsule and root tear conditions and with cyclic test duration. 

However, for both regions the relative meniscal displacement results were similar in shape 

and magnitude with the peaks coinciding with the peaks of the flexion-extension profile. 

Slight differences were observed, as the anterior region results showed more anterior 

relative displacement during terminal stance phase (~40% - 50% gait cycle) where almost 

full extension occurs. The second peak of the axial force is applied during this phase 
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causing tibia deformation, radial deformation of the meniscus and/or soft tissue movement 

affecting pin motion.  

 Physical changes in the anterior-posterior displacement of the meniscus were 

observed during the most severely torn condition, however, the meniscus tracking method 

was not able to measure these changes in this plane due the 2D nature and the controlled 

driven nature of the anterior-posterior carriage and the tibial rotation axes of the gait-

profile dominating the motion. The effect of tearing the root was that the meniscus 

extruded medially toward the sagittal plane cameras. This meant that in the video frame 

the meniscus marker appeared slightly larger than the tibial marker as it was closer to the 

camera. This was considered in the image calibration for the meniscus marker, however, 

did not change the measured displacements between the conditions a great amount. It is 

also possible that even with a cut spanning 92% of the root width, the meniscus still 

retained a fair amount of anterior-posterior displacement ability responding to the driven 

gait profile.  

 

5.4.3 Limitations 

 Limitations of the marker tracking method such as displacement occurring due to 

pin motion have been previously described and still apply during this study. Further 

limitations to note during this development work is as aforementioned, a bias in the order 

of tested conditions caused by repetitive cyclic loading and the degradation of the tissue 

with experiment duration. The total experiment duration per sample was around 72 hours 

after defrosting meaning that the final experimental condition had a lower tissue quality 

than the first condition; affecting the measured displacements. In addition, as it was not 

possible to complete all the conditions in one working day, the samples were kept in the 

fridge overnight in PBS soaked tissue. This potentially allowed more rehydration time prior 

to testing certain conditions such as the NOCAP condition which was typically carried out 

in the morning of day two.  

 

5.4.4 Summary 

 The experimental model has been developed on porcine specimens and applied 

dynamic load and motion profiles of the simulator gait cycle were able to be characterised 

through the meniscus, tibia and relative displacements measured with the motion capture 

method. A measurable difference in relative displacement was found between the fully 

intact and a severely torn condition in the medial region throughout the study, however; 

this difference was not statistically significant when assessing a low sample size. A 

limitation of sequential loading causing a systematic bias and effecting levels of tissue 
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hydration throughout the experiment were difficult to avoid using this type of experimental 

model. However, meniscal extrusion in the damaged state was also observed over the 

course of cyclic test duration and few changes in relative displacement between the 

conditions were measured in the sagittal plane regions. Overall, this study has given 

confidence that the marker tracking measurement technique is sensitive to obtain 

meniscal kinematic data during a gait cycle and the lack of statistical strength likely 

amounts to factors of the methodology which are difficult to control when assessing 

natural tissues. The next chapter will now adapt and apply this experimental model to 

human whole knee joint specimens.  
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Chapter 6  

Application of the Motion Capture Method to Assess Dynamic Medial 

Meniscus Displacement in Human Knee Specimens 

 

6.1 Introduction 

In the previous chapter, a feasibility study of the experimental model was performed 

using the novel motion capture system on porcine specimens. In this chapter the clinical 

relevance of the experimental model was advanced through applying the marker tracking 

system to measure medial meniscus kinematics in human cadaveric knee joint specimens 

undergoing a dynamic gait cycle in a mechanical simulator. The development process 

involved adapting aspects of the methodology described in the previous chapter to 

account for larger specimen dimensions, larger amounts of driven motion and differences 

in tissue integrity. In addition to meniscal root damage cases, a medial meniscus allograft 

transplantation (MAT) was additionally performed on n = 3 samples to assess the efficacy 

of the experimental model in response to an intervention condition. 

 

6.1.1 Aim and Objectives  

The aim of this chapter was to apply the marker tracking method to human cadaveric 

knee specimens and measure the anterior-posterior displacement and medial-lateral 

displacement of the medial meniscus during a simulated gait cycle. With the overall goal to 

assess whether the precision of the method will allow the differentiation of medial 

meniscus displacement with and without a root tear in human specimens  

The objectives were:  

1. To adapt the porcine experimental model to be able to measure the displacement 

of the meniscus marker and tibia marker pinned to the medial, anterior and 

posterior regions of a human knee specimen undergoing a simulated gait cycle; 
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2. to calculate the relative anterior-posterior displacement and medial-lateral 

displacement from the measured meniscus and tibia marker displacements of the 

corresponding meniscal region in human knee specimens; 

3. to investigate the effect of capsule constraint conditions and varying severities of a 

medial posterior root tear on the relative medial meniscus displacement of human 

knee specimens; 

4. to understand the effect of cyclic test duration on the relative displacement 

measured at the medial, anterior, and posterior marker regions; 

5. to understand the effect of applying a meniscus allograft transplantation (MAT) 

intervention condition on the measured relative meniscus displacement. 

 

6.2 Method Adaptations for Human Specimens  

The transition from porcine to human specimens required adaptations to the 

experimental model to account for the larger human specimen size as well as the greater 

variability in size compared to porcine knee specimens. In addition, human knee 

specimens included left and right knee joints, therefore the experimental model was 

adapted to be applicable to both. The camera rig was initially set up for right knees as the 

right hind leg of pigs were ordered to the laboratory as the standard animal model. In 

addition, the modified Leeds high kinematics gait profile was driven at full load and full 

motion for human specimens, whereas the gait profile parameters used for porcine 

specimens were scaled down to a third. The camera parameters were optimised to allow 

effective marker tracking and displacement measurement during human knee simulation.  

 

6.2.1 Camera Rig Adaptations 

To adapt the model for left and right knee specimens, two additional parts were 

manufactured for the camera rig which was previously described in section 3.7.3. In order 

to allow the position of the magnet attaching the rig to the simulator to be adjusted, the 

vertical component was manufactured with a slot cut and an additional cuboid component 

was manufactured to attach the vertical component to the existing ‘L’ shaped component 

(Figure 6.1A). This allowed the motion capture system to be compatible to measure the 

meniscus kinematics of left knee specimens with the abduction-adduction (AA) axis 

constrained using the attachable/detachable AA arm, if necessary (Figure 6.1B). Further 

developments also included adaptations to the component holding the anterior and 

posterior cameras. A new part was manufactured to allow for the larger human knee size 

and variations in tibial slope (Figure 6.1C and D). Washers were also used to increase the 

amount of space between the joint space and the cameras.  
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Figure 6.1. Camera rig adaptations to enable compatibility with human specimens. (A) 

SolidWorks models of newly manufactured parts for left knee specimens. (B) Image of 

manufactured parts allowing attachment of the abduction-adduction arm during left 

knee testing. (C) SolidWorks assembly of human anterior and posterior camera 

attachment. (D) Manufactured human component and comparison with the porcine 

component.  

 

6.2.2 Camera Triggering in Python  

During the human knee study, the profile was driven at the same speed (0.5 Hz) as 

in the porcine study, however, the markers were moving through larger driven translations 

within the same time frame, creating more motion blur. During the porcine study the 

cameras were programmed as USB web cameras (UVC gadgets) and triggered using a 

standard computer camera application (Windows Camera). The limitation of this method 

was that the cameras could only trigger at 30 fps. This frame rate was suitable for porcine 

specimens; however, a higher frame rate was required for human specimens especially for 

the anterior and posterior cameras which were situated closest to the anterior and 

posterior markers. Details of the Raspberry Pi camera programming and python triggering 

scripts are described in Appendix D. A python script was written and executed which 

enabled the cameras to record a 6 second video at 90 frames per second at a reduced 

resolution (1290 x 720 pixels). Multiple motion tests were carried out using this script to 

find the best adjustment between resolution and frame rate to minimise the motion blur of 
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a moving marker in a video. This new camera triggering method was then trialled using a 

human knee specimen and deemed successful as clear tracking of the meniscus and tibia 

markers was achieved for all three cameras and meniscus regions. A live feed was used to 

align the markers within the video frame and a 1 second calibration video at the same 

resolution were achieved by running scripts on Python. An open source file transfer 

application (WinSCP) was used to transfer calibration and video files from the Raspberry Pi 

camera microSD card to the laptops local drive.  

 

6.2.3 Marker Pin Development  

The marker pins were adapted because the human meniscus tissue was difficult to 

penetrate compared with the porcine meniscus. The human markers were made from 23 

gauge (0.6 mm) syringe tips cut with pliers and superglued to 2 mm stainless steel ball 

bearing heads with a tapped hole. The heads were primed with metal primer paint and 

painted bright green with petrol resistant paint. Adhering stainless steel pins and heads 

was difficult due to the surface finish and irregular shapes, therefore using a ball bearing 

with a tapped hole allowed for a stronger bond reducing the risk of the head falling off the 

pin. Syringes were required for human specimens as the metal wire (used previously for 

porcine) was not sharp enough to penetrate the tibia or the stiff posterior horn of the 

medial meniscus (Makris et al., 2011). The diameter was measured after painting as the 

layers of paint on the ball bearing increased the diameter to approximately 3 mm which 

was used for the anterior and posterior camera image calibration.  

 

6.3 Human Study Methodology  

6.3.1 Sample Preparation   

Fresh-frozen human knee specimens (n = 10) were dissected, aligned and 

cemented for knee simulation from the left and right legs of deceased donors (mean age: 

50 years; mean BMI: 23.75; sex: 6 male, 4 female) according to the protocol described in 

section 2.2.2. All samples were MRI scanned prior to dissection and assessed by a trained 

colleague to examine the bone quality, menisci quality and alignment measurements such 

as the tibial width and epicondylar axis (see section 2.2.2.3). All samples had experienced 

one freeze-thaw cycle for MRI scanning prior to testing. One sample had been previously 

simulated in a separate study and had experienced an extra freeze-thaw cycle compared 

to the other samples. This sample was used for method development for the MAT 

procedure described in section 6.6. The human knee specimens were dissected with the 

capsule retained and marker pins were inserted into the medial, anterior and posterior 
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regions of the medial meniscus with corresponding reference markers on the tibial plateau 

directly below. The same marker positioning used for the porcine study was used for the 

human specimens (see section 4.6.2). The capsule in human knee specimens was thicker 

than porcine knee capsule, therefore, a small scalpel incision was made in the capsule to 

prevent the motion of the pin being dominated by the capsule stiffness. In addition, the 

insertion of the medial gastrocnemius tendon and the direct arm of the semimembranosus 

tendon covered the posterior aspect of the medial condyle and tibial plateau. Therefore, 

these tendons were carefully excised to position the posterior markers into the meniscus 

and the tibial plateau. In some samples it was difficult to locate the posterior aspect of the 

MCL to place the medial markers due to the thick connective tissue and the ligaments 

consistency with the connective capsular tissue. In this case, the pin was inserted on the 

medial aspect of the medial meniscus in line with the centre of rotation (COR) hole drilled 

during alignment (see section 2.2.2.5). 

 

6.3.2 Developments to the Capsular Constraint and Root Tear Conditions  

The dissection and root tear conditions used to examine human knee specimens 

were initially the same as those applied to the porcine experimental model described in the 

previous chapter (CAP, NOCAP, NOLIG, TORN1, TORN2 and TORN3) (see section 

5.2.3). A total of 4 human samples were assessed using the initial conditions (CAP, 

NOCAP, NOLIG, TORN1, TORN2 and TORN3), however, problems such as fractures, 

simulator tuning issues and insecure cement fixation occurred in all specimen 

experiments. These initial conditions nonetheless provided an important period of method 

development and acquisition; however, the dissection and root tear conditions for the 

human study were then changed to intact, capsule removed, partial tear and complete 

tear. These alterations were necessary for the following reasons:  

 

• to perform the MAT procedure as some remaining connective tissue was left 

around the medial meniscus periphery to attach the sutures; 

• to retain clinical relevance of the type and extent of the tear as a complete tear 

has been commonly observed in the medial meniscus posterior root (LaPrade 

et al., 2015); 

• to further reduce the risk of fracture by reducing the number of loaded 

conditions on the sample throughout the duration of the full experiment. 
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As illustrated in Figure 6.2, the revised conditions were: (A) Intact: the same as the 

previous capsule retained condition. (B) Capsule removed: included the excision of the 

collateral and cruciate ligaments, however, some connective tissue was retained around 

the medial meniscus perimeter for the MAT procedure to be carried out. (C) Partial tear: a 

scalpel was used to perform a cut spanning 50% of the medial meniscus posterior root. 

This cut was performed as close as possible to the root insertion to retain more of the root 

for the MAT procedure. (D) Complete tear: a scalpel was used to cut the full width of the 

medial meniscus posterior root through, whilst retaining some connective tissue on the 

peripheral border to prevent the damaged meniscus falling out of the joint space and to 

allow attachment for the MAT sutures.  

 

 

Figure 6.2. Revised human study dissection/torn conditions: (A) Intact, knee capsule fully 

intact. (B) Capsule removed, knee capsule and ligaments excised. (C) Partial root tear, 

medial posterior root tear at the insertion spanning 50% of the root width. (D) Complete 

root tear, 100% of root width.  

 

 

 

6.3.2.1 Sample Overview 

All the fresh--frozen human samples which were simulated are described in Table 

6.1 with details of the conditions assessed (initial and revised), experimental issues and 

MRI scan notes. Once the conditions were revised, a total of n = 4 successful human 

samples with the intact, capsule removed, partial tear and complete tear conditions were 

studied and a total of n=3 samples were studied with the MAT procedure.



171 

 

 

 

Table 6.1. Details of tested human samples and assessed initial and revised conditions. 

Sample ID Age Sex BMI MRI Scan Notes 
Initial Conditions 

Comments 
CAP NOCAP NOLIG TORN1 TORN2 TORN3 

RTKN2910 55 F 15.36 Meniscal horn tears, lateral 

meniscus extrusion 

    X X Low BMI and incorrect root 

tear simulation 

LTKN1393 50 F 21.46 Posterior horn tears in both 

menisci  
X X X X X X Sample fractured during 

pre-test tuning  

LTKN1333 22 M 28.88 Good cartilage, bone 

density and menisci 
X X X X X X Data collected but incorrect 

simulator input  

LTKN1162 35 M 21.85 Good cartilage, bone 

density and menisci 
X X     Error in bone cement 

fixation initially  
  

Sample ID Age Sex BMI MRI Scan Notes 

Revised Conditions  

Comments Intact Capsule 

Removed 

Partial 

Tear 

Complete 

Tear 

Allograft 

(MAT) 

LTKN1017 56 M 20.78 Anterior root attachment of 

medial meniscus torn 

      

LTKN0812 54 M 20.52 Mild meniscus degeneration      X  

RTKN1064 61 M 30.87 Medial meniscus extruded in 

the anterior portion  

    X  

LTKN2083 64 M 30.82 Small medial meniscus tears 

and degeneration 

    X Sample fractured during 

allograft condition 

RTKN1952 48 F 20.67 Signs of meniscus 

degeneration / OA 
X  X   Large AA oscillation: sample 

realigned 

LTKN1409 58 F 26.25 *previously simulated* X  X   *previously simulated* 
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6.3.3 Gait Profile and Camera Set Up 

The modified Leeds high kinematics gait profile at full load and position parameters 

was used for human specimens, with the abduction-adduction axis left free to move, as 

described in section 2.3.2. The miniature cameras were set up in the camera rig to video 

the corresponding marker regions for right and left human knee specimens as shown in 

Figure 6.3. For left knee specimens the polarity of anterior-posterior displacement and 

medial-lateral displacement was inverted in the videos and therefore the graphical polarity 

was also inverted compared to right knees. This is explained further in section 6.3.5.2.   

 

 

 

Figure 6.3. Human study test set up showing the differences in anterior-posterior (AP) 

and medial-lateral (ML) image measurement polarity with a (A) right and (B) left knee. 

 

A 

B 
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6.3.4 Data Collection Procedure 

The meniscus tracking data collection procedure for each condition is illustrated in 

Figure 6.4. The human specimens were at higher risk of fracture due to the tissue integrity 

and the higher forces applied through the simulator; therefore, the axial load was ramped 

up over the first 10 gait cycles of the test. The first set of meniscus tracking data was 

measured for cycle 10 when full load was applied. The second set of meniscus tracking 

measurements were taken at cycle 50 to assess if there were changes in the 

displacements over time. These parameters were adapted for human specimens because 

the results of the porcine study showed minimal differences between cycle 10-50 

suggesting two time points would be suitable for human samples, whilst also reducing the 

risk of fracture.  

 

 

Figure 6.4. Data collection procedure repeated for all three meniscus regions (anterior, 

posterior and medial) during each of the four dissection/root tear condition (a total of 12 

repeats for each sample).  

 

 

6.3.5 Data Processing and Analysis 

The human displacement data was processed from the Cycle 10 and Cycle 50 

Raspberry Pi output videos from each dissection/torn condition and each camera using 
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the marker tracking method on MatLab. The output data was the anterior-posterior 

displacement and medial-lateral displacement of the tibia and meniscus markers, plus the 

calculated relative meniscus displacement for both these directions.  

Due to the increased frame rate of the anterior and posterior cameras used to 

assess human specimens, the duration of one human gait cycle in the video increased 

from 60 frames (at 30 fps) to anywhere in the region of 130 – 150 frames (at 90 fps); 

equating to the number of data points. This was found to be irregular and most likely 

dependent on the computational hardware sharing the bandwidth through multiple USB 

ports, as a larger amount of processing power was required to trigger at 90 fps. However, 

to solve this problem, an extra line of interpolation code was written to ensure all the data 

points in one filtered gait cycle were 150, to allow for clearer data comparisons between 

the conditions.  

 

6.3.5.1 Effect of Cyclic Test Duration  

Maximum differences in relative displacement throughout the duration of the data 

collection process were small between the conditions. The largest difference was +/- 0.5 

mm throughout the gait cycle between the intact and complete tear conditions for Cycle 

10 and Cycle 50 during the human study. This differed from the porcine study, where 

there was a consistent medial shift observed for each sample’s most severely torn 

condition (TORN3) condition throughout the duration of the test. Cycle 3 was the first 

cycle assessed in the porcine study design; however, as aforementioned, this was altered 

to Cycle 10 in the human study to prevent the risk of fracture. Problems with pin tissue 

adherence also occurred with increasing cyclic test duration during human specimen 

investigation. The decision was therefore made to discuss the Cycle 10 results in this 

chapter.  

 

6.3.5.2 Left vs Right Knee Polarity  

Data processing for left and right knee samples followed the same process, 

however, because the camera system was inverted as illustrated previously in Figure 6.3, 

the output displacement data polarity was also inverted (Table 6.2).  

 

6.3.5.3 Statistical Analysis and Comparisons  

The same statistical analysis was carried out for human specimens as previously 

described for porcine specimens (see section 5.2.4). Using SPSS software, a Shapiro-Wilk 

test of normality was carried out to show approximate normal distribution in the relative 



175 

 

 

 

displacement data. A repeated measures one-way ANOVA (p < 005) was used to 

compare the relative displacement means of n = 4 samples, between the intact, capsule 

removed, partial tear and complete tear conditions. The means were taken from the range 

(difference between maximum and minimum value during the gait cycle) and at specific 

time points during the gait cycle, relating to the peaks in the axial force profile (AF1, 0.28 

seconds, AF2 0.90 seconds) for medial-lateral displacement, and the peaks in the flexion-

extension profile (FE1, 0.3 seconds, FE2, 1.45 seconds) for anterior-posterior 

displacement. The 95% confidence intervals (95% CI) were also calculated to understand 

the level of uncertainty around the relative displacement estimations.  

 

Table 6.2. Description of the opposing measurement polarity in the video frame for left 

and right human knees in relation to the medial-lateral and anterior-posterior motion 

directions. 

Plane Marker Location / 

Region 

Motion 

Directions 

Right Knee 

Polarity 

Left Knee 

Polarity 

Frontal Medial Region Medial  + ve - ve 

Lateral - ve + ve 

Sagittal Anterior Region Posterior + ve - ve 

Anterior - ve + ve 

Posterior Region Posterior  + ve - ve 

Anterior  - ve + ve 

 

6.3.6 Study Design Summary  

A summary of the methodology and the flow of work is illustrated in Figure 6.5, 

showing how the human knee specimens were partitioned into the different method 

development studies (Development Study, Tear Study and MAT study). The next section 

discusses the results of four human specimens (Tear Study in Figure 6.5) assessed with 

the medical posterior root completely torn. Discussed in the latter half of this chapter is the 

MAT intervention study comprising of n=3 human specimens (MAT Study in Figure 6.5) 

(see section 6.6).  
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Figure 6.5. Human study design flow chart showing the fragmenting of the scanned 

human knee samples into three different studies (Development Study, Tear Study and 

MAT study) and the analysis of the outcome tracking data. 
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6.4 Tear Study Results 

6.4.1 Relative Displacement Individual Sample Detail  

The relative meniscus displacements for each region (medial, anterior, and 

posterior) across cycle 10 are presented for each human sample in Figure 6.6 and Figure 

6.7. Values are described in absolute terms to provide consistency between left and right 

samples. All displacements described in this section are the displacement of the meniscus 

marker relative to the tibial (reference) marker.  

 

6.4.1.1 Medial-lateral Displacement in the Frontal Plane, One Region 

 In the frontal plane (medial region), the displacement was unique between each 

sample. There was a greater difference in medial-lateral displacement between the 

conditions for sample LTKN1017 and LTKN0812 (Figure 6.6A,D) compared with 

RTKN1064 and LTKN2083 (Figure 6.7 A,D).  

For sample LTKN1017, the largest difference between tissue states occurred in the 

second half of the cycle between the complete tear case and all other conditions. 

Specifically, the displacement approximately doubled compared to the other conditions, 

peaking at 3.05 mm (Figure 6.6A). There were other, smaller differences between the 

tissue states which were nonetheless of a larger scale than the assumed measurement 

error of +/- 0.1 mm. The capsule removed and partial tear conditions had lower 

displacement (~1 mm lower) during the first half of the gait cycle in comparison to both the 

intact and complete tear conditions. 

For sample LTKN0812, the largest difference between the conditions occurred in 

the last three quarters of the gait cycle (0.5 s – 2.0 s) between the complete tear case and 

all other conditions. During the first quarter of the gait cycle, small differences near the 

boundaries of the assumed measurement error occurred between all the conditions, 

displacing similarly by ~ 1 mm during this period. Thereafter, the displacement profile of 

the complete tear case became uncoupled from that of the intact, capsule removed and 

partial tear conditions. The complete tear case peaked at 1.75 mm during the second half 

of the gait cycle (Figure 6.6D). The capsule removed and partial tear conditions displaced 

in the opposite direction by a peak difference of ~ 1.5 mm compared with the intact 

condition results. 

Both samples RTKN1064 and LTKN2083 followed a similar pattern of displacement 

throughout the gait cycle and differences between the tissue states for RTKN1064 and 

LTKN2083 were smaller than the complete tear conditions of LTKN1017 and LTKN0812. 

The largest difference between the intact and complete tear conditions was approximately 
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+/- 0.50 mm throughout the gait cycle for both RTKN1064 and LTKN2083. For the intact 

case, displacement peaked at ~ 1 mm throughout the gait cycle for both samples. During 

the second half of the gait cycle, the complete tear case for both samples had a lower 

displacement than capsule removed and partial tear conditions. During the second half of 

the gait cycle, the peak displacement for the capsule removed and partial tear conditions 

was ~ 2.3 mm for RTKN1064 (Figure 6.7A) and ~ 1.3 mm for LTKN2083 (Figure 6.7D).   

 

6.4.1.2 Anterior-Posterior Displacement in the Sagittal Plane, Two Regions 

In the sagittal plane, each sample presented a unique profile of anterior-posterior 

displacement throughout the gait cycle for both the posterior region (Figure 6.6 C, F; 

Figure 6.7 C,F) and anterior region (Figure 6.6 B,E; Figure 6.7 B,E). There was a 

predominant posterior direction of relative displacement across all samples and conditions 

throughout the gait cycle. In addition, displacements typically reached a higher magnitude 

for the anterior region than the posterior region for each sample. 

 

Anterior Region 

In most cases, the displacement for the anterior region followed the same shaped 

profile throughout the gait cycle for the capsule removed, partial tear and complete tear 

conditions. For LTKN1017, the intact case produced the largest amount of displacement 

peaking at 6.5 mm during the second half of the gait cycle. All the other conditions 

(capsule removed, partial tear and complete tear) peaked around ~ 5 mm during the 

second half of the gait cycle. Differences between the capsule removed, partial tear and 

complete tear conditions were close to the measurement error threshold of +/- 0.1 mm for 

anterior-posterior relative displacement (Figure 6.6B).  

Sample LTKN0812 presented the largest magnitude of anterior-posterior 

displacement compared with all other samples. The largest differences in the anterior 

region were found for the complete tear condition, where peak displacement was 

approximated half (~ 5 mm) that measured for the intact, capsule removed and partial tear 

conditions (~10 mm) during the second half of the gait cycle (Figure 6.6E). Differences 

between the capsule removed, partial tear and complete tear conditions were close to the 

measurement error threshold.  

For sample RTKN1064, the largest difference occurred during the first half of the 

gait cycle for the intact case, which presented ~ 2 mm lower peaks in displacement, 

compared with the capsule removed, partial tear and complete tear conditions. The same 

effect for the intact case was also present in the second half of the gait cycle, showing a 

plateau in the peak (~ 6 mm) as compared to the shallower double-peaked profile (~ 9 
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mm) shown for the capsule removed, partial tear and complete tear conditions (Figure 6.7 

B). Smaller differences occurred between these conditions of around +/- 1 mm, which fell 

outside of the estimated measurement error. 

In a similar way to sample RTKN1064, sample LTKN2083 intact condition 

displacement plateaued slightly during the second half of the gait cycle, however reached 

a peak displacement of ~ 5.5 mm; similar to the capsule removed and partial tear 

conditions. The complete tear case showed a reduction of ~ 1 mm during the second half 

of the gait cycle, as compared with the other conditions (Figure 6.7E). 

 

Posterior Region 

For samples LTKN1017 and LTKN0812, the largest difference occurred for the 

complete tear case, presenting a reduction of peak displacement of around half that 

measured for intact condition during the second half of the gait cycle (Figure 6.6 C, F). 

Completely tearing the root also caused the displacement to become disjointed from the 

profile shown for the intact, capsule removed, and partial tear conditions. There were 

smaller differences in displacement between the intact, capsule removed, and partial tear 

conditions which exceeded the estimated level of precision of the method. Sample 

LTKN0812 also showed higher relative mobility in the posterior region than all other 

samples (Figure 6.6F).  

For samples RTKN1064 and LTKN2083, the largest difference occurred in the 

complete tear case. Sample RTKN1064 showed a reduction in peak displacement of ~ 1 

mm compared with the other conditions during the second half of the gait cycle (Figure 

6.7 C). For LTKN2083, the complete tear condition showed an atypical pattern compared 

with the other conditions during the first half of the gait cycle. A small peak of 0.81 mm in 

displacement occurred in the opposite (anterior) direction and the displacement oscillated 

approximately +/- 1 mm around zero (Figure 6.7 F). For samples RTKN1064 and 

LTKN2083 a similar pattern of displacement occurred for the intact, capsule removed and 

partial tear conditions during the gait cycle. The displacement for these samples showed a 

narrower singular peak of 4.75 mm (RTKN1064) and 4.33 mm (LTKN2083) during the 

second half of the gait cycle (Figure 6.7 C, F).  
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Figure 6.6. Measured cycle 10 relative displacement for the medial, anterior and posterior regions of (A-C) LTKN1017 and (D-F) LTKN0812 (human). 
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Figure 6.7. Measured cycle 10 relative displacement for the medial, anterior and posterior regions of (A-C) RTKN1064 and (D-F) LTKN2083 (human). 
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6.4.2 Relative Displacement Summary 

No statistically significant differences (p > 0.05) were found between the intact, 

capsule removed, partial tear and complete tear conditions using the repeated measures 

one-way ANOVA on means taken from relative displacement values at specific timepoints 

and the range (max – min value during one cycle) as shown in Table 6.3. Generally, the 

mean anterior-posterior relative displacement taken from the maximum – minimum range 

slightly decreased with root damage in the sagittal plane. Between the intact and complete 

root tear condition the anterior region mean range reduced by ~ 1.2 mm; and in the 

posterior region by ~ 0.8 mm.  

 

Table 6.3. Mean relative displacements (± 95% CI) taken from specific gait time-points 

(TP) and the range (maximum-minimum) for cycle 10. All units in millimetres (all cases p 

> 0.05) 

Meniscal 

Region 
Data Type Intact 

Capsule 

Removed 
Partial Tear 

Complete 

Tear 

Medial 

TP: AF1 
1.02 

(± 0.47) 

0.91 

(± 0.48) 

0.89 

(± 0.42) 

0.98 

(± 0.63) 

TP: AF2 
1.02 

(± 0.42) 

0.97 

(± 0.78) 

1.07 

(± 0.88) 

0.58 

(± 0.71) 

Range 
1.67 

(± 0.75) 

2.01 

(± 0.93) 

2.01 

(± 0.87) 

2.24 

(± 0.99) 

Anterior 

TP: FE1 
1.54 

(± 1.69) 

1.98 

(± 0.74) 

1.97 

(± 0.68) 

1.56 

(± 1.36) 

TP: FE2 
6.17 

(± 3.71) 

5.56 

(± 5.40) 

5.47 

(± 5.10) 

4.34 

(± 2.02) 

Range 
7.60 

(± 2.71) 

7.68 

(± 4.69) 

7.76 

(± 4.39) 

6.43 

(± 2.87) 

Posterior 

TP: FE1 
1.12 

(± 0.81) 

1.31 

(± 1.22) 

1.48 

(± 1.14) 

0.75 

(± 2.22) 

TP: FE2 
2.95 

(± 4.38) 

2.18 

(± 5.83) 

2.19 

(± 5.21) 

1.94 

(± 5.32) 

Range 
6.43 

(± 3.53) 

6.76 

(± 3.67) 

6.30 

(± 3.25) 

5.62 

(± 1.83) 

  

  

The largest decrease in mean relative displacement occurred during the second 

flexion peak in the sagittal plane, with the mean values reported at FE2 time-point 

decreasing by ~ 2 mm (anterior region) and ~ 1 mm (posterior region). The mean medial – 
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lateral relative displacement range slightly increased with each dissection/torn condition 

from 1.67 mm to 2.24 mm between the intact and the completely torn condition 

respectively. There was no clear trend identified in mean relative displacements between 

the conditions when values were taken at the AF1 and AF2 time-points from the medial 

region markers. 

 

6.4.3 Tibia and Meniscus Marker Displacements 

6.4.3.1  Medial-lateral Translation in the Frontal Plane, One Region 

 The relative displacement results for each sample were governed by the meniscus 

marker and tibia marker displacements (see Appendix F).  

A relationship was observed between the raw displacements of the medial tibial 

marker and the abduction-adduction angle of the tibiofemoral joint measured by the 

simulator (Figure 6.8). The pattern of abduction-adduction angle varied between samples 

and governed the behaviour of the tibial marker displacement.  For samples where the 

abduction-adduction angles had smaller magnitudes in the intact case, the capsule 

removal and cutting of the meniscus root typically generated increased abduction-

adduction angles, and therefore also increased tibial marker movement. 

For samples LTKN1017 and LTKN0812, the meniscus marker produced a similar 

shaped profile as the tibia marker; largely governed by the abduction-adduction angle. 

Changes in the relative displacement between the conditions occurred predominantly due 

to changes in the meniscus marker displacement. When the root was completely torn, the 

meniscus displacement became disjointed from the typical pattern observed for the intact, 

capsuled removed and partial tear conditions. During the second half of the gait cycle, a 

reduction in the peak meniscus marker displacement occurred for both samples of ~1.5 - 

~ 2 mm for the complete tear condition, roughly half that of the other conditions (Appendix 

F).  

For samples RTKN1064 and LTKN2083, simulator adduction-abduction increased 

as tissue was dissected and the root was cut, causing an increase in tibia displacement 

and meniscus displacement. The changes in meniscus and tibia marker displacement 

between the conditions were more random and oscillated more for LTKN2083 than 

RTKN1064. The peaks and troughs of the meniscus displacement coincided at similar 

points throughout the gait cycle for the intact, capsule removed and partial tear conditions, 

whereas the complete tear condition did not follow this pattern (Appendix F). 
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Figure 6.8. Representative example of the comparison between the simulator abduction-

adduction output and measured medial region tibial marker displacement for (A, B) 

LTKN1017 and (C, D) RTKN1064 (human). 

   

 

 

6.4.3.2 Anterior-Posterior Translation in the Sagittal Plane, Two Regions 

 The tibial marker moved in a similar way throughout the gait cycle for both the 

anterior and posterior regions. The tibia marker followed the combined action of the driven 

anterior-posterior carriage and the driven tibial rotation of the simulator, moving 

predominantly anteriorly with the tibial carriage, and peaking at ~10 mm in the second half 

of the gait cycle. Small differences between the conditions were found in the tibia 

displacement for the anterior region results, however, in the posterior region slight 

changes in the tibia displacement were measured between the intact and the complete 

tear conditions (Figure 6.9).  
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Figure 6.9. Human sample LTKN0812 representative example of the (A) anterior region 

and (B) posterior region tibial marker displacement in relation to the anterior-posterior 

(AP) translation and tibial rotation (TR) gait profile inputs. The left-knee tibial marker 

polarity was inverted to match the polarity of the anterior-posterior (AP) simulator input.  

 

 

Changes in the relative displacement between the conditions largely occurred due 

to changes in the meniscus displacement. For sample LTKN0812. the largest differences 

in the anterior region were observed for the complete tear condition, which had increased 

meniscus displacement, peaking at 3.31 mm during the second half of the gait cycle in the 

opposed direction than the other conditions. In addition, the complete tear profile changed 

and mimicked the triangular shape of the anterior displacement peak of the tibia marker 

displacement during the second half of the gait cycle. This effect was also observed in the 

posterior region results for LTKN0812, where the complete tear increased meniscus 

displacement by 6.63 mm, a ~7-fold increase from the intact condition displacement, 

A 

B 
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during the second half of the gait cycle. The profile again emulated the triangular shape of 

the tibial displacement during second half of the gait cycle.  

The posterior region meniscus displacement for the intact, capsule removed and 

partial tear conditions for LTKN1017, RTKN1064 and LTKN2023 followed a similar 

smoothness and pattern to the applied flexion-extension gait profile. For LTKN1017, the 

complete tear condition did not present large increases in magnitude compared with the 

other conditions, but the profile became disjointed from the typical pattern measured for 

the intact, capsule removed and partial tear conditions. 

Sample LTKN2083 showed an atypical spike in meniscus marker displacement for 

the complete tear condition, locally peaking from 0.27 mm to 3.88 mm during the first half 

of the gait cycle at ~ 0.30 seconds. An increase of 1.96 mm was also present at this same 

time-point in the tibia displacement results for LTKN2083 (Appendix F). 

 

6.5 Tear Study Discussion  

6.5.1 Main Findings 

The main findings from this study were:  

• the motion capture method was able to be applied to human knee specimens 

experiencing a simulated gait cycle; 

• the relative displacement results were unique to each individual sample; 

• the specific patterns and magnitudes of meniscus, tibia and relative 

displacement created high variation between samples and therefore no 

statistically significant trends between the conditions were found; 

• completely tearing the root generally presented a reduction in the anterior-

posterior relative displacement and an increase in the medial-lateral relative 

displacement, compared with the intact, complete tear and partial tear 

conditions; 

• in some cases, changes to both the tibia displacement and the meniscus 

displacement occurred when tissue was dissected or the root was damaged, 

which overall had little effect on the relative displacement. 

 

6.5.2 Limitations  

Several limitations were present during this study. As previously mentioned, a low 

sample size greatly reduces the power of this study. From the MRI scans, all knee 

specimens showed a variable amount of meniscus damage and cartilage degeneration 
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prior to testing. This was difficult to control due to the tissue availability, however, it was 

deemed more important if the sample had a consistent bone density and quality to allow 

confidence in applying the full load gait cycle without fracture. In addition, due to the 

differences in condylar geometry, the centre of rotation alignment and cementing 

procedure was difficult to keep consistent between samples because the epicondylar axis 

of the femur is usually at an angle (Yin et al., 2015), but during the cementing procedure 

this is set to 0° to line-up with the rotational axis of the simulator. This could have created 

more of a tilt in some samples more than others and potentially adding to the differences in 

femoral and tibial contact and adduction-abduction angle.  

 As previously mentioned, a certain amount of measured displacement is possibly 

caused by motion of the pin, however, there was a larger amount of pin motion with the 

knee capsule intact compared to the other conditions. This questions the validity of the 

knee capsule intact condition as the control to base the other condition measurements off 

and it is possible the condition with the capsule removed maybe a more reliable control.  

In addition, the measurements in this study were taken from cycle 10, not cycle 3 

as undertaken in the porcine study. Due to human tissue availability and cost, the 

methodology was adapted to reduce the risk of the human specimen fracturing by 

ramping the axial load over a longer period. However, this could have meant any 

offset/extrusion of the meniscus with a complete root tear could have occurred before 

cycle 10 was measured in the human study. Hence minimal changes were observed with 

cyclic test duration in this study as seen in the porcine results.  

The revised conditions used in this study were implemented to allow the MAT 

intervention condition to be performed to be carried out after the root was completely torn. 

However, this meant that it was difficult to control the amount of connective tissue 

remaining when the complete root tear was performed. This meant that some samples 

might have had more connective tissue attached to the tibia than other samples affecting 

the amount of measured displacement.  

 

6.5.3 Sample Variation 

There was a large amount of variation between the assessed samples and no 

statistically significant trends were found (p values > 0.05) between relative displacement 

means calculated from the range and specific timepoints across the gait cycle using a 

repeated measures one-way ANOVA. Human specimen simulation studies are difficult to 

draw statistically significant trends with the sample sizes typically available for cadaveric 

research. However, human specimen variability has been previously reported in a 

cadaveric knee simulation study, where a specimen-specific gait profile was developed 
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using force controlled gait inputs and virtual springs to provide a close match to the 

natural soft tissue constraint (Liu et al., 2020). During this thesis investigation, each knee 

axis was driven to the same gait parameters using displacement control, regardless of 

specimen size, soft tissue constraint or injury condition. This simulation model was chosen 

to assess the application of the marker-tracking methodology by limiting the number of 

variables to isolate the changes relating to the relative medial meniscus displacement and 

allow for easier comparisons between the conditions. However, these gait parameters may 

not have been appropriate for human specimens due to the variability which occurs across 

many factors such as sex, age, BMI, tibia / femur geometry, walking gait, knee alignment 

etc. The porcine knee samples in the previous chapter were taken from pigs of a similar 

age, sex and weight, therefore, using a regular displacement-controlled gait profile 

generated similar magnitudes and patterns of meniscus displacement between all the 

samples, as compared to the human study.  

Moreover, unlike the porcine study, the peaks of the simulated gait profile axial 

force and flexion-extension profiles were less so reflected within the human relative 

displacement results. These differences are most likely due to differences in anatomical 

knee geometry, tissue mechanics and sample age affecting the tissue integrity and not the 

sensitivity of the marker tracking method. In two knee samples, the meniscus marker 

displacement in the posterior region followed a similar smoothness and profile to the 

applied flexion-extension profile. This suggests the anterior-posterior displacement of the 

medial meniscus was closely connected to the action of the femoral condyles. A recent 

study using dynamic MRI methods reported that meniscus kinematics are governed by the 

interactions between the femoral and tibial interactions of the knee joint (Yamamoto et al., 

2021). Further study could focus on applying specimen specific force-controlled gait 

profiles to assess specimen specific meniscus displacement and meniscus interventions 

going forward. 

 

6.5.4 Intact / Healthy Medial Meniscus Displacement 

Due to the novelty of this work, it is difficult to directly compare dynamic medial 

meniscus displacement results to the findings reported in previous publications. The 

methods used to assess dynamic meniscus displacement in previous literature are 

predominantly radiographical, such as MRI or RSA. The loading regimes typically applied 

are a weight bearing or unloaded squat motion, or passive full range of motion (ROM) 

femoral flexion. In addition, the locations where the meniscus body movement were 

directly measured from also varied. To provide a visual validation the novel methodology 

developed throughout this thesis, Table 6.4 summarises previously published intact (no 

injury or intervention conditions applied) medial meniscus displacement values reported 
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during dynamic in-vivo and in-vitro radiographical studies of knee joint motion measuring 

meniscus displacement. The bottom row shows the mean peak findings of the herein 

human tear study’s intact (capsule retained) results. The peak relative displacement 

values (in absolute terms) were taken across the gait cycle for the medial, anterior and 

posterior region results from the intact capsule condition and a mean of these peaks was 

calculated for each region (n = 4). Even though the findings highlighted in Table 6.4 are 

not directly comparable due to differences in loading regimes, measurement equipment 

and measurement locations. The comparisons show the human study findings of this 

thesis were within a similar range of medial meniscus displacements reported from 

dynamic in-vivo and in-vitro cadaveric studies within the literature, where the 

measurements were taken in a similar area in the meniscus body. 

In addition, consistent with previously published literature, the relative displacement 

of the medial meniscus posterior region generally moved less than the medial meniscus 

anterior region for each sample, due to the higher stiffness and shorter root attachment 

site of this region (Thompson et al., 1991; Bylski-Austrow et al., 1994; Vedi et al., 1999; 

Yamamoto et al., 2021). Moreover, Table 6.4 highlights the variation in meniscus 

displacement measurement location across the literature. For example, Hamamoto et al. 

(2004) measured from the inside edge of the meniscal body and obtained larger values 

than the other studies where measurements were taken from predominantly the outer 

peripheral edge or within the meniscal body. Measuring on the inside edge potentially 

reflects more deformation being in close contact with the condyles, whereas measuring 

around the peripheral edge maybe more restricted by soft tissue constraint. Nonetheless, 

this was the first study to apply dynamic physiological load to cadaveric samples and 

assess medial meniscus displacement with simultaneously applied gait parameters. 

 

6.5.5 Knee Capsule Constraint  

There are mixed reports in the literature as to whether the knee capsule effects 

medial meniscus biomechanics. Some studies have shown that damaging the 

meniscotibial ligament increases measured medial meniscus extrusion, both in cadaveric 

investigation and clinical studies (Krych, Bernard, Leland, et al., 2020; Paletta et al., 

2020), whereas other studies have not found a significant effect (De Maeseneer et al., 

2002; Vrancken et al., 2014). In this study, the knee capsule was cut away in stages to 

assess the sensitivity of the motion capture method and the effect of the capsule medial 

meniscus movement. Removing the capsule had minimal effect on the relative 

displacement measurement in the porcine study, however, in the human study, a change 

in displacement occurred between the intact and capsule removed conditions, but this 

change was difficult to draw conclusions from and varied greatly between samples.  
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Table 6.4. Comparison of dynamic intact (healthy) human medial meniscus 

displacement (mean +/- SD) from previously published in-vivo and in-vitro 

radiographical studies with the tear study results of this thesis (bottom row). The 

arrows illustrate the measurement locations and the direction of displacement of the 

medial meniscus during the various experiments.  

 

Study Method Loading Regime Medial Meniscus Displacement 

Thompson 

et al. (1991) 

Cadaveric 

MRI 

N = 5 knee specimens  

Full passive ROM 

unloaded flexion (110° 

-130°) 

 

Vedi et al. 

(1999) 

In-vivo MRI N = 14 healthy male 

subjects  

0 – 90° flexion squat  

Weight bearing 

 

Hamamoto 

et al. (2004) 

In-vivo MRI N = 20 healthy 

subjects (10 male, 10 

female) 

0° - 147° (mean) full 

ROM flexion  

Unloaded, subjects 

lying in the prone 

position  

Anterior
Region

Posterior
Region

Medial
Region

7.0 mm 
(+/- 0.7)

3.2 mm
(+/- 1.3)

A

P

M

7.1 mm 
(+/- 2.5)

3.9 mm
(+/- 1.8)

3.6 mm
(+/- 2.3)

A

P

M

16.8 mm
(+/- 2.9) 

8,9 mm
(+/- 2.9) 

A

P

M

Medial 
Direction

Posterior 
Direction
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Vrancken et 

al. (2014) 

Cadaveric 

RSA 

N = 6 

Simulated 0 - 90° 

squat  

357N – 1000N axial 

load 

3.4Nm IE tibial torque 

67N tibial drawer load 

 

Vrancken et 

al. (2016) 

Cadaveric 

RSA 

N = 5 

Simulated 0 - 90° 

squat 

357N – 1000N applied 

load  

3.4Nm IE tibial torque 

67N tibial drawer load 

 

This Thesis Cadaveric 

motion 

capture 

N= 4  

Simulated gait cycle 

Maximum load: 2600N 

Maximum flexion 60° 

Mean peaks and 

direction of motion 

taken from the relative 

meniscus 

displacement during a 

simulated gait cycle 

 

 

 

6.5.6 Root Tear Injury and Meniscal Extrusion 

Characterising the dynamic displacement of the injured meniscus has not been 

studied to great extent. The developed methodology measured trends in relative 

displacement when the meniscus was subject to severe root damage, however, rather 

7.0 mm
(+/- 1.6) 

3.0 mm
(+/- 1.1) 

A

P

M
4.0 mm 
(+/- 1.2)

~ 4.0 mm
(+/- 2.0) 

~ 1.5 mm
(+/- 3.0) 

A

P

M~ 0.5 mm 
(+/- 0.5)

7.2 mm 
(+/- 1.8)

5.3 mm
(+/- 1. )9

1.3 mm
(+/- 0.3)

A

P

M
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than a clear increase in relative displacement throughout the gait cycle and also 

throughout the cyclic test duration (extrusion), as seen within the porcine study medial 

region results (see section 5.3), the human results produced more complex changes in 

relative meniscus displacement when the medial posterior root was cut and the creation of 

a dynamic injury model of traumatic pathological meniscal extrusion was difficult to 

achieve.  

In most cases the complete tear condition bought about the largest differences in 

relative displacement compared with the intact, capsule removed and partial tear 

conditions. LTKN1017 and LTKN0812 showed ~ 2-fold increases in medal region relative 

displacement during the second half (swing phase) of the gait cycle compared with the 

intact condition. LTKN1017 reached peak values of 3 mm relative displacement in the 

medial direction which agrees with clinical diagnosis reports of pathological meniscus 

extrusion measured on frontal plane radiographs (see section 1.5.2). However, this was 

not consistent and for other samples the relative displacement did not change greatly 

when severe root damage was applied. In these cases, changes in displacement were 

measured for both the tibia and the meniscus marker results across the gait cycle, when 

severe root damage was applied. Due to the nature of the relative displacement 

calculation, if the magnitude of tibial displacement increased in one direction and the 

amount of meniscus displacement increased in the same direction; the effect on the 

relative displacement was minor. The validity of using the tibia marker as a reference was 

questioned as a result. However, part of the novelty of this dynamic experimental model 

involved including the moving tibia as a reference to measure the relative meniscus 

movement. The adduction-abduction arm of the simulator could be fixed in future 

experiments to control this variation, however, applying too much constraint to a simulated 

cadaveric knee may increase the risk of fracture. Perhaps in future investigations of the 

motion capture method, assessing the relative displacement of the meniscus with 

reference to the simulator tibial outputs maybe considered to maintain a regular reference 

between conditions. 

Furthermore, in other cases tearing the root completely did not generate large 

changes in relative displacement magnitude but became disconnected from the typical 

pattern of displacement observed for the intact, capsule removed and partial tear 

conditions. In addition, the root tear conditions had a larger effect on the anterior-posterior 

displacement of the medial meniscus, as compared with the findings of the porcine study. 

When the medial meniscus posterior root was completely torn, the amount of measured 

relative displacement tended to decrease in the anterior-posterior direction. This maybe 

counter intuitive, as one may expect increased movement with damage (Ikeuchi et al., 

1998; Hein et al., 2011; Ozeki et al., 2020; Paletta et al., 2020). The tibial anterior-

posterior displacement carriage was driven during this study, causing only small changes 
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in the anterior-posterior tibia marker displacement to occur between the conditions. Most 

of the change in relative displacement came from the increased meniscus marker 

displacement, which followed a similar pattern and shape as the tibia displacement with 

severe root damage. The effect was less overall relative displacement as the meniscus 

displacement became less responsive to the action of the femoral condyles and was taken 

by the driven action of the tibia. It was possible that without the constraint of the root, the 

meniscus became unconnected and was moved passively by the action of the tibia. In 

addition, the recoverability of the medial meniscus was disrupted with root damage during 

the cyclic nature of knee simulation. 

Walczak et al. (2021) measured dynamic medial meniscus extrusion in cadaveric 

knee samples using an LVDT during an unloaded 0° - 90° passive flexion experiment with 

the posterior root detached. The LVDT was positioned posteriorly on the meniscus, near 

the site of the root tear injury. The results showed a non-linear relationship between 

increasing flexion angle and medial meniscus extrusion. When the root was detached, the 

medial meniscus extruded to maximum displacement (3.5 mm) by 50° flexion, with the 

highest rate of displacement occurring within the first 30° of flexion. Thereafter, from 50° to 

90° flexion, medial meniscus extrusion plateaued. In clinic, Karpinski et al. (2019) 

assessed the dynamic changes of the extruded medial meniscus in a group of patients 

with diagnosed meniscus extrusion against a healthy patient group. MRI scans were taken 

with patients in the supine position followed by another MRI scan with the patient upright 

and load bearing. The change in extrusion was measured between the MRI scans and 

despite the extrusion group having significantly increased medial meniscus displacement 

in the supine position, the change in extrusion was significantly less than the healthy 

group. Furthermore, an in-vivo MRI study found less anterior-posterior medial meniscal 

movement when correlated with grade of cartilage abnormality of medial compartment 

and therefore a high chance of associated meniscus extrusion (Kawahara et al., 2001). 

The findings from this human tear study and those discussed in the studies above 

may be in support of the simultaneous functionality of the meniscus; suggesting that 

during dynamic movement, the damaged meniscus displaced less than the intact 

meniscus because the load bearing function has been disrupted. On the other hand, it 

should be stressed that no definitive conclusions on human medial meniscus behaviour 

can be drawn due to various associated limitations such as study sample size mentioned 

above and in the next chapter, however, the novel methodology developed showed it was 

possible to assess meniscus injury under functional conditions in human knee joint 

specimens.  
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6.6 Meniscus Allograft Transplantation (MAT) Study 

 A medial meniscus allograft transplantation (MAT) was performed on three 

samples to assess the efficacy of the experimental model in response to an intervention 

condition in comparison to an intact meniscus and a damaged (completely torn root) 

condition.  

 

6.6.1 MAT Methodology  

As previously shown in Table 6.1, the MAT procedure was performed on n=3 

samples in total (LTKN1017, RTKN1952 and LTKN1409). One sample (LTKN1409) had 

previously undergone long duration wear testing (48 hours) and had osteochondral plugs 

removed from the femoral condyles, however, the results were included as part of the 

human intervention method development process. The conditions studied for each sample 

in the MAT study were the intact meniscus (same as the capsule removed condition) the 

completely torn medial posterior root (complete tear) and the allograft intervention 

condition (MAT) described in the next section. Due to the uncertainly of the intact knee 

capsule condition disturbing the pin motion and affecting the measurement, and the 

absence of this condition in two of the three samples, this condition was not included in 

the MAT study.  

 

6.6.1.1 MAT Procedure 

 The MAT procedure was performed by a trained colleague after assessing the 

completely torn condition for each sample. The procedure is described in steps 1 – 6 in 

Figure 6.10. (1) The medial meniscus was cut out with a scalpel, leaving the connective 

tissue of the meniscus rim attached to the tibia and cutting the medial meniscus anterior 

root at the insertion site. (2) The remaining anterior and posterior horns of the removed 

medial meniscus graft were sutured with vertical loop sutures and a securing overlock. A 

rim suture was also placed on the graft body. (3) Tibial tunnels were then drilled from the 

original positions of the medial meniscus anterior and posterior root insertion sites. A 3.5 

mm cannulated drill was used and guided through an arthroscopic ACL drill guide (Smith 

& Nephew, Memphis, TN, USA). The drill guide ensured the anterior and posterior tibial 

tunnels exited the bone in the same location anteriorly though the proximal tibia (anterior 

tibia drill site). (4) Guide sutures attached to eyelet guide wires were fed through the 

anterior tibia drill site and the loops of the guide sutures appeared at the anterior and 

posterior root insertion sites on the tibial plateau. (5) The trailing horizontal limbs of the 

medial meniscus graft horn sutures and rim suture were held around the horn and rim 

guide sutures. The eyelet guide wires were then pulled back through the tibial tunnels, so 
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the graft horn sutures appeared through the anterior tibia drill site. (6) The horn and rim 

sutures were secured, and multiple mattress sutures were used to secure the graft to the 

rim around the perimeter. Figure 6.11 shows images of the completed MAT produce on 

two samples. 

 

 

Figure 6.10. MAT intervention procedure in steps 1-6.  
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Figure 6.11. Complete MAT procedure on two human samples.  

 

6.6.1.2 Data Analysis  

 The same simulated gait profile and protocol described earlier in this chapter were 

used for the MAT study (see section 6.3). The medial-lateral relative displacement (medial 

region) and anterior-posterior relative displacement (anterior region and posterior region) 

were processed for the intact meniscus, complete root tear and MAT intervention 

conditions. Due to the conclusions of the human tear study and the low sample size, 

statistical analysis was not performed for the MAT study. The relative displacement 

between the conditions was compared graphically for each sample and meniscal region. A 

discrete analysis incorporating the relative movement direction of all three meniscus 

regions in a pictograph-like schematic was also carried out in this study. The aim of this 

robust analysis was to understand whether the direction of movement changed between 

the conditions, regardless of the magnitude of measured relative displacement. The 

simulated gait cycle was split into four 0.5 second quarters to carry out the directional 

analysis. The medial, anterior and posterior region graphical relative displacement results 

were assessed and an estimate of the predominant direction of relative movement 

(medial-lateral or anterior-posterior) was given for each region at each 0.5 second period. 

 

6.7 MAT Study Results 

6.7.1 Relative Displacement Summary 

 The magnitude and profile of relative displacement were unique to each human 

knee sample and no consistent trends were measured when the MAT intervention was 

applied (Figure 6.12 and Figure 6.13).  
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6.7.1.1 Medial-lateral Displacement in the Frontal Plane, One Region 

 For sample LTKN1409, the MAT condition increased the displacement throughout 

the gait cycle compared to the intact meniscus and complete tear conditions. The largest 

peak difference was 0.95 mm compared to the intact meniscus in the second half of the 

gait cycle. The complete tear condition reduced the displacement by ~ 0.5 mm compared 

with the intact meniscus during the first half of the gait cycle. The peak in the second half 

of the gait cycle emulated a triangular shape, which was not present in the intact meniscus 

and MAT conditions (Figure 6.12A).  

For sample LTKN1017, the MAT condition increased displacement compared with 

the intact meniscus condition, peaking at 2.56 mm during the second half of the gait cycle. 

However, the MAT condition reduced the displacement by ~ 0.5 mm compared to the 

complete tear condition; bringing displacement slightly closer to that of the intact 

meniscus (Figure 6.13A).  

For RTKN1952, the MAT condition showed a reduction of 0.66 mm during the first 

half of the gait cycle compared with the intact meniscus condition. The displacement for 

the intact meniscus and complete tear conditions were similar throughout the gait cycle, 

with differences falling within the assumed measurement error (Figure 6.13D). 

 

6.7.1.2 Anterior-posterior Displacement in the Sagittal Plane, Two Regions 

For both the anterior and posterior regions, the MAT condition for LTKN1409 

produced a ~ 1.96 mm higher displacement during the second half of the gait cycle, 

compared with the intact meniscus. However, the complete tear condition reduced the 

amount of displacement by ~ 1.85 mm compared to the intact meniscus at this time-point 

(Figure 6.12 B, C).   

In the posterior region, the complete tear altered the pattern of displacement and 

became unconnected to the pattern shown for the intact meniscus during the first half of 

the gait cycle. However, the MAT procedure corrected this, following a similar pattern to 

the intact meniscus but displacing at a ~ 1 mm higher magnitude in the first half (Figure 

6.12C).  

For sample LTKN1017, in the anterior region, the MAT intervention increased the 

displacement by ~ 1 mm and created a plateau in the profile throughout the middle section 

of the gait cycle when compared with the intact meniscus and complete tear conditions. 

Small differences of 0.5 mm in displacement between the intact meniscus and complete 

tear conditions occurred throughout the gait cycle (Figure 6.13B). In the posterior region, 

the MAT condition increased displacement by 2.43 mm compared with the intact 

meniscus condition, peaking at ~ 6 mm in the second half of the gait cycle. The opposite 
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effect was measured for the complete tear condition which presented a peak reduction of 

~ 1.5 mm from the intact meniscus condition in the second half of the gait cycle (Figure 

6.13C).  

For RTKN1952, in the anterior region, the MAT condition showed increased 

displacement of approximately 0.70 – 1.50 mm more than the intact meniscus during the 

first half of the gait cycle. During the second half of the gait cycle, displacement decreased 

by 1.82 mm and 2.29 mm for both the complete tear and the MAT condition, respectively, 

compared to the intact meniscus condition (Figure 6.13E). In the posterior region, a similar 

result to LTKN1409 was found for RTKN1952, as the MAT procedure corrected the 

increase in displacement measured for the complete tear condition during the first half of 

the gait cycle, causing the MAT condition to follow a similar pattern to the intact meniscus 

within the assumed measurement error during the first half of the gait cycle. However, 

during the second half of the gait cycle the MAT condition reduced the displacement 

compared to the intact meniscus condition by 1.75 mm, whereas the complete tear and 

intact meniscus displaced at a similar magnitude during this period (Figure 6.13F).  

 

 

  

Figure 6.12. Human sample LTKN1409 relative displacement results for the (A) medial, 

(B) anterior and (C) posterior regions across one simulated gait cycle.   

 

A 

B C 
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Figure 6.13. Relative displacements for the medial, anterior and posterior regions of (A-C) LTKN1017 and (D-F) RTKN1952 (human). 
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6.7.2 Relative Displacement Directional Analysis  

 Samples LTKN1017 and LTKN1409 showed a similar direction pattern of anterior-

posterior meniscus motion for the intact meniscus condition (Figure 6.14 and Figure 

6.15A). This followed a pattern of posterior movement between 0 - 0.5 seconds, anterior 

movement between 0.5 – 1.0 seconds, posterior movement between 1.0 – 1.5 seconds 

and anterior movement between 1.5 – 2.0 seconds; roughly following the periods of gait 

cycle flexion (posterior movement) and extension (anterior movement).  

When the root was completely torn, LTKN1049 and LTKN1017 showed a change 

in the direction of anterior-posterior movement during the first half of the gait cycle, when 

most of the load was applied. The posterior region, near the site of the root tear, moved in 

the anterior direction between 0 - 0.5 seconds for both samples (Figure 6.14 and Figure 

6.15A). However, the effect continued for LTKN1409 into the next period between 0.5 - 

1.0 seconds, where the posterior region also moved in the posterior direction when the 

femur extended. 

The direction of movement in the anterior region between 0 – 0.5 seconds was 

unclear and approximately zero for LTKN1409 (Figure 6.14). When the MAT procedure 

was carried out, the changes in the directional movement were restored to the intact 

meniscus movement in the first 0 – 0.5 seconds of the gait cycle for both LTKN1409 and 

LTKN1017 (Figure 6.14 and Figure 6.15A). During 0.5 – 1.0 seconds, the direction of the 

posterior region was restored for LTKN1409, however, the direction of the anterior region 

for LTKN1017 changed from an anteriorly inclined movement to a plateaued 

displacement. There were no clear changes in the direction of medial-lateral movement 

between the conditions of LTKN1409 and LTKN1017 found during this analysis. 

The directional movement of the medial meniscus for sample RTKN1952 was 

different to the other samples and more difficult to generalise within the four gait cycle 

periods (Figure 6.15B). However, the intact meniscus directional movement for sample 

RTKN1952 was similar in the first 0 - 0.5 seconds of the gait cycle; moving posteriorly and 

medially. The MAT condition presented changes in the measured direction of relative 

movement compared to the intact meniscus during multiple periods of the gait cycle (0.5 – 

2.0 seconds). 
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Figure 6.14. Medial meniscus directional analysis for human sample LTKN1409, 

showing the driven axes of the simulated gait cycle and schematics of the estimated 

direction of regional relative displacement for each 0.5 second gait cycle period. See 

key at the top. 

  

Key: 
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Figure 6.15. Medial meniscus directional analysis for human sample (A) LTKN1017 and 

(B) RTKN1952, showing the schematics of the estimated direction of regional relative 

displacement for each 0.5 second gait cycle period. See key on previous page.  

B 
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6.8 MAT Study Discussion  

 The main purpose of this study was to understand if an intervention could be 

assessed with the novel motion capture experimental model; to form the basis of a pre-

clinical biomechanical assessment.  

 

6.8.1 Main Findings  

The main findings were: 

• The motion capture model was able to measure the relative displacement of the 

medial meniscus with an MAT intervention applied throughout the duration of a 

simulated gait cycle; 

• each sample presented a unique pattern of relative displacement; 

• the relative movement of the MAT intervention varied between each sample when 

compared with the intact meniscus and complete tear conditions; 

• when observing discrete directional changes between the conditions, the MAT 

condition roughly corrected the anterior-posterior movement of LTKN1409 and 

LTKN1017 after a complete tear, to move in a similar direction to that of the intact 

meniscus condition. 

 

6.8.2 Limitations  

 The limitations for the intervention study are mostly consistent with those 

described previously. Sample LTKN1409 was previously long-term wear tested in lubricant 

and had undergone one more freeze-thaw cycle than the other samples. Poor tissue 

quality for this sample may have affected the meniscus kinematics, however, using this 

sample was an important step in initially assessing the feasibility of the intervention 

experimental model. The MAT procedure was undertaken by a trained colleague; 

however, it was difficult to control this positioning between samples, especially when 

pulling the sutures to secure the graft to the tibia. Using a trained orthopaedic surgeon in 

future studies would help reduce possible inconsistencies with the MAT procedure. 

Moreover, there were instances when the marker pins fell out of position due to the nature 

of performing the MAT procedure. Using the marker positioning method, the markers pins 

were reattached after the MAT procedure had been carried out, however, small changes 

in these pin locations could have affected the results.  
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6.8.3 Effect of the MAT Intervention 

The use of an MAT in clinic remains controversial, despite it being the gold standard 

for total meniscus replacement. Previous biomechanical studies have shown positive 

outcomes in terms of contact areas and contact pressures with an MAT in comparison to 

a meniscectomy, especially with bone plug surgical fixation techniques (Kim et al., 2013; 

Brial et al., 2019; Ambra et al., 2019). However, the restoration of native meniscus 

biomechanics remains unclear and dynamic displacement analysis of the allograft 

transplanted meniscus has not been studied to great extent. In Vrancken et al. (2016) 

RSA was used to assess dynamic medial-lateral and anterior-posterior translation for the 

native medial meniscus, a polyurethane total meniscal implant and an MAT in cadaveric 

samples experiencing a dynamic squat loading regime. The implant and the MAT 

performed similarly, showing a significant increase in posterior and medial translation 

compared to the native meniscus. The researchers concluded that the implant or the MAT 

could not restore the native meniscal function as increased meniscal mobility alludes to 

increases in abnormal cartilage loading. 

Herein, the goal of the MAT intervention was to bring the relative displacement of the 

medial meniscus across the gait cycle closer to that measured for the intact meniscus 

condition than the completely torn root condition. In general, it was difficult to draw 

conclusions on the effectiveness of the MAT procedure in comparison with the other 

conditions due to the limitations of the methodology. However, some trends were identified 

which could be examined further in future study. In most cases, the relative anterior-

posterior displacement increased throughout the gait cycle when the MAT intervention 

was examined in comparison with the intact meniscus. As shown in Appendix F, the 

measured anterior-posterior meniscus displacement of LTKN1409 and LTKN1017 was 

usually lower than that of the other conditions. This effect could have been because the 

MAT procedure caused the meniscus autograft to be affixed too tightly to the tibia, 

restricting the meniscus marker movement, and therefore increasing the relative 

displacement with respect to the tibia marker.  

Due to the novelty of this work, it is difficult to know what effect a ~ 2 mm increase 

in relative meniscus displacement would have on the knee joint clinically. However, a 

change in movement direction in relation to a control measurement possibly suggests 

abnormality in motion and therefore loading through the knee joint. In this analysis, when 

observing directional changes between the conditions, the MAT condition roughly 

corrected the sagittal plane movement of LTKN1409 and LTKN1017 to be similar to that 

of the intact meniscus. On the other hand, sample RTKN1952 generated more changes in 

direction with an MAT applied than a complete tear. This was potentially due to the 

variation in the suture tensioning of the complex MAT suture procedures between 

samples, which was carried out by a researcher, not a clinician. It was therefore difficult to 
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draw conclusions into the effectiveness of the MAT intervention, however, the directional 

analysis included in this study is an important step in understanding the holistic movement 

of the medial meniscus throughout the gait cycle, and if this changes when a damaged 

and intervention condition are assessed. So far within this project, the relative 

displacements of each meniscus region (medial, anterior and posterior) have been 

analysed individually to one another. This analysis additionally shows how the relative 

displacement data may be used with each other as a set of coordinates to visualise 

movement of the meniscus.  

Differences in the displacement results between knee samples could be attributed 

to limiting factors of the experimental procedure such as variation in the suturing fixation, 

knee specimen quality and low sample size. However, what was possible to establish was 

that the methodology was able to measure relative displacement in the medial-lateral and 

anterior-posterior directions with an MAT intervention applied and compared with the 

healthy and a torn case. However, in terms of the marker-based motion capture 

methodology, further developments would have to focus on the challenge of ensuring 

correct locations of marker pins on the reinserted meniscus graft.   
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Chapter 7  

Overall Discussion 

 

7.1 Research Rationale  

The meniscus is a dynamic tissue; the ligamentous root attachments and specialised 

shape allow the meniscus to move and deform with knee load and motion. This allows the 

meniscus to adopt simultaneous mechanical functionality of load transmission and knee 

stability, to protect the articular cartilage from damage and stabilise the knee; the latter 

function could be comparable to that of an extra ligament (Fairbank, 1948; Walker and 

Erkman, 1975; Shrive et al., 1978).  

Pathological meniscus extrusion occurs when the meniscus adopts an abnormal 

position and is usually the result of a traumatic root tear injury. This disrupts the load 

transmitting function of the meniscus, leading to accelerated cartilage degeneration and 

associated osteoarthritis (Costa et al., 2004; Gajjar et al., 2021). Therefore, meniscus 

displacement, which incorporates both the deformation and movement of the meniscus 

with the application of knee joint load and motion is an important metric to assess in 

preclinical investigations of meniscus interventions. However, functional biomechanical 

assessment of the meniscus has not been studied to great extent. Most biomechanical 

cadaveric studies assess meniscus biomechanics and meniscus interventions using static 

or quasi-static loading regimes. These regimes do not properly apply the simultaneous 

shear, compressive and tensile forces the meniscus experiences in-vivo. There are only a 

handful of studies which measure dynamic meniscus displacement to investigate 

meniscus function. To the authors knowledge, meniscus displacement has not yet been 

measured continuously throughout a physiologically loaded simulated gait cycle in-vitro.  

This research aimed to fill these gaps in knowledge through developing a novel 

methodology to assess dynamic displacement of the meniscus relative to the tibia in the 

frontal (medial-lateral displacement) and sagittal (anterior-posterior displacement) planes 

of human cadaveric knee joints undergoing a simulated gait cycle, with applied 

physiological load and motion parameters. Therefore, establishing a potential experimental 

model to assess the biomechanics of meniscus interventions pre-clinically.  
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7.1.1 Aims 

1. To develop a novel method to measure dynamic meniscus displacement in a 

human tibiofemoral joint undergoing a simulated gait profile in the knee simulator. 

2. To develop a pre-clinical biomechanical model measuring meniscus displacement 

to assess the effects of meniscus extrusion and the efficacy of a meniscus 

intervention in comparison with a healthy and a damaged (root tear) condition.  

 

7.2 Main Findings 

7.2.1 Development of the Marker Tracking Methodology  

A MatLab video marker-tracking technique using an object detection code was 

incrementally developed from preliminary studies using a simple ImageJ screenshot 

technique whilst applying simplified loading conditions to porcine medial meniscus in the 

frontal plane and sagittal plane. Further developments included reliability assessments 

which estimated the minimum measurement error of the MatLab marker tracking method 

to be within +/- 0.1 mm accuracy when compared to known displacements of a marker on 

a solid plastic body moved by the simulators anterior-posterior translation output, Other 

forms of error were investigated, such as the inter-observer and intra-observer variability 

when calibrating the video to display the tracking results in millimetres and not pixels. 

Observer variation was found to be within the band of +/- 5 pixels in 8 subjects generating 

a possible 1.7% measurement error. Camera lens distortion was also investigated using 

an intrinsic camera calibration; however, this was found have small effects (max 0.03 mm) 

on the marker-tracking measurement. However, these values were dependent on 

conditions such as camera position, marker position/size and lighting. In addition, the 

application to knee specimens would also affect these values due to differences in material 

properties and 3D tibial rotation during the gait cycle. 

The finalised motion capture method using the MatLab marker-tracking technique 

estimated the continuous displacement of moving coloured marker throughout the 

duration of one simulated gait cycle, run at 2 seconds speed (0.5 Hz) per cycle. Three 

Raspberry Pi cameras illuminated with LED lights were programmed to capture the 

anterior-posterior displacement (anterior and posterior region) and medial-lateral 

displacement (medial region) of the medial meniscus. Each region had a marker pinned 

into the medial meniscus and a reference marker on the tibial plateau. The relative 

meniscus displacement was used as the main outcome measure to characterise the 

displacement of the meniscus marker relative to the tibial marker. 
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7.2.2 Feasibility Assessment of the Experimental Model on Porcine Samples 

The feasibility and verification of using the motion capture method as a pre-clinical 

experimental model was assessed on porcine knee specimens (n = 4). The novel 

methodology was able to detect a 2-fold increase in medial-lateral relative displacement 

(medial region) during the simulated gait cycle (cycle 3) when the medial meniscus 

posterior root was cut most severely (92% of the root width (TORN3), 6 mm from the 

insertion), compared to all other assessed conditions, however; this was not strongly 

statistically significant. In addition, there was evidence of the medial meniscus with a 92% 

root tear moving radially, or extruding, throughout the duration of each 50 cycle test. Small 

differences in relative displacement were detected between the capsule dissection 

conditions (CAP, NOCAP and NOLIG) and the initial root cuts spanning 15% and 46% of 

the root width (TORN1 and TORN2). In the sagittal plane (anterior and posterior regions), 

little differences were detected between the dissection and root tear conditions. However, 

the relative meniscus displacement profile roughly reflected the kinematic flexion-

extension input profile of the simulated gait cycle.  

 

7.2.3 Assessment of the Experimental Model on Human Knee Joint Specimens  

The experimental model was then applied to human knee samples (n = 4) with root 

tear injury and human knee samples (n = 3) with a meniscus allograft transplantation 

(MAT) intervention. The model was slightly adapted from the porcine investigation to be 

able to assess larger human knee samples and incorporate the MAT procedure. Minimal 

differences in relative displacement or all regions were found with cyclic test duration in 

the human tear study. The relative displacement in the medial-lateral and anterior-

posterior directions was found to be unique to each human sample, generating a large 

amount of variation when comparing sample means together.  The most prominent 

differences in relative displacement occurred for the most severely torn condition with 

most cases showing a decrease in anterior-posterior relative displacement throughout the 

gait cycle, compared with the intact condition.  

An MAT intervention was assessed in three human specimens against an intact 

meniscus condition (knee capsule and ligaments removed) and the completely torn root 

condition. These findings showed variable effects of the MAT intervention on the relative 

displacement of the medial meniscus. In some cases, the MAT intervention corrected the 

direction of anterior-posterior relative displacement to follow a similar pattern to the intact 

meniscus condition. A discrete directional analysis of all three medial meniscus regions 

was carried out throughout the four quarters of the gait cycle to assess this. However, it 

was difficult to control the amount of connective tissue remaining in the completely torn 
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conditions or the tensioning of the sutures in the MAT, which could have provided more 

constraint in some knees than others. 

 

7.3 The Technical Challenge of the Motion Capture Method 

The technical challenge of this thesis was designing a measurement system that was 

low-cost and small enough to be able to fit into a high-load knee wear simulator and be 

able to withstand loads of up to 2600 N during simulated human gait. In addition, to allow 

the knee joint to be able to move freely throughout the applied gait cycle without too much 

manipulation to the tissue. The system also had to provide a sufficient level of accuracy 

and precision to be sensitive to measure changes in tissue states of the medial meniscus 

to model meniscal extrusion, root tear injury and meniscus interventions. A camera-based 

motion-tracking method was chosen because this allowed free movement of the knee in 

the simulator, allowing dynamic physiological gait parameters to be applied. This method 

also allowed manipulation of the knee capsule conditions as the marker pins could be 

pinned directly into the meniscus through the capsule and the capsule dissected around 

the pins to maintain the marker positions.  

In recent years, advanced 3D coordinate measuring systems have been applied to 

biomechanical meniscus studies (Daney et al., 2019; Hirose et al., 2022). Daney et al. 

(2019) assessed meniscus extrusion using a portable probe coordinate measuring device 

in 10 cadaveric knee joints in the intact, root tear, and sutured repaired states. The knees 

were assessed under 1000 N axial load and 0° and 90° static flexion angles. Hirose et al. 

(2022) used a commercial motion capture system with optical cameras and retroreflective 

markers on the porcine lateral meniscus to understand the displacement changes which 

occur in the anterior-posterior direction when the meniscus was subject to varying 

severities of a mid-body radial tear. A robot arm was used to apply a continuous flexion 

range from 20° to 90° at a constant load of 100 N, however the data was captured at 30° 

and 60° flexion with an applied higher load of 300 N. Although these methods have high 

accuracy, the knees were assessed under statically loaded conditions at specific flexion 

angles and/or at lower than physiological loads. The meniscus moves and deforms to 

withstand the compressive, shear and tensile forces experienced in-vivo and ideally 

biomechanics should be assessed in this way.  

Dynamic cadaveric investigation of meniscus displacement has been assessed 

previously using radiographical methods such as roentgen stereographic analysis (RSA) 

and MRI (Thompson et al., 1991; Bylski-Austrow et al., 1994; Vrancken et al., 2014). 

Displacement measurement probes have also been used throughout a continuous 

unloaded flexion range of motion (Walczak et al., 2021). However, in these studies lower 
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loads are usually applied (up to 1000 N) to protect cadaveric samples. The measurement 

of in-vitro cadaveric meniscus displacement during dynamic simulated gait has not been 

reported previously within the literature. However, the motion capture system developed 

within this project was able to measure relative medial meniscus displacement under 

physiological gait conditions in human knee joints, reaching loads of ~ 2600 N.  

Moreover, the developed motion capture system was low-cost and used resources 

available in the institute with additional purchasing and manufacture costs amounting to ~ 

£300. The system was also compact and able to measure marker displacement at a 

minimum distance of ~ 30 mm away from the sample, making it accessible for a variety of 

other tissue-level displacement applications within the wider research field. Developing 

resourceful and accessible measurement systems which are low cost are striking interest 

within the research community.  

However, a trade-off occurs as lower cost generally comes with a lower level of 

method precision, which was true for this project. Hirose et al. (2022) stated the accuracy 

of the commercial motion capture system when assessed using the robot arm was +/- 

0.041 mm and acceptable under the researchers self-proposed threshold of < 1.00 mm. 

Error estimations of +/- 0.1 mm were found when this projects novel marker tracking 

method was assessed using known translations of the simulator and a moving marker on a 

solid body. However, it was likely this error threshold increased when assessing natural 

knee joints with the motion capture technique in this thesis, due to addition of 3D tibial 

motion, material properties of biological tissues and movement associated with the pin. On 

the other hand, this research showed that this level of error was acceptable to obtain 

relative medial meniscus displacement estimations from porcine and human knee joint 

samples during a simulated gait cycle, because characteristics of the applied axial force 

and flexion-extension profiles were reflected in the relative displacement data. In addition, 

when intact (capsule retained) results from the human tear study were compared to 

published in-vivo and in-vitro studies assessing dynamic meniscus displacement during 

flexion activities, the mean peak values fell within in a similar range (see section 6.5.4).   

Findings which showed little statistical strength were more likely to do with factors 

associated with the experimental procedure, rather than the motion capture method. 

On the other hand, a trade-off with robustness also emerges as speed of simulation, 

camera positioning and lighting were imperative to control between each condition to 

obtain clear and comparable tracking results, whereas commercially available systems are 

more versatile to apply to different situations. Expensive commercial motion capture 

systems also have the capability of obtaining 3D measurements, although these systems 

would not be compatible to operate in such a small sample area of the knee simulator. 

Herein, the motion capture system was developed in 2D assessing two important 

anatomical planes of motion at three meniscus regions of the knee (frontal plane, medial-
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lateral displacement; sagittal plane, anterior-posterior displacement). However, this 

system has scope for further developments, including 3D estimations and simultaneous 

triggering (see section 7.6). 

 

7.4 Evaluation of the Experimental Model as a Preclinical 

Assessment  

The pre-clinical biomechanical assessment of meniscus interventions is lacking 

within the literature and is one of the key reasons there has only been a handful of total 

meniscus replacements or tissue-engineered alternatives pass clinical trials. The primary 

goal of developing the developed experimental model was to understand if a difference 

could be measured between a healthy, damaged and an intervention state. A 

methodology sensitive to these three conditions gives confidence in using the model as a 

preclinical assessment for meniscus interventions.  

Meniscus displacement was governed by both the action of the tibial motion, the 

femoral motion and the applied axial load. Liu et al. (2020) found that each human knee 

specimen adopted a specimen specific spring constraint when imitating natural soft tissue 

constraint during force-controlled knee simulation, this led to the generation of specimen 

specific gait profiles. In a similar way, meniscus displacement may also specimen specific 

and perhaps assessing each knee individually using force controlled parameters maybe 

more appropriate going forward. 

The response of the human medial meniscus with severe root tear injury was more 

complex when subject to cyclic loading regimes. In most cases a reduced relative 

anterior-posterior meniscus displacement was found with a complete root tear. It was 

possible that with the application of cyclic load the meniscus recoverability had reduced as 

a new position was found due to the injury, generating less overall relative displacement 

during a gait cycle. Clinical radiographical investigations in patients with medial meniscus 

extrusion have shown that the change in extrusion between supine and upright MRI scans 

was significantly lower than healthy patients, despite having significantly higher meniscus 

displacement statically (Karpinski et al., 2019) (see section 6.5.6). 

Variable effects of an MAT were found during this investigation; however, the novel 

data fuelled original analyses into the pattern or direction of relative displacement 

throughout the gait cycle, rather than just assessing the magnitude. A discrete directional 

analysis was used for the MAT study, where the gait cycle was divided into quarters and 

the direction of displacement was analysed for the root tear injury and the MAT against the 

intact meniscus relative displacement results. In some cases, the MAT corrected the 

direction of the displacement to be similar to that of the intact condition at different points 



212 

 

 

 

throughout the gait cycle, despite increased magnitudes of relative displacement being 

measured with MAT (section 6.8).  

The findings of this research have shown the motion capture methodology had the 

capability to be sensitive to assess soft tissue constraint, root tears and MAT conditions. 

However, the effect on biomechanics remains inconclusive and difficult to evaluate from 

the variation which occurred between human samples and due to limitations surrounding 

the experimental procedure, explained in the following section. However, this research has 

provided insights into medial meniscus function in response to root injury and intervention, 

promoting avenues for further study.  

The relative displacement measurement contains both factors: deformation and 

movement of the meniscus and the tibial plateau. Deformation describes the change in 

shape of the meniscus and movement describes the sliding motion. These factors are 

influenced by the application of load and motion to the knee joint, which were applied 

simultaneously during the simulated gait cycle.  

It was possible that an interplay of deformation and movement of the meniscus 

occurred. In some regions, the displacement measurement may reflect the meniscus 

deforming, in other regions, meniscal movement may dominate. It was interesting to note 

that in the porcine study, the first peak in the measured medial-lateral relative 

displacement generally coincided with the first peak of the applied axial load (see section 

5.3). The meniscus marker tracking reflected the two-peaks of the axial force profile, 

whereas the tibia marker tracked the motion of the action of the abduction-adduction 

rotation as a translation (see Appendix E). When the root was severely torn, the increase 

in medial displacement at the first axial load peak was potentially a result of increased 

movement, possibly dominating deformation. During the human study, displacement 

peaks coinciding with the applied load and motion parameters were less prominent and 

varied between samples. This difference could be attributed to a range of factors such as 

the sample age, knee alignment, different meniscus tissue properties and pre-existing 

tissue degeneration.   

In summary, it was difficult to deduce whether the method was most sensitive to load 

or motion without isolating these parameters and conducting further sensitivity analyses. 

Perhaps assessing the interplay between healthy meniscus deformation and movement 

could provide a deeper analysis of the measurement and meniscus biomechanics. 

Computational modelling could provide the potential to further explore the deformation 

and movement interplay contained within the measurement.  

Moreover, the novel data produced gives insight into the positional behaviour of the 

medial meniscus which holds great value in computational investigations. Due to the 

complexity and heterogeneity of the meniscus, meniscus behaviour is only broadly 
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characterised in computational studies, therefore, this data could be used to aid the 

validation of computational finite element analysis models.  

 

7.5 Limitations 

7.5.1 Limitations of the Motion Capture Method 

7.5.1.1 Marker Location  

The motion marker pins were only placed on the anterior, posterior and medial 

peripheral regions of the medical meniscus. Therefore, meniscus and tibia displacements 

were only measured at these points, disregarding displacement occurring in other areas of 

the meniscal body and tibial plateau during gait. However, from previous literature, these 

locations seemed the most prominent areas to characterise meniscus movement.  

 

7.5.1.2 Marker Pin Movement  

The marker pins were inserted through the capsule into the meniscus body. There 

was potentially a small amount of pin movement reflected in the displacement results due 

to disturbance by the surrounding capsule; however, it was difficult to analyse how much 

this pin movement was contributing to the data. However, pins were required to enable 

insertion through the knee capsule and maintain marker position as tissue was dissected 

away to examine the dissection/root tear conditions. In future study, the fixation of the 

marker pins could be developed to minimise as much pin movement as possible. 

 

7.5.1.3 Two-Dimensional Analysis  

The developed motion capture method was only able to obtain 2D measurements (x 

and y) from the cameras. Changes occurring in the z plane can give an idea of what is 

happening rotationally to the meniscus during gait and with injury or intervention. 

However, multiple markers were placed on three different meniscal regions to assess two 

key movement directions to characterise movement. In addition, there is a large interest 

developing 2D products to obtain results due to the simplicity and accessibility. However, 

the benefit of this methodology it that it is scalable and has the potential to include 3D 

calculations into the code. 
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7.5.2 Limitations of the Experimental Procedure 

7.5.2.1 Sample Size 

Small sample sizes of 3-4 knees were used for each of the studies carried out in 

this thesis. A low sample size gives low statistical power to the study, and it could be that 

the knees assessed were outliers of the general population. However, this was mainly due 

to the high cost and low availability of cadaveric knee specimens.  

 

7.5.2.2 Tissue Hydration and Degeneration  

The sequential process of applying the repeated cyclic loading conditions meant 

that systematic bias existed during the experimental model. The biomechanical behaviour 

of the meniscus changes as repeated loading continues, due to the loss of water retention 

and increasing degeneration of the deceased tissue. This was a difficult factor to control 

and meant that the conditions were likely applied with the tissue in different states. Future 

study could implement a preconditioning programme before each loading test, or longer 

rehydration periods to try and control this factor.  

 

7.5.2.3 Concomitant Injury of the Knee  

The knee joint is an intricate system where injury to one area of the knee effects 

other areas and applying root tear injury to the knee joint will ultimately change the kinetics 

during gait. In this study the same displacement-controlled gait inputs were used to assess 

each knee joint regardless of size, age, alignment and regardless of the dissection, root 

tear and intervention conditions. Walking gait is unique to each person and a person 

would likely not be able to walk in the same way if root injuries occurred. However, this 

was necessary initially to isolate the conditions with the same input for easier comparisons 

relating to changes in meniscus displacement and assessment of the methodology.    

 

7.5.2.4 Connective Tissue Control 

It was difficult to control the amount of connective tissue remaining between the 

samples for each of the conditions, and how tight to pull the sutures when implementing 

the MAT procedure. This meant that some samples may have had more constraint than 

other samples for certain conditions, affecting the results. Future study could benefit from 

using an experienced orthopaedic surgeon to implement the intervention procedure and 

minimise inconsistencies. 
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7.5.2.5 Knee Alignment and Cementing Procedure  

The natural knee simulation alignment and cementing methodology was based on 

previously developed and published methods (Liu et al., 2015; Bowland et al., 2018; Liu et 

al., 2020), however, there are associated limitations. The method for determining the 

centre of rotations (CORs) on the medial and lateral condyles was done using the bony 

landmarks (epicondyles) of the LCL and MCL insertions, without quantitative input or 

details of the natural mechanical or anatomical axes (see section 2.2.1.3 and 2.2.2.5). In 

the human study, MRI scans were used to assess the bone quality prior to simulation. The 

measurements on the MRI scans helped determine the size and epicondylar axis angle of 

the joint, but the lack of information on the true mechanical and anatomical axis of the leg 

(due to the donor sample arriving as just the knee area) made it difficult to use these 

measurements effectively. Moreover, the variation in knee joint size, age, condylar shape 

and tissue quality made it difficult for this method to be standardised across the samples. 

In addition, the COR holes had to facilitate the simulators COR axis to enable simulation, 

and not necessarily the natural COR axis of the knee joint. Therefore, an amount of 

variation exists during the alignment and cementing procedure and likely influences the 

results. However, this error was difficult to measure but could be analysed in future 

analysis of the cementing methodology. 

 

7.6  Recommendations for Future Motion Capture Method 

Developments – 3D Estimations 

Previous studies in literature have reported the pattern of meniscus movement when 

subject to internal/external tibial rotation (Bylski-Austrow et al., 1994; Tienen et al., 2005). 

The novel motion capture methodology developed in this thesis measured medial-lateral 

and anterior-posterior displacement of the meniscus and tibial markers in the frontal and 

sagittal planes, therefore, changes occurring in the transverse plane are unknown. 

However, the methodology has scalable potential to further estimate medial meniscus 

movement in 3D; measuring the changes which may occur in the transverse plane 

(internal/external tibial rotation) with injury and intervention. There are couple of methods 

in which these 3D estimations could be achieved in future developments. These are 

illustrated in Figure 7.1 A and B. 
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Figure 7.1. Future developments of the motion capture methodology to estimate 3D 

changes in meniscus movement with internal/external (I/E) tibia rotation. (A) Camera 

triangulation. (B) Estimation of changing distance of the marker away from the camera 

lens using the width of the marker in pixels (p).  

 

 

Camera triangulation is a mathematical reconstruction method whereby the 3D 

position of an object on two different images can be estimated in space (Figure 7.1 A) 

(Hartley and Zisserman, 2003). This method would require a stereo camera set up and 

accurately measured distances/angles, however, this could be included into the MatLab 

script. The online Matlab documentation includes information on how to use the software’s 

built in ‘triangulate’ functions to obtain 3D estimates (Lourakis, 2023). 

The second 3D method uses the same camera set-up of the current motion capture 

method and would require a few more parameters to be calculated within the code. The 

blob analysis function used to detect objects in an image finds the centroid of the object 

but also the width of the bounding box, so this can be tracked throughout the video. As 

show in Figure 7.1 B, when the marker is closer to the camera lens, the width of bounding 

box (p = pixels) will increase, and when the marker is further away, the width of the 

bounding box will decrease. This method would estimate the change in depth of the 

marker based on the width of the marker in each video frame. An estimation of the 

distance of the marker away from the camera would have to be made initially; this is 

possible using MatLab’s camera calibration tool (The MathWorks, 2022).  
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7.7 Conclusion  

The meniscus adopts simultaneous functionality; however, functional biomechanical 

assessment of the meniscus is lacking in the literature. In this thesis, a novel motion 

capture method was designed, developed, verified and validated to assess dynamic 

medial meniscus displacement in the medial-lateral and anterior-posterior directions of 

cadaveric knees experiencing a simulated gait cycle. The knees were also assessed in 

conjunction with varying levels of knee capsule constraint, medial meniscus posterior root 

tear injury and a meniscus allograft transplantation. Limitations associated with the 

experimental procedure prevented statistically strong conclusions to be found, however, 

the developed methodology provides a potential tool to assess dynamic meniscus 

displacement preclinically, and further study could provide useful insights into the native 

biomechanical function of the medial meniscus and the changes that occur with injury and 

intervention. The novel displacement data may also be beneficial as a validation for 

computational models of the medial meniscus. In addition, the practical applications of the 

motion capture system may stretch further than the bounds of meniscus tracking and the 

knee joint. Providing a low-cost and convenient estimation of tissue-level mechanics to a 

variety of applications suitable for marker-based tracking.   
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