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ABSTRACT 

Accurate models of human joint motions represent important knowledge in the 

development of treatments and devices for joint disorders. The primary objective of this study 

is to develop an anatomically accurate three dimensional software model of a human knee joint 

based on CT scans, and to impose kinematically representative joint motions based on human 

cadaveric experimental data on the model in a solid modelling and finite element package, 

allowing output of motion at anatomical landmarks of the bone. Additionally, a standardised 

procedure to merge experimental kinematic data with patient specific bone geometry will be 

developed, enabling incorporation of orthopaedic implants. 

Experimental data was generated from a cadaveric specimen (Syracuse University, 

New York) using a dynamic knee simulator and imposing motion for gait and deep knee bend 

as defined in ISO standard 14243. In silico (computer simulated) reconstructions of the 

cadaveric specimen, test set up, and additional bone geometries from clinical Computed 

Topography (CT) files were generated using contour interpolation in Mimics® software 

(Materialise Inc., Leuven, Belgium). Using the experimental kinematic data, an incremental 

three-dimensional model was created with multiple design configurations representing accurate 

positioning of bones during motion. Using ANSYS® (ANSYS, Inc, PA), experimental data 

was applied to the model as boundary conditions for a rigid dynamic analysis. Combining 

output from this model, and locating anatomical landmarks described in the literature (Elias et 

al, 1990; Mc Pherson et al, 2005) a standardised procedure was developed to transfer the 

kinematics to patient specific bone geometries. 

A validation of the model, comparing calculated motion to experimental data showed 

an excellent match, with a maximum difference of 0.251mm. In order to demonstrate its 

application to orthopaedic device design, the tool was applied to a bone model incorporating 

the initial generation of the KineSpring
®
 device (Moximed Inc, CA). The model was 

customised to allow parameters to be measured for efficient enhanced product design. The tool 

can be used for geometric and structural engineering evaluation in solid or finite element 

modelling packages allowing designers of orthopaedic implants to study the biomechanical and 

mechanical interactions of a joint implant under realistic conditions. Alternative orthopaedic 

devices can be easily translated onto patient specific bone geometries, and the resulting model 

can be subjected to kinematically accurate motion using experimental data.  
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1 INTRODUCTION 

 

Accurate representations of human joint motions represent important knowledge in the 

development of treatments for joint disorders. The knee joint is a complex joint, and prone to 

osteoarthritis. When patients develop arthritis of the knee, the symptoms are stiffness, pain and 

limitation of function. Total Knee Arthroplasty (TKA) is the current “gold standard” treatment, 

relieving pain and improving function. Due to expanded indications for TKA and the growth 

and aging of our population, the number of primary TKAs is increasing. Orthopaedic device 

companies are exploring the development of new innovative devices to use instead of TKAs to 

relieve pain and hinder development of osteoarthritis of the knee. The development of these 

devices requires accurate knowledge of the joint kinematics, and accurate simulations of 

kinematics as early as possible in the design process.  

 

The aim of the current work is to create a geometrically accurate solid model of the knee joint 

based on CT scans, and to impose kinematically representative joint motions based on human 

cadaveric experimental data in a solid modeling and a finite element package, allowing output 

of motion at anatomical landmarks of the bone. In the process a standardized procedure will be 

developed that merges experimental kinematic data with patient specific bone geometry, 

enabling structural engineering analysis and modification of the model for orthopaedic implants.  

 

Specific objectives are as follows 

• To obtain experimental data from a cadaveric specimen using a dynamic knee simulator 

and imposing motion as defined in ISO standard 14243.  

• To create an in silico (computer simulated) reconstruction of the cadaveric specimen 

and test set up from Computed Tomography (CT) files, as well as a similar 

reconstruction of additional patient specific bone geometries from clinical CT data.  

• To create a kinematic design tool in a solid modeling package, easily accessible to 

designers of orthopaedic devices for gait and deep knee bend 
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• To create a kinematic design tool in a finite element package that can be transferred 

onto other bone geometries, and can be customised to provide information on desired 

parameters 

• To propose a standardised method of transferring motion from one bone geometry to 

another 

• To demonstrate application of the design tool by using it to obtain useful design 

information about a novel orthopaedic device 

 

The main advantage of the model over currently available models is that applied kinematic 

motion is from actual experimental testing and is not theoretical. The significance of the 

SolidWorks model is that design iterations of devices can be easily incorporated into the model, 

it is easily accessible to orthopaedic designers, and provides an invaluable, time efficient 

estimation of how the device will move throughout gait and deep knee bend without designers 

having to run a finite element analysis, when the software and expertise may not be available to 

them. The tool allows designers to quickly assess design iterations, and customise design 

accordingly. Conversely, the finite element model can be transferred to alternative patient 

specific bone geometries. It provides detailed, user-specified information on each time point 

during gait and deep knee bend, and can be customised according to desired output. The 

potential to add complexity to the finite element is vast and includes incorporation of material 

properties to bones, adding soft tissue constituents of the knee joint, and capability to merge a 

variety of orthopaedic devices with the model with diverse surgical placements.  
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2.1 Introduction to the literature review 

 

The literature review begins with a description of the anatomy and motion of the knee joint, and 

the importance of accurate analysis of knee joint motion. The clinical problem of knee 

osteoarthritis is then introduced, with a discussion on its progression. The following section 

discusses the interdependence of knee mechanics with osteoarthritic progression, and describes 

studies verifying that improper knee biomechanics cause osteoarthritis. Conversely, supporting 

evidence is given for the fact that osteoarthritis in turn affects knee joint mechanics. Current 

therapies for knee osteoarthritis are discussed, with brief attention to total knee arthroplasty 

procedure, including the prevalence of the treatment, but with particular attention to therapies 

aimed at correcting mechanics of the knee joint, and the challenges in measuring the effect of 

these therapies. The following section offers a review of mechanical devices for testing knee 

specimens, including force-controlled, position-controlled and continuous passive motion 

devices.   

 

The following section focuses on a particular aspect pertinent to both physical testing and 

mathematical modelling; the identification of anatomical landmarks, and hence appropriate 

coordinate systems and axes of rotation. Previous methods and techniques to determine these 

references will be reported, and gaps in the literature identified. A review of current computer 

simulations is then presented, with specific attention to 3-D software generation of knee models 

from clinical data, and kinematic rigid body finite element models.  The conclusion summarises 

the deficiencies identified in the literature review, and lays out the objectives for the current 

project.    

2.2 Anatomy, disease and motion of the knee 

2.2.1 Anatomy of the knee joint 

The knee is a complex synovial joint in the lower limb. Its osteology is made up of of three 

bones; the femur, the tibia and the patella. These bones are connected by a total of ten ligaments, 

as listed by Gray (1918); the Articular capsule, the Anterior Cruciate, the Posterior Cruciate, the 

Ligamentum Patellae, the Oblique Popliteal, the Tibial Collateral, the Fibular Collateral, the 

Medial and Lateral menisci, the Transverse and the Coronary (Gray 1918).   
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         a) b)  

                  c)                   d)     

Figure 2-1: Right Knee joint a) anterior view b)Posterior view c) Anterior view showing interior ligaments  d)Posterior view showing 

interior ligaments (Gray 1918) 

 

A synovial membrane surrounds the joint. The membrane is filled with synovial fluid.  

Anteriorly, the membrane is attached to cartilage on both the femur and tibia, posteriorly it is 

attached to the two femoral condyles, Between the condyles, the membrane passes in front of 

the anterior and posterior cruciate ligaments (Platzer 2004).  
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Figure 2-2: Lateral and posterior aspects of the articular capsule of the right knee (Gray 1918) 

2.2.2 Movement of the knee joint 

The lateral and medial condyles are the articular bodies of the femur. These condyles separate 

inferiorly and posteriorly, with the medial condyle being of similar width at front and back, and 

the lateral condyle being wider at the front. In the sagittal plane, curvature of the condyles is 

greater posteriorly, permitting “sliding and rolling motion” in the flexing of the knee. Internal 

and external rotation of the medial condyle is enabled by the laxity of the anterior and posterior 

collateral ligaments (Platzer 2004).  

 

Figure 2-3: Articular surfaces of the femur and tibia (Gray 1918) 

 



 8 

Movement of the knee can occur in one of two ways. Active motion of the knee joint occurs 

when muscles of the knee joint contract, thereby inducing motion. Passive motion involves 

manipulation of the knee by an outside force, for example a physician or physical tester. The 

knee joint can be simplified as a hinge joint, but is significantly more complex.  According to 

Henry Gray (Gray 1918) “it must be regarded as consisting of three articulations in one: two 

condyloid joints between each femoral condyle and the corresponding meniscus and condyle of 

the tibia; and a third between the patella and the femur”. The third joint is not a simple gliding 

or arthrodial joint as “the articular surfaces are not adapted to each other” (Gray, 1918).  The 

complexity of the knee is owed to the fact that knee movement involves a set of coupled 

translations and rotations (Andriacchi et al. 1980), and the omission of either is denial of the 

intricacy of this important joint. Analysis of the knee involves a consideration of the 

simultaneous and concomitant gliding and rotary motions of the joint. Kulowski, in 1932 called 

the joint “a trocho-ginglymus joint allowing rotation about a vertical axis, as well as flexion 

extension” (Kulowski 1932). Steindler eloquently emphasises the precision of the knee 

kinematics “its peculiar anatomic construction is an expression of the very exacting static and 

dynamic requirements which is must meet, because of its situation between the hip and ankle 

joints in the middle of the weight-supporting lower extremity” (Steindler 1925). 

 

The knee joint can be referred to as mobile as “the femur and menisci move over the tibia during 

rotation, and the femur rolls and glides over the menisci during extension-flexion” (Platzer 

2004). The centre of the flexion extension axis is approximately located where the collateral 

ligaments and the cruciate ligaments intersect, but has of yet not been fully defined in the 

literature. The centre moves upwards and backwards during flexion, while “the distance 

between the centre and the articular surfaces of the femur changes dynamically as the curvature 

of the femoral condyle decreases” (Platzer 2004). Medial and lateral collateral ligaments are taut 

in knee extension. During the last ten degrees of extension in gait, the weight bearing knee is 

rotated medially approximately five degrees, made possible by the shape of the medial femoral 

condyle.  During flexion, the collateral ligaments are relaxed, while the cruciate ligaments are 

taut. Control of rotation is by the twisted cruciate ligaments, which reduce the amount of 

rotation possible by becoming twisted around each other during medial rotation; and unwinding 

during lateral rotation. The cruciate ligaments are in an oblique position, so at least one of them 

is always tense (Platzer 2004).  
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2.3 Significance of analysis of the knee joint 

 

The knee joint plays a vital role in everyday activities of walking, running, kneeling, stair 

climbing, jumping and most sports, rendering it very vulnerable to osteoarthritis development 

and injury. The degenerative disease of osteoarthritis can cause great pain, and can also affect 

knee kinematics, which will be discussed in detail in Section 2.4.3.  Surgical procedures are 

required to alleviate pain and restore normal joint function.  

 

Previous research has been aimed at the effect of surgical procedures on knee kinematics and 

restoration of normal knee function after surgery (Cristofolini et al. 2009; Li et al. 2004b; 

Utzschneider et al.), and this type of comparison work requires and assumes a thorough 

understanding of normal knee kinematics.  

 

2.4 The clinical problem addressed: Osteoarthritis of the knee 

2.4.1 Osteoarthritis of the knee 

Osteoarthritis (OA) is a degenerative joint disease that is affecting an increasing portion of the 

population. The knee is the most common site for osteoarthritis. “Worldwide, about 9.6% of 

men and 18% of women aged 60 years or older experience symptomatic arthritis. These rates 

are rising with ageing population, and growing trauma and obesity” (Woolf and Pflege 2003). 

Osteoarthritis is caused by the degeneration of cartilage, and is the most common type of 

arthritis. Primary osteoarthritis is closely linked to aging, when the water content of cartilage 

decreases, and cartilage degenerates by flaking or crevasses. A more detailed description is 

given in Section 2.4.2. Advanced OA can lead to complete degeneration of cartilage, causing 

friction, pain and immobility. Repetitive use of joints can cause irritated and inflamed cartilage, 

which can also encourage new bone outgrowths called osteophytes. Secondary osteoarthritis can 

be congenital or as a result of obesity, diabetes, injury or surgery.  
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Figure 2-4: Progression of Osteoarthritis from normal joint to roughened thickening cartilage to osteophyte formation 

http://www.arthritisireland.ie/info/pdfdocuments/Arthritis(Osteo)booklet.pdf  

2.4.2 Progression of knee osteoarthritis 

There are many hypotheses proposed to explain why osteoarthritis begins and progresses, most  

centred on mechanics. The most established theory regarding OA pathogenesis is that acute 

trauma, excess activity or altered mechanics destroys chondrocytes, and disrupts the 

extracellular matrix. These factors lead to loss of proteoglycans, and surface damage (Aigner 

and McKenna 2002; Blanco et al. 1998).  

 

Figure 2-5: Electron microscope images of normal and OA cartilage. (A) Normal cartilage shows chondrocytes with normal morphology 

of a nucleus and cytoplasm (B) A chondrocyte from OA cartilage shows nuclear condensation and lipid droplets (Blanco et al. 1998) 

 

Human and animal impact studies have been carried out in vitro and have confirmed this 

hypothesis (Green et al. 2006; Huser and Davies 2006). One proposed explanation is that 

mechanical changes in subchondral bone cause OA progression. Microfractures in the 

trabeculae, caused by loading and trauma, are repaired by fracture callus. The repair process 

stiffen the subchondral bone, and as trabeculae increase and thicken, the shock-absorbing 

function is impaired, increasing cartilaginous stress, and causing ultimate degradation (Radin et 

al. 1972; Radin et al. 1973). An alternative theory is that the microfractures in the subchondral 

cortical endplate (instead of adjacent trabeculae) result in subchondral thickening by increasing 

ossification due to repetitive stress or loading (Burr and Radin 2003). 
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2.4.3 Joint mechanics and osteoarthritis: Cause or effect of disease progression? 

It is widely accepted that mechanics contribute to the initiation, progression, and successful 

treatment of osteoarthritis (OA). This has been described in the preceding section. However, the 

mechanical parameters that impact the disease most profoundly are not, as of yet, fully specified 

in order to pinpoint the exact modification of mechanics that will prevent or inhibit the disease 

process. Osteoarthritis, in simple language is “wear and tear” of joint surfaces, and they will 

require replacement due to wear in advanced stages of the disease. Current surgical procedures 

for osteoarthritis therapy are based wholly or partially on the amelioration or correction of joint 

mechanics, which will subsequently treat the joint for OA. In order to justify and optimise 

mechanically based approaches, a comprehensive understanding of the evidence for the role of 

mechanics in OA, and the methods used to study them is key.  

 

Although evidence of the role of mechanics is emerging from animal studies (Green et al. 2006; 

Huser and Davies 2006) very little work has been done in humans. Bone mineral density 

studies, owing to improved tools for measuring bone and cartilage, have shown that cartilage 

thinning correlates with bone structure losses, particularly in tibiofemoral OA patients. Ratios of 

medial to lateral compartment bone density can indicate joint space narrowing and sclerosis, in 

the compartment with higher bone mineral density (Lo et al. 2006). 

 

Just as mechanics can cause the disease, they can also be affected by it. Secondary gait changes 

related to OA are more frequently observed in the medial compartment than in the lateral 

compartment of the knee, with loads transferred through the medial compartment being 

substantially higher (Schipplein and Andriacchi 1991). This phenomenon can be estimated by 

external knee adduction moment. The first peak knee adduction moment during walking can 

predict the existence, degree, and rate of progression of knee OA (Baliunas et al. 2002; Gok et 

al. 2002; Miyazaki et al. 2002; Schnitzer et al. 1993).  These studies also indicate that patients 

with knee OA experience a smaller range of knee flexion during the stance phase of walking 

(Al-Zahrani and Bakheit 2002; Childs et al. 2004; Messier et al. 1992; Stauffer et al. 1977). 

These differences have been suggested to have been caused by slower walking speeds 

(Brinkmann and Perry 1985; Kirtley et al. 1985), a common symptom of knee OA.  This could 

possibly also account for reduced ground reaction forces reported for patients with knee OA 

(Chen et al. 2003; Gok et al. 2002; Messier et al. 1992). However Munderman et al (2005) 
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rebuffed the idea that changes in gait patterns are attributed to walking speeds by matching the 

walking speeds of patients with OA and their controls, and reporting differences in gait patterns 

dependent on OA severity.  

 

 

Figure 2-6: Gait changes and proposed method of gait compensation in patients with knee osteoarthritis (Mundermann et al. 2005)  

 

Patients adopt a gait pattern that will unload the affected joint during walking. Hurwitz et al 

(Hurwitz et al. 2000) found that when patients were on pain medication, they showed higher 

adduction moments. Slower gait is a method in which this adduction is reduced, possibly by 

patients changing the moments at the hip or ankle. The gait pattern adopted varies with the 

severity of the OA, based on the attempt to unload affected joint.  Reported gait changes are 

associated with increased loading rates, which may be transferred, to the joints proximal to the 

ground. OA patients would therefore experience greater loads on the medial compartment, but 

also a more rapid increase in load at ankle, knee and hip, which can result in propagation and 
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initiation of surface fissures in cartilage, which may increase the progression of OA, not only in 

the knee but in the whole lower limb. Interventions for the knee OA should be careful to 

consider mechanics of the hip and ankle.    

 

Munderman et al (2005) observed that the “secondary gait changes observed among patients 

with knee OA reveal a probable approach to shift the body’s weight or trunk more rapidly from 

the contralateral limb to the support limb” in order to control knee adduction moment 

(Munderman et al, 2005). This is successful only for patients with less severe knee OA, as these 

patients had normal knee adduction, and showed stronger abductor muscles, as opposed to 

patients with more severe OA who had greater moments than control subjects. They reported 

that all patients with knee OA struck the ground with an extended knee, and experienced a faster 

increase in ground reaction force, as well as more significant knee and hip abduction moments 

(Munderman et al 2005).  

2.5 Therapies to address OA  

2.5.1 Total Knee Replacements: The gold standard treatment for knee OA 

By 2020, 54 million people are expected to be affected by arthritis in the US (Bono and Scott 

2005). When patients develop arthritis of the knee, the symptoms are pain, stiffness and 

limitation of function. Total Knee Arthroplasty (TKA) is the gold standard treatment as it 

relieves pain and improves function. Due to expanded indications for TKA and the growth and 

aging of our population, the number of primary TKAs is increasing. The number of 

replacements has steadily increased since the early 1980s and the number of TKAs is expected 

to rise to above 470,000 by the year 2030 ((See Figure 2-7 Bono and Scott 2005). 
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Figure 2-7: Error! Not a valid bookmark self-reference.Prevalence of Primary and Revision Total Knee Arthroplasties in the US, 1980 to 

2030 ( adapted from Bono and Scott 2005)  

 

Total Knee Replacements aim to relieve pain, and restore function of the knee joint. Although 

extensive research exists on TKAs including optimal device design, cement, sizing, and surgical 

procedure; the focus of the current project is on the kinematics of the knee joint for normal gait, 

hence TKAs will not be described in depth. Instead alternative methods, explicitly attempting to 

correct the mechanics of the knee, and believed to cause OA (as discussed in Section 2.4.2 and 

2.4.3) will be explored in the following sections.  

2.5.2 Alternative methods to correct mechanics of the knee 

Current interventions for the treatment of OA in the medial compartment aim reduce the load on 

this compartment by decreasing the adduction moment. Examples of interventions that seek to 

modify the load include braces (Lindenfeld et al. 1997; Pollo et al. 2002), footwear 

modifications (Kerrigan et al. 2003; Kerrigan et al. 2002), gait training, and muscle 

strengthening (Fisher et al. 1993; Mundermann et al. 2004). Physical therapy has concentrated 
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mainly on the quadriceps muscles, which stabilise the joint, but mainly act in the sagittal plane, 

whereby the main differences in OA gait with control have been shown to be in the 

frontal/coronal plane (Mundermann et al. 2005). Observations that severe OA leads to smaller 

hip adduction and greater knee adduction moments, advocate strengthening of the hip muscles 

as a treatment of medial compartmental knee OA.   

There is therefore additional consideration when developing effective strategies for the 

treatment of knee OA, specifically in the medial compartment. Interventions focusing on 

reducing the load distribution in the knee should focus on primary effects on knee adduction 

moment, as well as their secondary effects on gait.  

2.5.3 Challenges in measuring interrelationship between OA and mechanics 

 

There are huge challenges in the design of studies characterising hypotheses about the role of 

mechanics in OA and the effects of a change in mechanics on OA.  Appropriate in vivo studies 

present inherent obstacles. Identification of a well-characterised population with OA can be 

complex and costly, with large populations required for statistically powered studies. The 

quantification progression of OA can be difficult, as radiographic measurements are often 

insensitive to early OA, and MRI techniques can be costly, timely and are not currently used in 

conjunction with mechanical assessments. Most critically, In vivo methods of measuring joint 

mechanics are not optimal. These are discussed in detail in Section 2.6.   

 

The most important quantities of mechanics in OA are challenging to measure, especially in 

vivo. For example, force on joint surfaces is a key quantity in many hypotheses, but can only be 

measured by invasively placing a measurement onto the joint surface, acceptable for cadavers, 

but not for in vivo studies. Force distribution in the cartilage is also important, as the same force 

transmitted through a small and large contact area can have greatly varying consequences. Force 

distribution sensors exist but are generally implanted. In order to measure loading rate (which 

has been inferred to contribute to OA (Radin et al. 1978), rapid measurements of force are 

required. Kinematics, describing how the bones move relative to each other, are easier to 

measure and can predict where load is transmitted, and the lines of action of the force-

transmitting structures.  
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2.6 Mechanical kinematic testing devices 

2.6.1 Overview 

The current understanding of joint mechanics is founded on ex vivo studies, which measure 

cadaver specimens loaded in mechanical rigs. A variety of mechanical devices have been 

employed by researchers to evaluate the complex ways in which the knee moves. These 

techniques, developed for quantitative in vitro analyses of knee biomechanics have contributed 

greatly to a better perception of normal knee kinematics, and surgical treatments and range from 

very simple to elaborate. Wilson et al (2000), for example, investigated the coupling of knee 

translation and rotation during passive motion to flexion angle. A simple test rig involved fixing 

the tibia and flexing and extending the femur by manually rotating a rod inserted into the femurs 

end.   

 

More complex robotic systems have been developed more recently to determine the response of 

the cadaver knee to external loads (Fujie et al. 2004; Li et al. 2004a; Li et al. 2004c).  

 

 

Figure 2-8: Simple test rig by Wilson et al (Wilson et al. 2000) 
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Figure 2-9: A more complex novel robotic 6 DOF system for biomechanical testing (Fujie et al. 2004) 

 

Experimental simulation of joint motion requires control of joint position and the forces applied 

to the knee in multiple degrees of freedom. There are two main techniques employed; force-

controlled and position-controlled (Fujie et al. 2004). In the former, force regulated devices are 

employed with or without a 6-DOF instrumented spatial linkage (ISL) in order to apply a given 

force or moment to the knee specimen, and measure the change in joint displacement (Bach and 

Hull 1995; Haider et al. 2005). In the latter, position-regulated devices are used to apply a 

displacement, also with or without an ISL, and the changes in joint loads are measured.  

2.6.2 Force Regulated Devices 

 

Early systems were designed to apply single force components (Fukubayashi et al. 1982; Grood 

et al. 1981) or multiple loads (Markolf et al. 1981), but only one early system allowed 

unconstrained joint movement (Ahmed et al. 1987). Following reports by Inoue et al (1987) that 

ligament strains were affected when the joint was constrained, several load application systems 

were developed that allowed unconstrained movements of the joint (Bach et al. 1994; Berns et 

al. 1990; Blankevoort et al. 1988; Fujie et al. 1996; Hollis et al. 1991; Lewis et al. 1988). 
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Figure 2-10: Photograph of constructed force controlled load application device (Bach et al. 1994) 

 

The limitation to these devices was that, of those mentioned, only a minority were capable of 

applying all load components (Blankevoort and Huiskes 1987; Lewis et al. 1988). 

 Recently, Balasubramanian et al (2007a) developed a testing apparatus which exploits a force 

couple to flex and extend the knee specimen through a range of motion of 90 degrees  . A 

system of weights and pulleys are used to simulate the applied muscle loads to study the active 

knee kinematics. Linear and rotary pneumatic actuators have also been used to allow for the six 

degrees of freedom joint over a full range of motion, and pneumatic actuators have been used to 

apply simulated muscle forces (Balasubramanian et al. 2007b). Kanamori et al (2000) report an 

elegant  robotic force-controlled system which was employed to compare the kinematics of the 

knee with and without restraint from the anterior cruciate ligament.  

2.6.3 Position controlled devices 

 

There are some significant advantages of position controlled devices, the first is that the path of 

the motion can be reproduced for biomechanical tests (Fujie et al. 2004), allowing tissue force 

determination by superposition, the second being that the rate of displacement can be controlled, 

as opposed to force controlled devices where rate is constant. Finally, force control can be 

achieved with position-regulated actuators through compliance control (Fujie et al. 2004). 

Livesay et al (1997) confirmed previous findings indicating that the degree of joint constraint 
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affected the load (Inoue et al. 1987). This implies that the system should allow 6 DOF for 

simulation of motion.  

Butler et al (1980) developed a device capable of joint translation and rotation, but it could not 

reproduce physiological motion with respect to the Knee Joint Coordinate System (Grood and 

Suntay 1983), which is discussed in further detail in Section 2.7.3 and 2.7.4.  Grood also used a 

similar device to determine how much of a role the collateral ligaments contributed to knee 

rotations (Grood et al. 1981). Hollis developed a 6 DOF test system with position-regulated 

actuators that could determine ligament forces by reproducing the 3-D path of knee motion.  

 

Figure 2-11: “Kinematic linkage device designed to measure the three translational and three rotational degrees of freedom of the knee” 

(Hollis et al. 1991) 

Berns et al (1990) developed a 6-DOF position-controlled tester which studied the flexibility 

functions of the knee. The system was novel in that it could control both displacement and load.  

An alternative approach to creating a 6 DOF system was to modify a commercial robotic 

system, which could articulate in all directions, and fit a Universal Force Sensor (UFS) onto it. 

This type of system was developed by Fujie et al  (1996), and was capable of controlling both 

displacement and load. The robotic/UFS technology combined was used to evaluate the 

functions of ligaments, and the surgical treatments of ligament injury. A limitation of the above 

systems is that they were designed as industrial machines, and so were bulky. Also, repeatability 

and sensitivity raised concerns when used for biomechanical functions. These limitations 

motivated the design of a novel 6-DOF robotic system, specifically designed to test knee 

cadaveric specimens (Fujie et al. 2004). An important consideration for position-controlled 

devices is the selection of co-ordinate system for valid comparisons and seamless transitions 
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between obtained results, previous results, and clinical findings.  The coordinate system used by 

Fujie et al for their 6 DOF robotic tester is described in context in Section 2.7.4. The system 

(shown previously in Figure 2-9 allows hybrid position/force control. The joint path of motion 

could also be reproduced by placing all the degrees of freedom under position control, allowing 

for determination of ligament forces. Its configuration and control algorithm enabled precise 

simulation of complex loading conditions of the knee. However, even with this advanced 

system, limitations exist. The speed in position control is too slow to simulate physiological 

conditions and the manipulator is difficult to accurately control.  

2.6.4 Continuous Passive Motion Devices 

 

Although not specifically used for cadaveric testing, as is the focus of this project, a current 

commercial product used to produce knee motion is a Continuous Passive Motion (CPM) 

Machine. The mechanisms it employs for encouraging passive knee motion afford it a mention 

in this section on mechanical knee testers, as it could be easily modified with position sensors to 

give kinematic knee data. Applied after surgery, the device gradually moves the joint, and 

significantly accelerates the reduction of soft tissue stiffness. This accelerates recovery by 

improving healing of articular surfaces, minimising scar tissue and allowing a greater range of 

motion (Batavia 2006; Ho and Chen; O'Driscoll and Giori 2000). This is beneficial for patients 

having undergone ACL reconstruction or total knee arthroplasty, where correctly applied CPM 

has been reported to have two effects; the first is to promote the healing and regeneration of 

articular cartilage (Salter 1996); and the second is to pump blood and oedema fluid away from 

the joint and surrounding tissues, allowing maintenance of normal soft tissue compliance, and 

preventing joint stiffness (O'Driscoll et al. 1983).  
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Figure 2-12: Representation of the pumping effect of CPM (O'Driscoll and Giori 2000). Hydrostatic pressure in a joint is adjusted by 

alternate flexing and extending the knee and moving fluid out of the joint and periarticular tissue 

 

Figure 2-13: Clearance of a hemiarthrosis is rapidly accelerated with CPM as seen with these photos of a rabbit knee at 48 hours and 7 

days (O'Driscoll et al. 1983) 

 

Each of the aforementioned devices has utility, but each have important limitations. Commercial 

CPM machines, and the test apparatus of Wilson et al (Wilson et al. 2000) are compatible with a 

whole leg only. Robotic testing machines (Li et al. 2004a) are accurate but costly, and bulky for 

transporting in and out of cadaver labs. Devices are also limited in their range of testing speeds, 

with existing CPMs simulating extremely slow knee motion of approximately 30 to 150 

degrees/minute (O'Driscoll and Giori 2000). These limitations motivate the use of a system 

specifically designed for testing cadaver knees for the purpose of knee kinematics in the world 

of orthopaedic devices.  
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2.7 Co-ordinate systems and anatomical landmarks 

2.7.1 Description and nomenclature of axes of motion  

A schematic of the axes of rotation and nomenclature of rotations about these axes is shown in 

Figure 2-14. The following section will deal with the development of standard axes and centres 

of rotation from anatomical landmarks. A standard correct terminology and nomenclature for 

planes, axes and rotations is stated at the outset, and referred to throughout the section to avoid 

confusion.  

 

Figure 2-14: Nomenclature for anatomical reference planes,  axes and rotation about those axes  
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2.7.2 Significance of correct joint coordinate systems 

Measurements of joint angles during motion analysis are susceptible to “kinematic crosstalk”, 

an error where one type of joint rotation is mistaken for another (for example abduction is 

mistaken for flexion). It results from misalignment of the joint coordinate system with the 

assumed axes of rotation. Coupling of axial rotation and extension is sometimes referred to as 

“screw-home motion” (Blankevoort et al. 1990), and is prone to errors due to crosstalk, and 

errors in location of the flexion extension axis (Piazza and Cavanagh 2000). There is therefore a 

need to establish a standard joint coordinate system to assist and promote meaningful 

communication between the researcher and clinician. Communicating rotations to clinicians has 

been found to be conceptually easier (Wu et al. 2005). The Standardization and Terminology 

Committee (STC) of the International Society of Biomechanics (ISB) worked for several years 

to propose a set of joint conditions for defining nine major joints in the body based on Grood 

and Suntay’s Knee Joint Centre of Rotation (Grood and Suntay 1983).  Each researcher can 

relate markers to the defined system through digitisation, calibration or mathematical 

translations (Piazza and Cavanagh 2000; Wu et al. 2005). The development and history of 

approximated axes and centres of rotation, and a standard joint coordinate system from 

anatomical landmarks is described in this section. The aim of the present project is to identify 

reported approximations of rotation axes, centres of rotation, and anatomical landmarks, and to 

use them to develop a kinematic finite element model, driven by position data from a force-

controlled mechanical knee tester. The best approximation of landmarks or centres of rotation 

will be identified, or an alternative proposed.  

2.7.3 Previous anatomical references and axes of rotation 

An important anatomical reference in the knee is that posterior articular surfaces are almost 

circular (Albrecht 1876; Weber and Weber 1836). Their centres can therefore be found and used 

as landmarks. This was in adherence with an early review (Fick 1911) of photographic and 

radiographic studies analyzing the 3-dimensional shape of the femoral condyles. Fick was one 

of the earliest researchers to use these anatomical landmarks to define axes of rotation of the 

knee joint. He proposed a fixed, oblique flexion/extension axis, which is inclined posteriorly and 

inferiorly from medial to lateral, with an independent axis for tibial rotation.  
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The work of Elias et al (1990) correlated the anatomy and geometry of the femoral condyles. 

defined three articulating surface pairs for different ranges of motion, as described in Figure 

2-15. Using ten autopsy subjects and six live subjects, they calculated the radii and arc 

subtended by the patellar groove and posterior condyles.  
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Figure 2-15: Flowchart adapted from work of Elias et al (1990), who defined three pairs of articular surfaces for different ranges of 

motions. The radii and angles of the arcs subtended for patellar groove and posterior condyles were calculated. The centres of each 

were found to coincide with ligament attachment points 
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Kurosawa et al (Kurosawa and Walker 1983; Kurosawa et al. 1985) also estimated the femoral 

condyles as spherical approximations. The centre of each of these spheres was used as reference 

points, and also to define reference axes for a study of motion. The researchers proposed a 

transverse geometrical axis that penetrates the two Flexion Facet Centres, like an axle between 

two wheels. The method of finding this axis of rotation has been called the Reuleaux method, 

based on Reuleaux’s early kinematics of machinery (1876).  

 

Figure 2-16: Reuleaux’s kinematics of machinery applied to a transverse geometrical axis for flexion/extension equivalent to an axle 

between two wheels (Iwaki et al. 2000) 

  

Although the Reuleaux method has been used extensively to study knee motion, as a planar 

technique to estimate the centre of rotation of the knee (Blacharski et al. 1975; Frankel et al. 

1971; Smidt 1973), the analysis is extremely sensitive to perspective and experimental design 

errors.  The method involves estimating a circle around the posterior condyles, and studies have 

been criticised by Panjabi et al (1982) for giving inaccurate results. The circles of uncertainty 

within which each of the centres of rotation would lie have been calculated to be 2.84cm and 

6.28cm for previous studies (Frankel et al. 1971; Smidt 1973) . Large variations such as these 

make it difficult to develop a thorough understanding of normal knee kinematics. Soudan and 

Auderkercke (1979) demonstrated that the Reuleaux method was limited and inaccurate for non-

planar data, and identified the need to know the plane of motion prior to applying this technique. 

More recent studies have used the Reuleaux method to find a reference axis, and constructed 

two orthogonal axes about this axis, using some other anatomical features, in order to define the 

plane of motion and a coordinate system.  
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Iwaki et al (2000)and Pinskerova et al (2000) called the centre of the saggital circular projection 

of the approximated spherical posterior condyle the Flexion Facet Centres (FFCs), and also 

defined Extension Facet Centres (EFCs)  based on a larger circle, whose centre is anterior and 

superior to the FFC, similar to the arc defined by  the patellar articulation in the previously 

described anatomical study (Elias et al. 1990). Techniques were developed to find the centre of 

rotation from these reference points.     

 

 

Figure 2-17: Circles of uncertainty in estimating Flexion Facet and Extension Facet Centres (Iwaki et al. 2000) 

 

Rotation axes similar to those proposed by Fick (1911) were proposed by Hollister et al (1993) 

to locate the flexion extension and longitudinal rotation axes of six fresh cadaver knees. Position 

of points on the longitudinal rotation axis traced “circular, planar paths about the fixed flexion 

extension axis”, and magnetic resonance images (MRI) in perpendicular planes to the flexion 

extension axis showed “a circular profile for the femoral condyles” (Hollister, 1993).  

 

Figure 2-18: LED arcs obtained with femur fixed and camera aligned (A) along and (B) perpendicular to  flexion extension axis 

(Hollister et al. 1993) 



 27 

Hollister thereby proposed two fixed offset axes for knee motion. The flexion extension axis is 

constant and directed in the same directions as that proposed by Fick (1911), but passing 

through the origins of the medial and collateral ligaments and superior to the crossing points of 

the cruciate ligaments, as described by Elias et al (1990). The longitudinal rotation axis is 

superior and not perpendicular to the flexion extension axis, producing the valgus and external 

rotation that is associated with extension.  

 

 

Figure 2-19: Axes in anteroposterior, axial and transverse view (Hollister et al. 1993) 

2.7.4 Joint Coordinate Systems 

Grood and Suntay (1983) developed a widely accepted joint coordinate system (hereafter 

referred to as the Knee Joint Coordinate System KJCS). A straightforward geometric description 

of the three-dimensional rotational and translational motion between two rigid bodies is applied 

to the knee and related to common clinical terms for knee kinematics. Spatial linkages share the 

coordinate system. The linkage allows large joint displacements to be independent of the order 

in which component translations and rotations occur  
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Figure 2-20: Schematic showing the translations and rotations as expressed in the knee joint coordinate system in relation to the 

femoral, tibial, and sensor coordinate systems (Fujie et al. 1996), adapted from Grood and Suntay (1983) 

 

Grood and Suntay’s JCS is still the gold standard for use as a coordinate system. The major 

values of using the KJCS are as follows; explaining rotations to clinicians is conceptually easier 

when using individual axes embedded in the proximal and distal bones, and calculations for 

clinically relevant joint translations are included (Wu et al. 2005). Acceptance of the KJCS was 

confirmed by the fact that the Standardization and Terminology Committee (STC) of the 

International Society of Biomechanics (ISB) worked for several years to propose a set of joint 

conditions for defining nine major joints in the body based on Grood and Suntay’s KJCS (Wu et 

al. 2005).  The primary purpose of the work was to assist and promote meaningful researcher 

and clinician/patient/device designer intercommunication. The standard is divided into four 

sections for each joint; introduction, terminology, body segment coordinate system, and JCS and 

motion for constituent joints. Individual researchers can standardise data by correlating their 

markers to the defined anatomic system by mathematical calculations or digitisation.  

 

Blankevoort et al (1990) used a Roentgen Stereo Photogrammetric system, in which tantalum 

spheres or other markers are implanted into the bones, and accurate dynamic in vivo kinematic 

measurements are taken under fluoroscopy, and images subsequently analysed. He conducted  

motion measurements to determine finite helical axes for flexion motions, and found that the 

screw axis (coupled rotation and flexion) closely passes through the insertion site of the medial 
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collateral ligament (MCL) and the lateral collateral ligament (LCL) insertion, and femur cross 

section.  

 

Figure 2-21: Construction of orthogonal axes for novel robotic system for biomechanical knee testing (Fujie et al. 2004) 

 

The Z-axis of the femoral co-ordinate system Cf passed through the insertion sites of the MCL 

and LCL, which were determined by digitisation. The midpoint of the line connecting the 

insertion centres was defined as the origin of Cf, and perimeters of the transverse cross section at 

different distances along femur were digitised, and their geometric centres were determined. The 

femoral bone axis was assumed to pass through these centres. A projection of the femoral bone 

axis onto a plane at right angles to the z-axis was assumed to be parallel to the y-axis that passed 

through the origin. The X-axis was simply orthogonal to the Y and Z-axes.  

 

Using the insertion points of the ligaments as anatomical reference points for the axis of rotation 

occurs often in the literature. A geometric model of the knee joint (femur and tibia only) in the 

saggital plane has been developed which “demonstrates the relationship between the geometry 

of the cruciate ligaments and the geometry of the articular surfaces” (O’Connor et al, 1989). The 

cruciate ligaments are represented as “two inextensible fibres that are analysed as a crossed four 

bar linkage” (O’Connor et al, 1989). The directions of the ligaments at each point of flexion are 

calculated and the instant centre lies at the intersection of the cruciates.  
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However, other anatomical landmarks have been suggested. Churchill et al (1998) postulated 

that the transepicondylar axis (or the line joining the medial and lateral epicondyles points) 

approximated the optimal flexion axis. Knee flexion and extension occurs about this axis in the 

femur, and tibial internal and external rotations occur about a longitudinal rotation axis fixed in 

the tibia. No other translations or rotations exist. This is in contrast to hypotheses described 

subsequently (Iwaki et al. 2000; Martelli and Pinskerova 2002; McPherson et al. 2005)  that 

suggest that there is no single fixed axis of flexion, but that the flexion extension axis moves 

posteriorly and inferiorly during flexion.   

 

Figure 2-22: Transepicondylar axis approximates the optimal flexion axis (Churchill et al. 1998) 

 

Churchill’s theory was tested, and knee kinematics were simply represented by simple rotations 

about the optimal flexion and longitudinal rotation axes to an accuracy of 3.4mm in translation 

and 2.9 degrees in orientation (Churchill et al. 1998).  It was found that this trans-epicondylar 

axis, which also approximates the optimal flexion axis passes through the centres of the 

posterior femoral condyles, or flexion facet centres (Iwaki et al. 2000). 
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Figure 2-23: MRIs of the cadaveric medial condyles in saggital section at full extension (Martelli and Pinskerova 2002) 

 

The identification of flexion facet and extension facet centres on the femur was developed 

further by the introduction of two additional anatomical landmarks, this time on the tibia; the 

anterior horn facet (AHF) and the posterior horn facet (PHF) (Martelli and Pinskerova 2002). 

 

 

   

Figure 2-24: Medial flexion facet centre does not move with flexion but lateral flexion facet centre moves posteriorly (Freeman and 

Pinskerova 2005; Iwaki et al. 2000) 

 

Medial  Lateral 
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Recent work in the area has been mainly computer simulation based. A study conducted by 

Freeman and Pinskerova (2005) imaged the anatomy of articular surfaces and their movement in 

normal tibiofemoral  joint. A number of imaging techniques were employed (MRI, CT, RSA) as 

well as an anatomy based computer system. The movement of condyles from hyperextension to 

full passive extension was described. Again, the FFC and EFC were used as anatomical 

references.  

 

Medially, it was found that the condyle hardly moves posteriorly from 0 to 120˚, but contact 

area changes from an anterior pair of surfaces (0 to 10˚) to posterior pair of surfaces (30 to 

120˚). The shapes of the bones mean that medial contact area moves backwards with flexion to 

30˚ flexion, but the medial condyle doesn’t. Laterally, the femoral condyle and contact area 

move posteriorly, but in the mid range do not move together, causing tibial internal rotation to 

occur. From 120˚ to full flexion (approximately 145˚), both condyles roll back onto posterior 

horn. This agrees with previous findings (Iwaki et al. 2000). Further computer simulation work 

relevant to rotation axes and coordinate systems (Komistek et al. 2005; McPherson et al. 2005) 

is described in detail in Section 2.8.  

2.8 Computer Simulations 

 

Huge advancements have been seen over the past decade or two in affordable software that can 

generate knee models, and rotate and translate to coincide with any coordinate system. This has 

allowed enhanced evaluation of suggested joint coordinate systems, as observed movements can 

be simulated on the virtual knee.      

2.8.1 Generation of 3-D software models from CT scans 

The use of Computed Axial Tomography (CT scan) as a medical imaging tool has a wide range 

of functions. The current project proposes to use CT scans to build 3-D in silico models of 

patient specific knees, and a brief review of the literature relating to this application is included 

here. Accurate medical imaging has been brought to the forefront of knee research and 

orthopaedic surgery (Amiot and Poulin 2004; Bathis et al. 2003; Moro-Oka et al. 2008; 

Nishihara et al. 2003). The CT scan is the “premium tool for planning and evaluating lower limb 

alignment” (Victor et al. 2009). In TKA for example, the CT scan is used pre-operatively for 
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planning of the position of the femoral component, and post-operatively to evaluate poor clinical 

outcomes (Berger et al. 1998). In image-based computer surgery CT-based patient specific 

templating eliminates the need for conventional, awkward alignment jigs. Finally, and most 

critically to this project, both in vivo and ex vivo kinematic research of the knee relies on CT or 

MRI derived bone models (Defrate et al. 2006; Moro-Oka et al. 2008). In this process, two 

dimensional images are stacked, and interpolated to form a 3-dimensional software model.  

 

The typical steps in transforming a CT scan into a 3-D model are as follows: Raw CT scans are 

filtered for bone, and a software package such as MIMICS® (Materialise, Haasrode, Belgium) 

is used to create the reconstruction by using a thresholding feature to define masks; manually or 

automatically defining the lower and higher threshold values and cropping the masks to the 

desired areas before converting into .iges or .stl 3-dimensional format, which can be 

subsequently opened as a part file in a commercial 3-D modelling package (for example 

SolidWorks, Rhino, Autodesk Inventor). 

 

As is pertinent to the current project, the remainder of the section will address the ability of CT 

scans to accurately identify anatomical references that form the basis of coordinate system 

definition, and identification of the coronal, sagittal and transverse plane. Victor et al (2009) 

conducted a study which showed the inter- and intra- observer variability of identification of 

anatomical landmarks is low, an encouraging result, as accurate landmark application forms the 

basis for all applications of CT data for knee research. 

 

However, landmark registration in this study occurred in optimal circumstances, which is not 

always the case for clinical or research scenarios. Also MRI scans are found to have better 

definition of cartilage surface, with CT scans having better definition of bony surfaces, perhaps 

a combination of both (Moro-Oka et al. 2008)  is optimal for three-dimensional kinematic 

studies. It is concluded that in the femur, CT scans can accurately determine the horizontal plane 

projections of the posterior condylar line.  
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Figure 2-25: Representation of the accuracy of important reference points and axes in femur and tibia. The dark area is the mean error, 

and the gray area is the mean error +1 standard deviation (Victor et al. 2009). The figure of the femur has been adapted for clarity: The 

posterior condyle line (PCL) is shown in red. The trans-epicondylar axis is shown in purple (surgical TEA) , and the line joining the 

lateral epicondyle and the medial sulcus is coloured green 

 

Victor et al (2009) recommend this line and the trans-epicondylar axis (red line and purple line 

respectively of Figure 2-25) as reliable landmarks from CT scans.  Yoshino et al (Yoshino et al. 

2001) called this trans-epicondylar axis the surgical TEA. The angle between the surgical TEA 

and the posterior condylar axis (PCL) is defined as the posterior condylar angle. The angle 

between the clinical TEA (green line in Figure 2-25 joining lateral epicondyle and medial 

sulcus) and the PCL is called the condylar twist angle. Literature assessing the rotational 

alignment of the femur employs both the posterior condylar angle and the condylar twist angle 

as landmarks. For CT and MRI studies the condylar twist angle was used more frequently 

(Akagi et al. 1999; Arima et al. 1995; Matsuda et al. 1998; Nagamine et al. 1998) than the 

posterior condylar angle (Berger et al. 1998; Griffin et al. 2000). Conversely, in cadaver studies 

the posterior condylar angle (Arima et al. 1995; Griffin et al. 2000; Matsuda et al. 1998) was 

used more frequently than the condylar twist angle (Ahlback 1968; Berger et al. 1993). 

Nishihara et al (2003) reported accuracy of CT to 3-D model registration in terms of position 

and angle to be 0.2mm and 0.3˚ of root-mean square in the femur and tibia. Another recent study 

compared the CT registration error of the trans-epicondylar axis to anatomic dissection (Wai 

Hung et al. 2009). The epicondylar axis is often used post-operatively for transverse plane 

location in order to evaluate femoral rotation. He observed a mean error of 2.4˚ with traditional 

two-dimensional CT data, and an significantly higher error of 2.9˚ with three-dimensional 

reconstruction. Possible explanations are an inferior reconstruction or the inclusion of a third 

dimension.   
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2.9 Joint coordinate systems in computer simulations 

 

Due to the advancement of software knee models, McPherson et al (2005) were facilitated in 

producing an anatomically accurate 3-D model of the knee for proposal of an alternative joint 

coordinate system to that described by Grood and Suntay (1983). As described for previous 

studies (Section 2.7.3 and 2.7.4) the flexion facet centres and extension facet centre, based on 

curvature of posterior condylar articulating surfaces were used as reference points, and the 

transverse axis was the line joining these two points. The main difference between the 

coordinate system suggested in this study to previously described work (Elias et al. 1990; 

Freeman and Pinskerova 2005; Kurosawa et al. 1985) is that the origin of the coordinate study is 

located at the centre of the posterior spherical portion of the medial femoral condyle, and not 

midway between the flexion facet centres, as previously described. The coordinate system is 

defined in the fully extended position, where there is no tibiofemoral rotation. McPherson et al 

report that this placement of the origin diminishes translations associated with longitudinal 

rotation in systems where origin is positioned centrally.  

 

Figure 2-26: Position of the origin is at the centre of the spherical medial condyle of the FFC Axes B and C are thus offset from the 

centre, unlike previously reported systems (McPherson et al. 2005). 

As shown in Figure 2-26, three axes were defined.  Axis A penetrates the centre of the FFCs 

(Kurosawa et al. 1985). This is the medial lateral axis, whose position remains fixed relative to 

femur with flexion. As shown in Figure 2-14, flexion and extension would occur about this axis. 

Axis B (superior inferior axis) is perpendicular to Axis A and to the posterior part of the medial 

tibial articular surface in the saggital plane. Axis B penetrates the medial FFC and runs distally 

into the posterior tibia, where it coincides with the tibial longitudinal rotational axis. Axis C 

(anterior posterior axis) lies anteroposteriorly at 90˚ to 1 and 2, and also penetrates the FFC, 
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varus/valgus rotation would be about this axis. A 3
rd

 femoral point is required to locate the bone, 

this would be the posterior extremity of the femoral articular cartilage in the plane of the medial 

FFC.  

 

 

Figure 2-27: Movement of the transverse geometrical axis (or medial lateral axis) as a function of flexion (McPherson et al. 2005) 

A)sagittal plane of knee joint indicating nominal flexion angles B) transverse/medial lateral plane of femoral articulating surface 

C)coronal/superior inferior plane showing tibial articulating surface 

a) b)  

Figure 2-28: Comparison of movement of transverse geometrical axis of (a)McPherson et al (2005) (left tibia shown) with b)Iwaki et al 

(2000) (right tibia shown) , similar motion is observed, in that there is a posterior shift of the axis connecting the FFCs in the femur, 

resulting in internal rotation of the tibia during flexion  

 

 

 



 37 

2.9.1 Finite element models  

Realistic mathematical modelling is a useful tool for the simulation and analysis of complex 

biological structures such as the human knee joint. A plethora of analytical model studies with 

different degrees of sophistication have been reported in the literature (Abdel-Rahman and 

Hefzy 1993; Andriacchi et al. 1983; Blankevoort and Huiskes 1991; Crowninshield et al. 1976; 

Grood and Hefzy 1982; Hirokawa 1991; Van Eijden et al. 1986; Wismans et al. 1980) .  The 

majority of these studies  attempt to model the tibiofemoral joint only, with very few modelling 

the patellofemoral joint (Hirokawa 1991; Van Eijden et al. 1986). Although model studies of the 

menisci have been reported, many assume simplified bone geometry, and do not consider 

cartilage layers or ligaments (Hefzy et al. 1987).  

 

An early analytical model (Crowninshield et al. 1976) is described in which cruciate, collateral 

and capsular elements are represented, with dimensions and attachments sites determined from 

in vivo and in vitro measurements. The stiffness of the model was assessed from 0˚ to 90˚  

flexion angles, under varus load, valgus load, internal and external rotation and anterior and 

posterior placement.  Grood et al (Grood and Hefzy 1982) developed a model including 

ligaments and compared it with the Crowninshield et al model. Wismans et al too (1980) 

developed an analytical model of the knee joint with ligaments modeled as non-linear springs. 

Blankevoort (1991) advanced this by simulating articular cartilage as a layer of compressive 

springs and comparing the effect of articular contact on passive motion, finding that relative to 

rigid contact, the incorporation of deformable contact did not alter the motion characteristics in 

a qualitative sense, and that quantitative changes were quite small.  Blankevoort and Huiskes 

(1991) then calculated ligament restraints on knee motion under externally applied loads, 

incorporating a model for wrapping of a ligament around bone, showing it could counterbalance 

valgus moments. Andriacchi et al(1983) used a 3-D knee model, and employed the direct 

stiffness approach from structural mechanics to demonstrate that constraints to coupled degrees 

of freedom strongly influenced force-displacement curves of the knee. Abdel-Rahman and 

Hefzy (1993) modeled the tibia and femur as two separate bodies in contact, and represented 

each articular surface by mathematical functions. Again, the ligaments were modeled as non-

linear elastic springs.   
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There is a gap in the literature in that no accurate realistic finite element model of the entire 

tibio-femoral joint is as yet reported a realistic non-linear flexible model study of the knee joint 

would include complex 3-dimensional kinematics of both tibio-femoral and patella-femoral 

knee joints, and would include non-homogeneous representations of cartilage, menisci and 

ligaments. A comprehensive model incorporating each of the above features is essential for 

accurately predicting response under various loading conditions. Such a model is both labour 

intensive and computer intensive, and due to time constraints, beyond the scope of the current 

project. The modelling objectives of the current study are thus limited to recreation of 

anatomically accurate bone geometry for the femur and tibia, and definition of the complex 3-

dimensional kinematics of the tibio-femoral joint in a rigid body finite element analysis. The 

literature review will hence be limited to studies pertinent to these areas. 

 

Bendjaballah reported a reconstruction and finite element analysis for the biomechanics of the 

human knee joint in compression (Bendjaballah et al. 1995) . A rigid body representation was 

considered for the tibia, femur and patella. This was found to be time efficient in a non-linear 

analysis, and accurate due to their much larger stiffness compared to that of soft tissues. 

Material properties were assigned to bones, ligaments and menisci based on literature values, 

and equations developed to relate homogeneous orthotropic materials to non-homogeneous 

composite materials. Each bone was represented by a primary node at its centre, and by a set of 

local convective coordinates system that rotates with the rigid body. The femur was free to 

translate in the proximal-distal, medial-lateral and anterior-posterior directions. Internal external 

rotations were left free once, then fixed, while flexion-extension and varus-valgus rotations were 

maintained fixed throughout the analyses. This is a limitation of the model which was 

incorporated in order to apply a compressive load for the purpose of the study, which was to 

compare motion under compression with and without menisci. The current study will allow 

motion in 6 degrees of freedom.  

2.9.2 Limitations of Computer Analyses 

Although computer simulations can be used to study knee kinematics, there are some inherent 

limitations to computer analysis in that they don’t accurately model the full complexity of the 

model, (Piazza 2006) and accurate contact modelling of the surfaces can be computationally 

intensive (Piazza and Delp 2001). CT derived bone models have inherent limitations with 
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variability between anatomical references, as discussed in Section 2.8.1 (Victor et al. 2009). 

Most simulations tend to simplify the knee by modelling it as a single degree of freedom joint, 

with translations and rotations completely omitted or described as a function of flexion angle 

only (Piazza 2006). Computer simulations can be used to address clinical questions such as how 

to improve patient functional outcome after knee surgeries. For example, TKA has been shown 

to provide excellent function for the low-demand everyday activities of older patients. However, 

there is a need to study how TKA or alternative surgery can allow more active patients to 

perform high-demand activities. Previous research has utilized forward dynamic computer 

simulations to predict knee motion during certain activities (Piazza and Delp 2001), but no study 

has used forward dynamic models to analyze the effect of altering component alignment on 

functional tasks such as walking, kneeling, gardening , squatting and dancing. Patient-specific 

validation of intra-operative alignments is feasible, but as yet has not been fully addressed in the 

literature.  

 

Another challenge is validation of mathematical models of kinematics.  While these models can 

predict kinematics in individual knee structures, validation of such a model is difficult. 

Producing a model with motion or forces comparable to experimental results is a big hurdle, and 

being able to translate models from computer modelling packages to data which enables 

meaningful experimental comparisons is a further challenge. 

2.10 Gaps in the Literature and objectives to address gaps 

2.10.1 Identification of literature gaps 

 

There are very few studies in the literature for motion beyond 120 degrees of flexion. An early, 

limited study describing hyperflexion dating back to 1941 states that “hyperflexion is controlled 

by both cruciate ligaments,
 
both menisci, the femoral attachment of the posterior aspect

 
of the 

capsule, the femoral attachment of both heads of the
 
gastrocnemius muscle, and the bone 

structure of the condyles
 
of the femur and the tibia” (Brantigan and Voshell 1941).  
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Figure 2-29: Brantigan and Voshell’s early study of the biomechanics of the knee joint shows how in deep knee bend (C) the posterior 

cruciate and anterior cruciate prevent complete hyperflexion, with greatest stress on the anterior fibres. Attachment to the femur is 

vertical in full flexion 

Since 1941, there have been very few reported literature on deep knee bend,  perhaps due to the 

fact that TKA typically limit motion to 120˚ of flexion. However, two recent studies have 

brought to light the importance of continuing kinematic descriptions of the knee into high 

flexion. Pinskerova et al (2009) describing the motion by examining dissections, cryosections 

and magnetic resonance images of eight cadaver knees and one living knee. From 120 to 160˚ 

the flexion facet centre of the medial femoral condyle moves back 5mm and rises up on to the 

posterior horn of the medial meniscus. At 160˚ the “posterior horn is compressed in a synovial 

recess between the femoral cortex and the tibia, limiting flexion” (Pinskerova et al, 2009). The 

lateral femoral condyle was reported to roll back, and both condyles were found to move down 

over the posterior tibia at 160˚ of flexion. Another recently published study describes in vivo 

testing of seven patients with a posterior substituted knee arthroplasty during high flexion, and 

found the patients achieved weight-bearing flexion of 139+-4.5˚ (Moynihan et al, 2009). The 

significance of studying the knee in high flexion was emphasized in the results; posterior 

femoral translation was found to increase steadily beyond 90˚ flexion, with a similar trend for 

internal tibial rotation to increase with high flexion, and a notable increase in varus rotation at 

maximum flexion. Given these studies, the literature review identified a gap in the literature for 

an experimentally driven computer simulation of motion beyond 120˚. The current project will 

seek to address this gap, and model both gait and higher flexion (within the constraints of 

experimental testing capabilities). 
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2.10.2 Motivations for the current project and proposed objectives to address gaps in the 

literature 

Following this review, a number of gaps were identified in the literature. Most computer 

simulations were driven by theoretical data, not experimental data. No evidence was found of an 

accepted centre or axis of flexion that could efficiently and seamlessly translate from ex vivo 

physical testing to in silico 3-D generation and finite element models, and from one patient 

specific model to another. This versatility is highly desirable for orthopaedic device designers 

who want to rapidly test design iterations on patient specific bone geometry. Additionally, up 

until now there is very limited data for deep knee bend, or flexion greater than 120°, motivating 

the development of a comprehensive motion model including deep knee flexion. Current models 

are specific to a bone geometry, and lack the ability to be transposed onto alternative anatomies.  

This project will endeavour to address some of these gaps by achieving the following objectives 

• To develop an experimentally driven three-dimensional finite element tibio-femoral 

knee joint model for prediction of knee joint motions  

• To use literature defined joint coordinate systems and anatomical landmarks discussed 

in this review, and to identify the optimum reference system, or to propose a new 

method of transferring motion 

• To include kinematic motion beyond 120 degrees of flexion in the model 

• To propose a standardised procedure to transition between 3-D modelling packages and 

finite element packages, and  prescribe motion to any bone geometry for use as an 

orthopaedic device design tool  
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3.1 Flowchart of Methodology 

 

The following flowchart shows the flow of methodology that will be described in the following 

section. Cadaveric kinematic testing was conducted initially. Output from the testing was 

required to generate the in silico reconstruction (computer simulation), and to feed in to the 

kinematic modelling both in SolidWorks and ANSYS®. A novel method for transferring motion 

was proposed and is described in the section. Using this method, motion was applied to two 

other bone geometries. An orthopaedic device was then incorporated on the model to 

demonstrate its application as a kinematic design tool that can yield pertinent information on 

design parameters. This flowchart is featured again in the Results section (Section 4.1), with the 

addition of the outputs from each step in the methodology with the flow of how each sequential 

output feeds in to the subsequent step.  

 

Figure 3-1: Flowchart of methodology 
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3.2 Cadaveric Kinematic Testing 

3.2.1 Experimental Set up 

 

Kinematic testing was carried out in Syracuse University (Syracuse, NY) in conjunction with 

Moximed Inc. (Hayward, CA) using a cadaveric knee specimen (male, aged 74, left knee) and 

an Optotrak Certus
®

 motion capture system (NDI, Canada). Cadaver knee motions were 

simulated using a muscle activated test system (Werner et al, 2007).  

  

Figure 3-2: Cadaveric Knee in test set up showing hydraulic actuators, Optotrak Certus markers and medial view of the knee in flexion 

 

Hydraulic actuators were used to move the ligaments of the knee. Two simulation concepts are 

defined in standards ISO 14243-1 and ISO 14243-3; load controlled and displacement controlled 

respectively. These simulation concepts are discussed in more detail in the Discussion section. 

For the purpose of this project, displacement controlled testing was employed for five cycles of 

gait and five cycles of deep knee bend.  The flexion angle applied to the ligaments at the 

hydraulic actuators is shown in Figure 3-2 above. Extension less than nine degrees was not 

simulated, as there is a chance the knee would lock up, flexion did not go greater than 130 

degrees due to a concern that the fixture would hit the frame. One hundred data points were 

collected for each gait cycle and two hundred were collected for each deep knee bend cycle (see 

Figure 3-3). 
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Figure 3-3: Angles of flexion for one cycle of gait and deep knee bend 

 

Motion of the cadaveric knee specimen was recorded via high speed cameras measuring 

coordinate positional data of Polaris reflective markers fixed to the femur via rigid bodies. 

 

Figure 3-4: Optotrak Certus Motion Capture System with mounted cadaveric knee specimen 
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3.2.2 Data output 

Data for each marker was output as a .txt file in Quarternion co-ordinates. Quaternions are a 

number system that extend the complex numbers, and form a four dimensional normed division 

algebra over the real numbers. They are used in computer graphics, robotics, molecular 

dynamics computer simulation and aerospace three dimensional simulations. The co-ordinates 

were imported into Microsoft Excel software using comma delimited import. Quaternion data 

q=(q0,q1,q2,q3) data was converted to cartesian co-ordinate (x,y,z) data by first obtaining the 

rotation matrix Q  using the formula below for each timepoint.  
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Equation 3-1: Rotation matrix for quaternion data 

 

Initial (x,y,z) locations of the femoral markers relative to a fixed tibial origin (0,0,0) were 

calculated from a 3-D model, as described in Section 3.4.1. Sequential cartesian co-ordinates for 

each timepoint were obtained by rotating (x,y,z) co-ordinates by the rotation matrix Q in order 

to obtain the (X,Y,Z) positional vector relative to the origin at each timepoint.  
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Equation 3-2: Calculating positional vector for each sequential timepoint using rotation matrix Q 

 

The positional vector for each marker was then sampled for every 4 timepoints within Excel 

using the Data sampling tool. By subtracting the positional vector at each time point from the 

starting position of the marker, the displacement vector (dx,dy,dz) was obtained. Positional 

vector data was used to create curves within solid modelling packages, while displacement 

vector data was used as input for driving the motion of the model within finite element software 

ANSYS
®
, as described in Section 3.4.2. 
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3.3 In Silico Reconstruction  

 

3.3.1 Method of in silico reconstruction for bone geometries from CT scans 

An in silico bone construction was carried out for a total of three bone geometries from clinical 

cases. Similar 3-D model generation was carried out for the tested cadaver knee in the test set 

up, and is described in the next section. CT slices were imported into Mimics® software 

(Materialise Software, Leuven, Belgium). The slices were imported using the automatic import 

function within the software. Slices were 784 pixels wide and 784 pixels high, with a pixel size 

of 0.191mm. Slice increment was 3.844mm with 25 slices and a field of view of 15cm.  
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Thresholding was the first method of segmentation used to create 3D models from the stack of 

2D images. Each voxel (volumetric pixel) has an associated gray-value based on individual 

tissue or fluid x-ray density. After loading the correct phase, the first step of the analysis was to 

set the threshold value. Mimics® automatically sets a bone threshold of 935 Hounsfeld Units 

(HU). Some adjustment of the range is required, depending on a number of factors that affect 

the gray-values.  

 

Figure 3-5: Thresholding and region growthi in Mimics ® software 

 

An appropriate threshold range is important so segmentation of the bones is accurate and 

Mimics® can produce an optimal 3D model. The initial threshold range chosen created a 

“mask” within Mimics®, as seen in green in Figure 3.4. The initial mask will include all pixels 
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within the threshold range, even those that are not in the region of interest (the patella in this 

case). The Region Grow tool was used next, to create a new mask of connected voxels from the 

original mask.  
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Following the initial region grow, further refinement of the masks was completed. There are 

multiple tools within Mimics® which allow for this editing. The two that are most commonly 

used are “Edit Masks” and “Edit Mask in 3D”. These two tools allow either addition or deletion 

of individual voxels or areas of voxels from the mask. Basically, the image or 3D models are 

examined and portions of the mask that are not part of the femur and tibia are removed. 

Additionally if there are any areas of the femur and tibia that were not included in the mask, 

these are added to the mask. Any modifications to the masks using these tools is followed by 

another region grow to create a unified mask.  

      

 

Figure 3-6: Masks were generated within Mimics  by applying different threshold levels, and  were refined by manual editing to add or 

delete individual voxels from the masks 
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Following creation of the masks, 3D models were created. When calculating a 3-D object within 

Mimics® the quality was chosen as optimal, performing a matrix reduction in the XY plane but 

giving a better 3D model. Mimics® offers many different options for creating 3D models from 

the masks. The Optimal Quality 3D model generation parameters within Mimics® were as 

follows; Smoothing factor of 0.3, 2 iterations, advanced edge triangle reduction mode with a 

tolerance of 0.0239mm and an edge angle of 10 degrees for 3 iterations. The Contour 

Interpolation method was used. Contour Interpolation is a 2D interpolation in the plane of the 

images that is expanded smoothly in the third dimension. This interpolation algorithm uses grey 
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value interpolation within the slices, but in the Z direction a linear interpolation between the 

contours is used (as shown in Figure 3-7). This interpolation gave the best results for bone 

geometry as it incorporated adequate smoothing with minimal distortion of the anatomy.  

 

 

Figure 3-7: Principle of Contour Interpolation (Mimics ® Help, Materialse, Leuven) 

 

The model was wrapped using smallest detail of 0.25mm and closing distance of 0.5mm. Each 

of the 3-D models was then reduced using advanced edge reducing mode with a tolerance of 

0.5mm and an edge angle of 15 degrees at 20 iterations. The advanced edge reduction algorithm 

generates less noise on the resulting surface and creates a smaller object. The tolerance indicates 

the maximum deviation in mm that a related triangle may have, to be part of the same plane that 

contains the selected triangle. The number of iterations is a user set value that defines how many 

times the program should make the calculations. The algorithm needs several iterations to 

reduce the number of triangles in larger flat areas. The edge angle value defines which angle 

should be used to determine the edges of the part that cannot be removed. Triangles deviating 

less than this angle will be grouped into the plane of other triangles.  

 

A 3-D model was created for the femur and tibia for each CT file imported into Mimics®. The 

patella was omitted from this analysis. A binary stl file was output from each of the 3-D models 

to allow them to be imported into SolidWorks (Dassault Systemes, SolidWorks Corporation, 

MA) or ANSYS® (ANSYS, Inc, PA). 
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3.3.2 Method of in silico reconstruction for experimental cadaveric specimen  

 

CT scans were taken of the cadaveric experimental knee in the test fixture assembly described in 

Section 3.1 to ensure bone surface geometry, and positon of the reflective markers were 

translated accurately to the in silico model. CT scans of the test bone specimen geometry with 

the reflective markers were imported into Mimics
®
 software, and reconstructed into an 

anatomically accurate model via manual thresholding as described in the preceding section. The 

difference was that the threshold range was adjusted so that that the markers and test rigs were 

included in the mask, and subsequent bone model to ensure that the relative distances between 

experimental markers (for which co-ordinate data was available) to the bone geometry were 

maintained. The .stl file was optimised in SolidWorks.  

 

3.3.3  Optimisation of cadaveric experimental  model within Solidworks 

 

The .stl file created from the experimental cadaveric specimen, as described in Section 3.1 was 

imported into SolidWorks.  

 

 

Figure 3-8: a) Creation of origin at tibial reference marker b) creation of orthogonal planes through each reflective marker 
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The origin was created at the centre of the fixed tibial reflective marker, identified as the origin 

(0,0,0) for the kinematic data (See Figure 3-8a). Coordinates of the Optotrak markers were 

identified by drawing three orthogonal planes through each at their centre, as demonstrated 

above in Figure 3-8b), and x,y,z coordinate position of each of the reflective markers with 

reference to the fixed tibial coordinate system were measured and noted.  

 

Figure 3-9: Method of measurement of positional co-ordinates of each reflective marker relative to the fixed tibial origin (0,0,0) 

 

Bones were smoothed using the smooth function within SolidWorks and converted to solid 

bodies. Simplified extrusions were created for the Optotrak markers, ensuring that they were 

aligned exactly with the central nodes of the reflective markers to maintain relative position to 

bone geometery.  

 

 

Figure 3-10: Bone and Optotrak geometry in SolidWorks 
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3.4 Kinematic Modelling 

3.4.1 SolidWorks based Incremental Configuration Model 

Initially an incremental model was created in SolidWorks (Dassault Systèmes SolidWorks Corp, 

CA). Three-Dimensional software modelling packages such as SolidWorks are easily accessible 

to orthopaedic device designers. A kinematic model in solidworks with a configuration for each 

timepoint throughout gait and deep knee bend is a useful tool for the orthopaedic device 

designer, allowing easy generation of a bone device assembly, whereby a design iteration of the 

device is mated to the bone geometry as it would be surgically. The designer can then step 

through each timepoint (or configuration) in the incremental model and observe how the device 

is moving with the kinematically accurate bone motion. The device design can then be refined 

and replaced on the bone/device model. Through this quick, iterative process, the first pass of a 

device design can be optimised in an efficient manner, without waiting for time consuming 

analyses or cadaver trials for each generation of design.   

 

Using the “curve file” feature in Solidworks and x,y,z co-ordinate data calculated in Section 3.1, 

curves in space were created representing the motion of  the reflective Optotrak markers, as 

separate part files. Curves A,C and D were created for three of the four markers for both gait 

and deep knee bend.  

 

  

Figure 3-11: Using curve file feature within SolidWorks to create a file representing the motion of each of the markers 
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Figure 3-12: Curves in space representing the motion of the reflective markers for gait and deep knee bend 

 

A method was required to constrain the reflective markers to the curve paths, so that they would 

move along the paths, and thus according to the motion output from the cadaver experiment. 

Initially the pathmate function within Solidworks was used, but it tended to overconstrain the 

model, and lock it up so that no motion was allowed. An alternative method was required. A 

separate part file was created for the markers (represented as points) for gait and deep knee 

bend. Within the part file 20 design configurations were created at five data point intervals for 

gait and ten data point intervals for deep knee bend (one hundred data points were collected for 

gait and two hundred data points were collected for deep knee bend reference Figure 3-3). For 

each configuration, the positional co-ordinates of each reflective marker at that timepoint were 

used to create a point in space, by using x,y,z positional vector data to input distance from each 

of the reference planes (located at the fixed tibial reflective marker). The result was a part file 

for the position of the reflective markers for gait and deep knee bend, each with 20 design 

configurations, Gait 01 to Gait 20 and Deep Knee Bend 01 to Deep Knee Bend 20, containing 

information for the location of reflective markers for each timepoint. The design configurations 

appear in the left column of the SolidWorks screen, and can be easily scanned through to view 

how the position of the markers changes throughout gait and deep knee bend.   
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Figure 3-13: Creaton of configuration model with each configuration representing position of markers in space for each timepoint in 

throughout gait and deep knee bend.  

 

The gait configuration model was imported into the overall assembly with the bone geometry 

and Optotrak, and constrained to the solid model of the Optotrak as follows; a concentric mate 

was added between the first reflective marker and its corresponding point in the configuration 

model. A “limit distance” mate was added to two of the reflective markers and their 

corresponding points in the configuration model. A tolerance of +-0.1mm was applied to these 

mates. This allowed some flexibility in the model to account for rounding off of experimental 

data, and prevented the model locking up.  

 

Figure 3-14: Addition of concentric mate to first reflective marker, and limit distance mates  to two markers 
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With these constraints in place, as the user clicks on each configuration, the femur (which is 

constrained in all directions to the Optotrak) will move to the corresponding position in space.  

 

Figure 3-15: Motion of the femur for different design configurations for gait.  

 

These mates were then suppressed, and the deep knee bend configuration model was imported 

and constrained to the model in a similar fashion.  

 

Figure 3-16: Motion of the femur for different design configurations for deep knee bend 

 

Through the use of a Design Table within SolidWorks that linked to an external Excel file, the 

model was set up so that appropriate mates for gait were unsuppressed for Gait 01 to 20, while 

each mate for Deep Knee Bend was suppressed. Conversely, for Deep Knee Bend 01 to 20, 

mates constraining markers to points in space representing deep knee bend were unsuppressed 

while those for gait were suppressed.  
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Figure 3-17: Design Table within SolidWorks linking to Excel file which controls which mates are suppressed (S) and unsuppressed (U) 

for each configuration 
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The limitations of the model were that it was specific to one bone geometry, that of the 

experimental cadaveric knee. As motion is driven by three-dimensional positional data from the 

experimental test, it is dependent on the relative position of the positional markers to the bone. 

Translation of this motion from one bone geometry to another is not possible within 

SolidWorks, and requires a more advanced modelling tool. For this reason ANSYS® Three-

dimensional finite element modelling package was used.  

3.4.2 Finite Element Modelling of Cadaveric  Experimental Model 
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In order to create a useful finite element model that would simulate the experimental motion and 

output meaningful information about the knee kinematics, anatomical landmarks on the knee 

were required in order to quantify motion at specific points, and hence transfer motion to 

subsequent knee geometries. A plethora of literature reports (Albrecht 1876; Blacharski et al. 

1975; Blankevoort et al. 1991; Frankel et al. 1971; Iwaki et al. 2000; Kurosawa et al. 1980; 

Kurosawa and Walker 1983; Kurosawa et al. 1985; Reuleaux 1876; Smidt 1973) describe the 

centre of the spheres estimating the posterior condyles; also called the Flexion Facet Centers 

(FFCs) as an anatomical landmark. These FFCs are readily identifiable on any bone geometry 
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and were identified as standardised reference points for translating motion data from one bone 

model to another. Based on a literature report by Elias et al (1990), and described in the 

Literature Review (Section 2.7); the circle that fits the posterior femoral condyle has equal radii 

from full extension (0 degrees) to approximately 140 degrees of flexion. In deep flexion, the 

circle gets smaller. The following methodology was used to find the centre of the posterior 

femoral condyles on the medial and lateral side (or medial and lateral FFCs); lines perpendicular 

to the tangent on the posterior femoral condyle were drawn from 0 degrees (full flexion) to 140 

degrees of flexion. The 0 degree line is approximately parallel to the femoral shaft axis. Their 

intersection creates lines of equal length and can be approximated as the centre of rotation. 

Based on the data, the radius of this centre of rotation should be approximately 21.5mm with a 

standard deviation of 2.6mm (Elias et al, 1990).   

   

Figure 3-18: Illustraitoin of flexion facet centre (FFCs)  as described (Elias et al, 1990 ) 

 

Two spheres were created with this radius, and positioned so that they best fit the articulating 

surfaces of the posterior condyles. The centre of these spheres was at the point of the medial and 

lateral FFCs.  A line was created joining the FFCs. The midpoint of this was used as the centre 

of the FFCs. A point was created at each of the FFCs and at the centre of FFCs. A Parasolid 

(X_t  file) containing three dimensional information about the bone geometry and the point 

locations of the FFCs and centre of the FFCs was exported from SolidWorks to ANSYS®.  A 

reference co-ordinate system was created. The Y axis was aligned parallel to the femoral shaft 

(with positive direction pointing inferiorly. The Z axis was aligned with the line joining the 

FFCs (with positive direction pointing laterally). The X axis was aligned to be orthogonal to the 

other two axes. Geometry within SolidWorks was simplified into extrusions for the Optotrak 
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frame and spheres for reflective markers for ease of selection for application of connections and 

nodes within ANSYS®.  

 

Figure 3-19: Simplified Optotrak geometry for ANSYS ®  
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As the motion was to be driven by three-dimensional positional data, it was essential that the 

global co-ordinate system origin of the kinematic model in ANSYS® was consistent with the 

co-ordinate system employed during the kinematic cadaveric testing. The origin was located on 

the fixed tibial marker. This point was defined in ANSYS® as the global co-ordinate origin.  

A reference origin was created at the centre of the FFCs, using the point location previously 

obtained in SolidWorks and aligning the reference axes with those previously created. 

When a parasolid subassembly is imported ANSYS automatically imports all parts and creates 

connections between the parts. All automatically created connections were removed, and the 

following connections were created; A fixed body-to-ground joint was created between the tibia 

and ground, and a general body-to-ground joint free in all directions was created at the centre of 

the FFCs on the femur, and at three of the four femoral Optotrak markers, for which 

experimental positional data was imposed as displacement.  
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Figure 3-20: Layout of ANSYS screen showing Outline Window and Geometry Window. A Rigid Body Analysis was set up for gait and 

deep knee bend. Joint conditions from cadaveric data were imposed and joint probes were placed where output results were desired 

 

A Rigid Body Analysis simulation was run for gait and deep knee bend individually. The 

following joint conditions were imposed on the connections; for each of the Optotrak markers 

A,C and D (Marker B was not needed to fully define the motion so was omitted) a condition for 

Dx, Dy and Dz was imposed using the tabular data function which allows user to select a 

column of data from an Excel sheet. The appropriate column was selected from the sampled 

displacement output from the cadaveric experiment for gait and deep knee bend, as described in 

Section 3.2.2. One of the conditions Dx,Dy and Dz was unconstrained for each of the markers, 

as six conditions in total were enough to fully define the motion. A displacement and a 

rotational joint probe was placed at each of the markers A,C and D. The co-ordinate system for 

each of the markers was defined as the global co-ordinate system (at the tibial marker, as per the 

kinematic analysis). A joint probe in ANSYS® is like a sensor on a specified joint or 

connection,  allowing the user to define what output is required from the motion at that location. 

The following two joint probes were placed at the centre of the FFCs; a relative displacement 

joint probe displaying results at all timepoints, and a relative rotational joint probe displaying 

results at all timepoints. The co-ordinate system for the motion of the centre of the FFCs was 
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defined relative to the reference co-ordinate system at this point. Motion output for this joint 

probe was therefore relative to its starting point.  

 

Figure 3-21: Joint conditions, Joint Probes and Results window for cadaveric experimental model within ANSYS® 

 

Analysis settings were as follows; 309 timepoints were set up to match the sampled data output 

from the cadaveric experiment, as this was being used to drive the motion. The step end time 

was 0.2492 seconds. Auto time stepping was on, with initial time step at 1e-002s, minimum 

time step at 1e-007 seconds, maximum time step at 5s-0002 seconds. Results were calculated for 

every timepoint.  The model was solved for the following output; displacement and rotation  

(DX, DY, DZ, Total Displacement and RX, RY, RZ, Total Rotation) at each of the Optotrak 

markers, and at the centre of the FFCs. The outputs at the centre of the FFCs (completely 

independent of Optotrak position and co-ordinate system) could be used to drive the motion for 

subsequent models by finding the same anatomical landmarks and using these to transfer the 

motion by using the output from this model as input to subsequent models. In order to perform 

an initial validation of the model the output from the unconstraineded degrees of freedom 

(DOFs) (relative to the global co-ordinate system) was compared to the actual experimental 

kinematic data. An excellent match between the output at the unconstrained DOFs on the 
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marker and actual experimental data was achieved (see Results section), which demonstrated 

that the motion of the kinematic model was similar to the experimental specimen.  

3.4.3 Simulation of gait to deep knee bend motion 

 

A model combining the motion for gait and deep knee bend was required. The first half of a gait 

cycle, going into deep knee bend, and back to gait was the desired motion for the modelling. 

This was obtained in Excel by merging the cadaveric kinematic data for each reflective marker 

from gait up to the point of maximum flexion with the deep knee bend data and back to the 

remainder of the gait cycle.  

 

Figure 3-22: Merging of gait to deep knee data. Input for markers A,C and D where Ax, Ay and Az are displacements of A in the X,Y 

and Z directions respectively 

 

As described in the previous section, a total of 9 joint conditions were added to the reflective 

markers, using the tabular data function of time vs displacement to create these joint conditions, 

and referencing the columns of the Excel sheet with the merged data. Again, as nine DOFs 

would overconstrain the motion one DOF from each marker was unconstrained, and output was 

compared to input for unconstrained DOFs in order to validate model (see Results section).  
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For this model, a joint probe was created at each of the medial and lateral FFCs, and  

displacement and rotation of the FFCs was output in order to report how these centres move 

during flexion from gait to deep knee bend.Position and rotation of the FFCs throughout a full 

flexion cycle was plotted at ten degree flexion increments, and is shown in the Results section in 

order to demonstrate how the FFCs, and the line connecting them moves throughout flexion to 

deep knee bend.  

3.4.4 Transfer of motion using anatomical landmarks 

A second solid model was created from CT scans using the methodology described in Section 

3.2.1 and imported into SolidWorks. The flexion facet centres (FFCs) and the centre of the FFCs 

were found in SolidWorks, as described previously, and co-ordinates of each were noted. The 

assembly was imported into the Design Modeler module of ANSYS as a parasolid model. The 

global co-ordinate system origin was aligned with the centre of the FFCs by using the Cartesian 

co-ordinate input within ANSYS®, as the output from the kinematic cadaveric (used as input 

for this model) referenced this co-ordinate system. X,Y and Z axes were aligned to the same 

directions as the reference co-ordinate system at the centre of FFCs on the kinematic model. 

This was a critical step as output data from the kinematic model references this co-ordinate 

system, and is used to drive subsequent models. 

 

As described previously, all automatically created connections were removed, and the following 

connections were created; A fixed body-to-ground joint was created between the tibia and 

ground, and a general body-to-ground joint free in all directions was created at the centre of the 

FFCs on the femur. Two joint probes were placed at this joint, a relative displacement joint 

probe displaying results at all timepoints, and a relative rotational joint probe displaying results 

at all timepoints. All joints were oriented about the reference co-ordinate system.  
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Figure 3-23: Joint conditions  (outputs for displacement and rotation from cadaveric experimental model) were applied at centre of 

FFCs  

Analysis settings were as follows; 309 timepoints were set up to match the timepoints output 

from the kinematic model, as this was being used to drive the motion. The step end time was 

0.2492 seconds. Auto time stepping was on, with initial time step at 1e-002s, minimum time 

step at 1e-007 seconds, maximum time step at 5s-0002 seconds. Results were calculated at 

equally spaced timepoints for a total of 50 timepoints.  For a first pass, the centre of the FFCs 

only was used as a transfer point for output motion from the kinematic model to drive the 

subsequent models. The input was displacement and rotation (DX, DY, DZ, RX, RY, RZ) from 

the output from the kinematic model at this point. For this model a separate simulation was run 

for gait and for deep knee bend.  

 

Figure 3-24: Input from kinematic model at centre of FFCs DX, DY, DZ, RX, RY, RZ 
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When the model was solved for gait and deep knee bend, the knee moved sensibly for both 

motions. There was an excellent match between output for displacements and rotations at the 

joint probes when compared to inputs (see Results section). As data was obtained from a CT 

scan from clinical use, the model could then be modified to incorporate a device (as implanted) 

and analyse how the device moves on the kinematic model. This is discussed in Section 3.6. 
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The location of the flexion facet centres remains subjective as outlined in the Literature Review. 

Extensive reports describe posterior femoral condyles as approximating spheres. (Albrecht 

1876; Blacharski et al. 1975; Blankevoort et al. 1991; Frankel et al. 1971; Iwaki et al. 2000; 

Kurosawa et al. 1980; Kurosawa and Walker 1983; Kurosawa et al. 1985; Reuleaux 1876; Smidt 

1973). The centres of the spheres have been referred to as the medial and lateral flexion facet 

centres (FFCs), and the line joining the centre of these spheres has been reported to be the 

flexion axis of the knee. However, the location of the anatomical landmarks is slightly 

subjective, and there is a large variation in the literature on where the medial and lateral flexion 

facet centres are located.  

 

Figure 3-25: Femoral landmarks as described by Churchill et al, 
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Figure 3-26: Femoral landmarks as described byMcPherson et al and Reuleaux et al 

 

Depending on which literature report is referenced, the location of the FFCs and the flexion axes 

is slightly different. Small variations in the placement of these points can cause large deviation 

from experimental kinematics when solely using these anatomical to transfer motion. For this 

reason, a method that uses standardised reference planes and defined points on the bone models 

is required. 

 

3.5 Novel proposal for transfer of motion  

 

In order to avoid using anatomical landmarks from the literature, it was proposed to use the 

point of minimum motion for gait and deep knee bend as a transfer point to transfer motion from 

one bone geometry to another. In order to locate the point of minimum motion, a grid for 

minimum displacement on the experimental cadaveric model was created using co-ordinates so 

that it was completely independent of finding the medial or lateral flexion facet centres. The grid 

was expanded out in all directions (an iterative process of approx 60 points) in order to locate 

the point of minimum motion. The experimental cadaveric model was run in ANSYS, and a 

joint probe measuring total displacement was sequentially placed at each point in the grid, all 

values for total displacement were recorded on an Excel spreadsheet in order to locate the point 

of minimum displacement for both gait and deep knee bend. 
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3.5.1 Identifying point of minimum motion for gait 

The point of minimum displacement for gait was found to be very close to the lateral flexion 

facet centre. Co-ordinates on the Optotrak model are (-98,-47,161). Total displacement 

throughout the gait motion was only 3.86mm. This is shown as point 56 in the graph below 

(highlighted). Tabular data is contained in the Appendix.  

 

 

Figure 3-27: Graph of total displacement for each point in grid to locate point of minimum motion for gait  

(Shown in yellos: Point 56, Co-ordinates -98,-47,161) 

 

   

Figure 3-28: Position of point of minimum motion for gait on  simplified representation of experimental cadaveric model 
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3.5.2 Identifying point of minimum motion for deep knee bend 

For deep knee bend, the point of minimum displacement is close to the medial flexion facet 

centre. Co-ordinates are (-115,-52.5,104). Total displacement throughout the motion is 1.72mm.  

 

Figure 3-29: Graph of total displacement for each point in grid to locate point of minimum motion for deep knee bend (shown in yellow: 

Point 18, co-ordinates -115,-52.5,104) 

 

   

Figure 3-30: Position of point of minimum motion for deep knee bend on experimental cadaveric model 
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3.5.3 Identifying points on other bone geometries 
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The cadaveric experimental model is used as a reference for the kinematic motion. Experimental 

data is used to drive the motion at the white balls on the Optotrak fixture attached to the femur.  

 

In order to create a standardized reference system to locate these points on subsequent bone 

geometries, the following series of planes were used.  

• A plane was created parallel to the femoral shaft, and called the frontal plane. The model 

was then rotated so that it was normal to the frontal plane.  

• On this plane, a line was drawn touching the distal condyles, and made a plane was 

created along this line perpendicular to the frontal plane. This plane was called the distal 

plane.  

• Model was rotated again, so that view orientation is looking at the distal plane. A plane 

was created through the mid point of the condylar notch, perpendicular to both the 

frontal plane and distal plane. This is called the mid plane.  

 

 

Figure 3-31: Creation of frontal plane, distal plane and mid plane on experimental cadaveric model 

 

• From the view orthogonal to  the distal plane, a medial and lateral plane were created 

parallel to the mid plane, at the medial and lateral condylar extremities in this view.  

• A condylar notch plane was created parallel to the frontal plane at the most anterior point 

of the notch in this view, a posterior condylar surface plane is also created parallel to the 

frontal plane at the posterior condylar extremities in this view.  
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Figure 3-32: Creation of medial and lateral condylar extremities plane, condylar notch plane, and posterior condylar surface plane on 

experimental cadaveric model 

 

This series of reference planes are not exclusive to the cadaveric experimental model, and can 

be applied to any bone geometry. The reference planes were used to identify the location of the 

minimum displacement points relative to these anatomical reference planes. By using ratios of 

positions of points relative to positions of reference planes, these points can be located on other 

anatomical models regardless of size, and without the need to scale models.  

 

Figure 3-33: Series of reference planes created  
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Figure 3-34 Measurements of point of minimum motion for gait to reference planes 

 

From the distal view the measurement to the condylar notch plane is 1.55. Let the distance from 

the condylar notch plane to the posterior condylar surface plane be the reference dimension 

(21mm for this model) 

22.55
1.0715

21
x = = , the point is 1.0715 times this reference dimension anterior to the posterior 

condylar plane from the distal orientation in subsequent models. From the mid view the 

measurement from the distal plane to the condylar notch plane is 9mm. This is the reference 

dimension here. The measurement from the condylar notch plane is 9.83  

  
y =

9.83

9
= 1.1  , the point is 1.1 times the reference dimension superior to the condylar notch 

plane. From the frontal view the reference dimension is the distance between the lateral and 

medial planes (81mm here). The point of minimum displacement is 12.55mm away from the 

lateral plane or  

  

z =
12.55

81
= 0.155 , the point is 0.155 times the reference dimension medial to the lateral plane.  
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The procedure was repeated for the point of minimum displacement for deep knee bend.  

 

19.07
0.91

21
x = =

                                
y =

17.27

9
= 1.92

                        
z =

71.29

81
= 0.88

 

Figure 3-35: Measurements and corresponding ratios of point of minimum motion for deep knee bend to reference planes 

 

Using these ratios, and creating the same set of reference planes, the points of minimum 

displacement for gait and deep knee bend can be located on any model. The output of motion 

(displacement and rotation) of the experimental cadaveric model at these points can be 

transferred to the same points on subsequent models, and used to drive the motion.  

3.5.4 Transferring motion to a second model 

The reference planes were created in an identical manner as described in section 5.3.1.   

 

 

  

Figure 3-36: Creation of reference planes on Model 2 (RMC model) 
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Using the ratios for x,y and z for the points of minimum displacement for gait and deep knee 

bend and  multiplying them by the distances measured between the relevant reference planes, 

the points of minimum motion were located as shown in figures  below.  

 

 

 

Figure 3-37: Location of point of minimum motion for gait (white dot) and deep knee bend  (red dot) on Model 2 

 

These points were used to input motion (displacement and rotation) from corresponding ouput 

motion at the points on the cadaveric experimental model. This transfer of kinematic motion 

from one bone geometry to another could therefore be standardised and was independent of user 

judgment and size of bones. Resulting motion is described in the results section.  

3.5.5 Transfer of motion onto a third model  

The procedure outlined above was repeated for a third model, as shown below. 

 

Figure 3-38: Creation of reference planes on Model 3 (WKH model) 
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3.6 Orthopaedic Device Design 

3.6.1 Example of model with Kinespring ® Device 

In order to demonstrate its application to orthopaedic device design, the kinematic modeling tool 

was applied to a bone model implanted with the initial version of the KineSpring
®
 device 

(Moximed, CA).  

 

Figure 3-39: Implanted Moximed Kinespring device showing surrounding ligaments and musculature 

http://www.moximed.com/ous/medpros/kinespringsystem.php 

 

The KineSpring
®
 device consists of two bases (tibial and femoral) and two load absorbing 

springs on pistons and arbors. An illustration describing device components is shown below. 

 

Figure 3-40: KineSpring
®
 Device showing load absorbing springs, pistons and arbors 
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Bone geometry was obtained from CT scans of actual clinical cases. As described in Section 

3.3.1 the bone geometry was reconstructed into a three dimensional model (.stl file). This was 

imported into SolidWorks where solid models of the device were mated to the bone geometry. 

In order to simulate surgical placement, the CT scans were used to accurately place the tibial 

and femoral bases as they were implanted.   

 

 

Figure 3-41: CT scan of implanted Kinexpring device 

 

The assembly of bone and device was imported into ANSYS® via a parasolid file. When a 

parasolid subassembly is imported ANSYS automatically imports all parts separately and 

creates connections between the parts. All automatically created connections were removed, and 

the following connections were created; A fixed body-to-ground joint was created between the 

tibia and ground, and a body-to-ground joint free in all directions was created at each of the 

centre of the flexion facet centres on the femur. A fixed body-to-body joint was created between 

the femoral and tibial plates of the device, along with a spherical joint between the tibial and 

femoral ball and sockets, and a translational joint between the pistons (shown in Figure 3-42 

below). A joint probe was placed at each of the flexion facet centres and at the centre of the 

flexion facet centres. A joint probe between the femoral and tibial anchor point was created 

(body-to-ground, free in all directions). A translational joint probe was placed between the 

pistons.   
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Figure 3-42: Device connections a)Fixed Joint between femoral and tibial plates and boned b) spherical joints between femoral and 

tibial ball and sockets c) translational joints between pistons and arbors. The coloured boxed in the left hand corners show the degree of 

freedom that is free for each joint. 

 

All joint probes referenced the global co-ordinate system, at centre of the FFCs.  For the 

KineSpring® device, a desired parameter is spring force, therefore a translational joint was 

placed between the piston and arbor in order to measure relative displacement, which could be 

directly converted to spring force, knowing the spring stiffness constant. Results of spring 

stiffness are discussed in Section 3.6.1, demonstrating how parameters can be easily measured 

for design modifications and iterations for efficient enhanced product design. 
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4.1 Flowchart of Methodology and Results 

 

The following flowchart outlines the results in the context of the steps taken in the Methodology 

Section. The left hand column depicts each step in the methodology section, feeding into 

obtained results for each individual section. Each result feeds into additional ouput for that 

section, or into the results of the subsequent section. Both the positional data and the 3-

dimensionsal reconstruction of the test set up were used to created the CAD and FE kinematic 

model. This model was applied to 3-dimensional reconstructions of two additional bone 

geometries. Based on these results, a standardised method of applying kinematics was proposed, 

and applied to the two additional bone geometries. Finally the kinematics were applied to a bone 

model incorporating an orthopaedic device and customisable design parameters were calculated 

from the simulation, yielding useful information about the device.  

  

 

Figure 4-1: Flowchart of methodology and results 
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4.2 Results of Cadaveric Kinematic Testing 

 

The results of the experimental cadaveric testing were as follows; 

• A CT scan of the bone/test geometry set up for gait and deep knee bend which was 

subsequently used for in silico reconstruction of the experimental set-up 

• An Excel sheet containing the following sampled Cartesian data which could be used 

for direct import into SolidWorks or ANSYS® 

o Positional vectors for each timepoint. A seperate column for X,Y and Z for each 

of the optical markers A,B,C and D 

o Displacement vectors for each timepoint. Again, a separate clumn of data was 

output for X,Y and Z for each of the optical markers A,B,C and D 

 

4.3 Results of In Silico Reconstruction 

4.3.1 In Silico Reconstruction of Cadaveric Kinematic Experimental Set up 

An anatomically and geometrically accurate three-dimensional model of the bone geomertry 

with the test frame and Optotrak reflective markers was created.  

 

a)  b)   c)        

Figure 4-2: Schematic summarizing in silico reconstruction showing  a)cadaveric test set up  b) stl file generated in Mimics c)optimized 

geometry in SolidWorks  
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4.3.2 In Silico Reconstrucion of clinical bone geometries 

Using the method described in Section 3.3.1, two bone geometries (femur and tibia only) were 

reconstructed from  clinical CT data (Data on file at Moximed Inc, CA).  

 

a)   b)  

Figure 4-3: Results of in silico reconstructions of bone geometries reconstructed from clinical data 

 

4.4 Results of Kinematic Modelling 

4.4.1 SolidWorks Incremental Model 

A SolidWorks model was created using experimental motion data that contained design 

configurations for incremental positions for gait and deep knee bend. Within the solid modeling 

program, the user can scan through the design configurations (in the left hand column, see 

Error! Reference source not found. below) and the femur will move to the position measured 

at that timepoint in the kinematic experimental testing. An orthopaedic device can be easily 

assembled to the model in SolidWorks to analyse device interaction with bones through 

experimentally derived gait and deep knee bend motion.  

4.4.2 Cadaveric  Kinematic Model in ANSYS® 

 

A model was created with a simulation for gait and deep knee bend in which a reconstruction of 

the cadaveric bone geometry with a simplified Optotrak frame moved according to the motion 

recorded during the cadaveric experiment at each reflective marker.  Displacements and 

rotations at selected anatomical markers were output from this model, and could be used to drive 

motion on subsequent bone models. The model also lends itself to incorporation of orthopaedic 
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devices. A video of the model in continuous motion was also output for both simulations to 

visualize the motion of the knee for gait and deep knee bend, see snapshots of the videos in 

Figure 4-4 below.  

   

 

Figure 4-4: Snapshots from video output of kinematic model of cadaveric bone geometry and test set up  

 

In order to validate the model the output at the degrees of freedom that had been unconstrained 

or unconstrained for each of the optical markers were compared to the original raw data. An 

excellent match was obtained (See Figure 4-5), with the maximum disparity between 

corresponding experimental and calculated data points being 0.251mm.  

 

Figure 4-5: Comparison of unconstrained degrees of freedom for Markers A,C and D with measured experimental data 
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4.4.3 Simulation of Gait to Deep Knee Bend Motion 

 

A model was created that moved from gait into deep knee bend and back into Gait again. 

Points were calculated for approximately each ten degrees of flexion (flexes up to 129 degrees, 

then starts to extend again). A graph showing the rotation about each axis was plotted and is 

shown in Figure 4-6 below for medial FFC only. Values in Table 1 describe positional location 

of medial and lateral FFCs at flexion increments of ten degrees, with colours corresponding to 

those shown on the graph.  As this motion was a hybrid of experimental data (values for gait and 

deep knee bend), it could not be directly validated against experimental data. The results show 

that as motion goes from gait to deep knee bend, both the medial and lateral flexion facet centres 

move. This result contrasts with literature reports described in Section 2.7.2 (Freeman and 

Pinskerova, 2005; Iwaki et al, 2000) who reported that the lateral FFC moves posteriorly, but 

that the medial FFC hardly moves at all from 0 to 120 degrees flexion.  

 

 

Figure 4-6: Rotation s around each axes at centre of FFCs for gait to deep knee bend motion. 
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Table 1: Positions of lateral and  medial FFCs  at increments of ten degrees, colours correspond with graph in Figure 4-6  

4.5 Comparison of model using anatomical landmarks and point of 

minimum displacement to transfer motion 

 

The anatomical landmark at the mid FFC was successfully used to transfer motion onto 

additional bone geometries (n=2). The novel method of using the point of minimum motion as a 

method to transfer motion was also successfully used to transfer motion onto additional bone 

geometries (n=2). In order to compare the two models, the kinematics (2 gait cycles in this case) 

were applied to an identical bone model. Motion was transferred using each of the methods; 

Model 1 (Figure 4-7) was created using displacement and rotation at the mid FFC (calculated 

from the original experimental model) as input to drive the model, Model 2 (Figure 4-9) was 

created using the point of minimum motion (calculated from the original cadaveric model) to 

drive the motion. For the first model, the output (rotation and displacement at mid FFC) was 

equal to the input. For the second model the output (rotation and displacement at mid FFC) was 

different to the input (rotation and displacement at point of minimum motion).  
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Figure 4-7: Model 1 created using novel method of transferring motion  

 

Figure 4-8: Model  2  created using points of minimum motion to transfer kinematic data 

 

MODEL 1 

MODEL 2 
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These results were compared to each other and an excellent match was found (Figure 4-9 and 

Figure 4-10) with less than 0.5mm difference between both models.  

 

 

Figure 4-9: Comparison of positions at mid FFC for both models.  Position for x,y and z for model 1 matches corresponding positions 

for Model 2 

 

 

Figure 4-10: Comparison of rotations at mid FFC for both models. 

 



 85 

Given the fact that the motion is driven by purely geometrical input, this close match is 

expected, however if the method of transferring the motion, or point selected as a reference to 

transfer the motion is incorrect, the motion will not be the same, many iterations of 

methodology and appropriate transfer points were required to get complete agreement between 

the methods.  

The comparison shows that both methods of transferring motion give similar results, and 

validates the novel proposed method. The advantage of using the point of minimum motion to 

transfer motion is that it is less subject to variability, using relative positioning to reference 

planes instead of anatomical landmarks described in the literature.  

4.6 Application of Tool to Orthopaedic Devices 

 

The Kinespring® device (Moximed, CA) was incorporated into each of the models. One of the 

desired parameters for the design of the device was spring force, so a translational joint was 

placed between the piston and arbor in order to measure relative displacement, which could be 

directly converted to spring force, knowing the spring stiffness constant. Translational 

displacement between the piston and arbor for two gait cycles was calculated from the model 

using ANSYS® software.   

 

 

Figure 4-11: Output of displacement at translational piston/arbor joint throughout two cycles of gait in ANSYS software  

 

This graph of displacement was exported to Excel and correlated to the position of the device at  

zero load on spring, at maximum compression of spring (Figure 4-12).  
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Figure 4-12: Piston/arbor translation with graphics representing position of bones and device at time points throughout motion 

 

Using the known spring constant, the load absorption of the device throughout two gait cycles 

was calculated. The change in displacement between the pistons was output from ANSYS® by 

the translational probe at the piston (from neutral position 0mm). When the piston/arbor 

translation is equal to or greater than 0mm, there is no force on the spring. When the 

piston/arbor translation is negative, there is a compressive force on the spring. This is shown 

schematically in Figure 4-12, with spring forces included (for an arbitrary spring constant of 

5lbs in Figure 4-13 below.   

 

Figure 4-13: Computed spring load absorption based on piston/arbor displacement values 
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Given this information, and knowing the spring forces, the designer can optimize number of 

load absorbing springs, optimal material, and design of the spring to tailor it to the quantified 

spring forces. The model provided insight into the exact timepoint in gait when the spring was 

in compression, and the timepoint and absolute value of the maximum compression could be 

obtained.  

 

A practical application of the model was found to be creating “what if?” scenarios for surgical 

placement. By adjusting placement of the device to a variety of implanted positions (Figure 

4-14), the model can be run to analyse the effect of this change, and the sensitivity of the device 

to changes in surgical placement.  

 

 

 

Figure 4-14: Running identical bone model with adjusted surgical placement of device 

Identical bone model 

with varying position 

of tibial plate  
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Figure 4-15: Running device for each surgical placement. In this figure the selected output is translation at the pistons.  All parameters 

measured can be compared to identify optimal placement of the device.  

 

By comparing, for example, piston translations (and therefore compressive force of load 

absorbing spring), valuable information is obtained about surgical positioning. This information 

can be used to demonstrate to orthopaedic surgeons the importance of correct positioning of the 

device. The designer can use the data to implement instrumentation to ensure that the device is 

always positioned in the optimal location. 
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5 DISCUSSION 

 

5.1 Advantages of the Model...........................................................................................90 

5.2 Limitations of the Model ...........................................................................................91 

5.3 Potential Future Work ...............................................................................................91 

 

 

A Kinematic design tool has been successfully created, using cadaveric experimental data to 

drive an anatomically accurate in silico reconstruction in SolidWorks and ANSYS® , with the 

ability to incorporate an orthopaedic device to analyse the effect of kinematics on the device.  

Although specific models of knee motion exist, the current work proposes a standardized 

technique to merge various experimental data with selected bone geometry. The tool can be 

used for geometric and structural engineering evaluation in 3D modelling or FE modelling 

packages allowing designers of orthopaedic implants to utilize this tool to study the 

biomechanical and mechanical interactions of a joint implant. One example of the application of 

an orthopaedic device to this kinematic design tool is detailed in this thesis, but alternative 

applications are numerous. Any orthopaedic device or design iteration can be easily translated 

onto any patient specific bone geometry, using tools commonplace to orthopaedic implant 

designers.  The resulting model can be subjected to kinematically accurate motion using 

experimental data. Using joint probes to extract desired information, this tool can aid in design 

optimization, performance evaluation, and surgical placement. A flowchart outlining the general 

method for utilization of the model is shown in Figure 5-1.   
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Figure 5-1: Flowchart of generic method 

 

 

5.1 Advantages of the Model 

 

The advantages of this model over currently available models are that applied kinematic motion 

is from actual experimental testing and is not theoretical. The advantage of the SolidWorks 

model is that design iterations of devices can be easily incorporated into the model, it is easily 

accessible to orthopaedic designers, and provides an invaluable, time efficient estimation of how 

the device will move throughout gait and deep knee bend without designers having to run a 

finite element analysis, when the software and expertise may not be available to them. The tool 

allows designers to quickly assess design iterations, and customise design accordingly.  

 

Within the finite element model, useful data can be obtained in order to optimise device. design. 

The model can be customised to output specific parameters as required by the designer (for 

example translation between pistons, distance between anchor points). Surgical placement 

scenarios can be analysed.  
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5.2 Limitations of the Model 

 

The main limitation of the current kinematic design tool is that the kinematics are purely based 

on geometry. Forces applied by ligaments, muscles and tissues are not modeled. There is 

potential to improve the model by running a flexible analysis, incorporating material properties 

of bone and device components. Gait and deep knee bend are modelled, but kinematic data for 

stair ascent, stair descent and other daily activities would be useful, as it may represent worst 

case for position of device, or stress on components.  

 

Validation of the model with data from an additional cadaveric left knee experiment is desirable  

but was not possible in the timeframe of the project. Collection of data on a live knee using 

similar optical markers and recording equipment be used to further validate the model. 

 

5.3 Potential Future Work 

 

A more comprehensive model incorporating muscles, ligaments and tendons would provide 

additional information to purely geometry driven motion. However, the simplicity of the current 

model is one of its main advantages for use as a quick design tool. The advantages to the 

designer of adding complexity of the model should be balanced with the potential that added 

complexity might render the model time consuming and inefficient for designers to use on a 

day-to-day basis.  

 

A flexible dynamic analysis could be run, in which material properties can be assigned to the 

bones and device, so that force transmitted through device components can be calculated, 

providing valuable information on appropriate material selection. The force transmitted from the 

device onto bone, and resulting stress distribution in the bone can be calculated, providing 

information on potential bone remodelling with implanted device. 

 

Further substantiation of the model would be possible by conducting identical experimental 

testing, as described in Section 3.2.1, on a second knee. This comparison with a second set of 

experimental data would be desirable, and is planned for future validation of the model.   
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