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ABSTRACT  

 

Sometimes called degenerative joint disease, osteoarthritis most often affects 

the knee, which is a leading cause of pain and reduced mobility. While early 

treatment is ideal, it is not always successful in combating osteoarthritis and 

improving joint function, therefore creating the need for total knee 

arthroplasty (TKA), which is a late-stage treatment where damaged bone and 

cartilage are replaced by artificial cartilage. Joint arthroplasty is a common 

and successful procedure for end-stage osteoarthritis. Unfortunately, TKA 

patient satisfaction rates lag behind those of total hip arthroplasty [1,2], which 

remains an impetus to create new designs. 

Due to ethical issues, time requirements, and prohibitive expenses of testing 

new designs in vivo, mathematical modeling may be an alternative tool to 

efficiently assess the kinetics and kinematics of new TKA designs. In general, 

the knee is one of the most complicated joints in the human body, including 

multiple articulating surfaces and the complexity of soft tissues encompassing 

the knee joint. Therefore, mathematically modeling the knee is a challenging 

and complex process. With increasing computational power and advanced 

knowledge and techniques, advanced mathematical models of the knee joint 

can be created utilizing various modeling techniques [3].  

Furthermore, mathematical modeling can advance our knowledge related to 

knee biomechanics, especially those parameters that are otherwise challenging 

to obtain, such as soft tissue properties and effects pertaining to knee 

mechanics. Mathematical modeling allows the user to evaluate multiple 

designs and surgical approaches quickly and cost-efficiently without having to 

conduct lengthy clinical studies. Mathematical models can also provide insight 

into topics of clinical significance and can efficiently analyze outcome 
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contributions that cannot be controlled in fluoroscopic studies, such as 

anatomical, mechanical, and kinematic alignment comparisons for the same 

subject. Furthermore, mathematical models can evaluate the effect of TKA 

design concerns such as changing conformity of the polyethylene or using 

femoral components with single or multi radius designs [3].  

The objectives of this dissertation are to advance a forward solution model to 

create a more sophisticated and physiological representation of the knee joint. 

This is achieved by developing a muscle wrapping algorithm, integrating a 

validated inverse dynamics model, adding more muscles, incorporating several 

different TKA types including revision TKA designs, and expanding the model 

to include other daily activities. All these modifications are incorporated in a 

graphical user interface. These advancements increase both functionality and 

accuracy of the model. Several validation methods have been implemented to 

investigate the accuracy of the predicted kinetics and kinematics of this 

mathematical model.   
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Chapter 1: Introduction 

1.1 Basic Definitions 

Before starting to delve into the knee and mechanics of the knee joint, it would 

be beneficial to provide some basic definition to describe the human anatomy 

and movements. The movements of the human joint are often described using 

three orthogonal planes: the coronal (frontal), the sagittal, and the transverse 

(horizontal) plane. The movements in these planes are called the medial/lateral 

(ML), the anterior/posterior (AP), and the superior/inferior (SI), respectively 

(Figure 1-1).  

1.2 The Human Knee  

The knee joint is the largest and one of the most complex joints of the human 

body [4]. The knee joint consists of two separate joints: The tibiofemoral joint 

(the articulating surface between the femur and the tibia), and the 

patellofemoral joint (articulating surface between the femur and the patella) 

(Figure 1-2).  

The tibiofemoral joint, which is mainly responsible for carrying the weight of 

the upper body and absorbing loads through flexing during daily activity, 

consists of two compartments: one between the lateral condyle of the femur 

and the lateral plateau of the tibia, and one between medial femoral condyle 

and the medial tibial plateau.  

The patellofemoral joint is mainly responsible for transferring the loads of the 

extensor mechanism of the knee.  Specifically, the main function of the patella 

is to increase the moment arm of quadriceps muscles on the knee and to change 

the line of action of quadriceps force during knee flexion/extension [5–8]. Both 

joints often experience forces multiple times of body weight [9–13]. 
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Figure 1-1: Anatomic planes of the human bodies and reference axes. Image modified from 

human-memory.net.  

 

Figure 1-2: The major bones of the human knee [14].  
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1.2.1 The Muscles of the Knee 

The primary muscle groups of the human knee are quadriceps, hamstring, and 

gastrocnemius (Figure 1-3). The quadriceps muscles are the main extensor 

muscles of the knee and consist of rectus femoris, vastus medialis, vastus 

lateralis, and vastus intermedius. All four quadriceps muscles insert on the 

proximal patella. The vasti muscles originate on the anterior side of the femur, 

while rectus femoris originates on illium on the pelvis.  

The hamstring muscle group is mainly responsible for knee flexion and consists 

of four fibers: the semitendinosus and semimembranosus, which originate from 

ischial tuberosity (distal part of the pelvis) and insert on the medial tibial 

condyle, the bicep femoris – long head, which also originates from ischial 

tuberosity but inserts on the lateral side of the fibula, and the bicep femoris – 

short head, which originates from the posterior side of the femur bone and 

inserts on the fibula. The primary functions of hamstring muscles at the knee 

joint are to extend the knee. 

 The gastrocnemius muscles have two fibers: the lateral head originates from 

the lateral femoral condyle, and the medial head originates from the medial 

femoral condyle. Both insert on the posterior side of the calcaneus on the back 

of the foot as Achilles tendon. 

In addition to these three main muscle groups, there are several other muscles 

acting at the knee joint. These muscle groups are mainly act as stabilizers for 

the knee joint stability. For example, the sartorius is a thin muscle originates 

from the pelvis and inserts on the tibia. The sartorius plays a minor role in 

knee and hip joint movements, such as medially rotating the tibial while the 

knee is flexed. The popliteus muscle originates from lateral femur and 

obliquely cross the posterior knee and inserts to the medial tibia. The popliteus 

muscle plays a role in “screw-home mechanism” of the knee. It helps lock the 
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femur through internal rotation at full extension relative to the tibia. Iliotibial 

tract or iliotibial band is another muscle crossing both the knee and hip joints. 

At the knee joint iliotibial tract provides lateral knee stabilization.  

1.2.2 The Ligaments of the Knee 

The main four ligaments of the knee between the femur and the tibia are the 

anterior cruciate ligament (ACL), the posterior cruciate ligament (PCL), the 

lateral collateral ligament (LCL), and the medial collateral ligament (MCL) 

(Figure 1-4).  

Unlike muscle, the ligaments do not generate forces, but act as constraints 

resisting in tension. They act as passive forces to provide stability for the knee 

joint and to restrain abnormal motion [15–17].  

The cruciate ligaments are often described as a four-bar linkage system [18,19] 

and facilitate the screw-home mechanism and consistent rollback and external 

rotation of the femur relative to the tibia [20,21]. The collateral ligaments are 

parallel ligaments on the medial and lateral sides of the knee and are primarily 

responsible for resisting the varus/valgus rotation of the femur relative to the 

tibia [17,22].  

Another major ligament at the human knee is the patellar ligament. The 

patellar ligament, sometimes called the patellar tendon, originates from distal 

patella and inserts on tibia tuberosity [23]. The patellar ligament is an 

essential part of the extensor mechanism of the knee, transferring the 

quadriceps muscle forces to the tibia [24].  

Additionally, there are other minor ligaments around the patella, providing 

stability to the patella during knee flexion, such as the lateral patellofemoral 

ligament (LPFL), medial patellofemoral ligament (MPFL), and patellomeniscal 

ligament.  
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Figure 1-3: The muscles of the knee joint are shown here from the anterior (left) and the 

posterior view (right) (image from anatomynote.com). 

 

Figure 1-4: Major ligaments of the human knee joint (image modified from coreem.net). 
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1.2.3 The Motion of the Knee 

In essence, the human knee joint can be defined as a one-degree of freedom 

joint, which is flexion.  With properly functioning ligaments working in unison 

with geometry, the other two rotations and three translations are constrained 

and defined by flexion and constraints.  In contrast, if the ligaments have laxity 

and are not providing proper constraints, the human knee can be considered 

as a six degree of freedom system, with three translational and three rotational 

components. The translations include AP, ML, and SI translations alongside 

those axes. And the rotations are called flexion/extension (FE), varus/valgus 

(VV), and internal/external (IE) (axial) rotation about the ML, AP, and SI axes, 

respectively (Figure 1-5). 

The kinematics of the normal knee is well established during the weight-

bearing flexion activities [25–29]. At full extension, the femur internally 

rotates relative to the tibia exhibiting the “screw home” mechanism. During 

dynamic knee flexion, the femur rotates externally relative to the tibia, and 

correspondingly the lateral condyle moves progressively posteriorly as knee 

flexes (Figure 1-6).  

Fluoroscopic studies have reported lateral condylar rollback values up to 21.0 

mm throughout a deep knee bend activity [30]. The medial condyle, on the 

other hand, generally does not exhibit such as much rollback throughout the 

flexion, with average rollback of 1.9 mm [30]. In fact, previous studies have 

revealed that the medial condyle may actually experience an anterior motion 

pattern between 90° to 120° of knee flexion. It has been reported that the 

medial condyle for the normal knee has moved up to 2.2 mm in the anterior 

direction with increasing knee flexion [31]. Cadaveric studies have shown 

similar patterns for the normal knee during active knee flexion. A study by 

Iwaki et al. documented 18 mm of lateral rollback and 1.5 mm of medial 

  



 

7 

 

 

Figure 1-5: The knee joint is a six degree of freedom system with three translational and three 

rotational motion [32]. 

  



 

8 

 

 

Figure 1-6: Tibiofemoral knee kinematics are shown here. The femoral lateral condyle moves 

posteriorly with knee flexion. The medial femoral condyle movement is limited compared to 

the lateral condyle. The combination of these two movements result in consistent femoral 

external rotation of the knee during knee flexion [26].  
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rollback in a cadaveric study [26]. The difference in the magnitudes of the 

lateral and medial condylar translation results in consistent external rotation 

of the femur relative to the tibia. 

1.3 Total Knee Arthroplasty 

Osteoarthritis, the most common joint disorder, signified by the excessive wear 

of joint cartilage, is most common in knee, hip, and spinal joints (Figure 1-7). 

Osteoarthritis of the knee is the most common cause of the pain and reduced 

mobility [33]. Knee arthroplasty is the late-stage treatment when other 

medical treatments are unable to improve the affected knee. Knee arthroplasty 

is a successful treatment at relieving pain and improving osteoarthritis 

patients’ quality of life. 

There are several types of knee arthroplasty, including total knee arthroplasty 

(TKA), unicompartmental knee arthroplasty (UKA), and bicompartmental 

knee arthroplasty (BKA). TKA is the most common. In a TKA procedure, the 

degenerative articulating surfaces are replaced with prostheses. The distal end 

of the femur and proximal end of tibia removed and replaced with metallic 

components, generally titanium or cobalt chrome.  

Polyethylene bearing components are inserted in between these two 

components to provide a smooth articulating surface. Sometimes, the patella 

is resurfaced, and a polymer component is placed on the posterior patella 

(Figure 1-8).  

The total knee arthroplasty has become a highly successful procedure to 

improve the mobility and pain relief in late-stage arthritic joints [34–38]. Since 

TKA surgery has proven to be very successful at relieving pain and improving 

osteoarthritis patients’ quality of life, the number of total knee arthroplasty 
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Figure 1-7: Osteoarthritis of the Medial Side of the Knee [39]. 

 

Figure 1-8: A conventional TKA consists of at least three components: a femoral component 

rigidly attached to the femur, a tibial tray rigidly attached to the tibia, and a bearing insert 

placed between the femoral component and tibial tray. Often, the patella is resurfaced, and a 

component is placed on resurfaced patella.  
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(TKA) procedures has been increased over the past decades [40,41] and is 

projected to continue to grow [42]. It is estimated that the number of TKAs will 

grow by 673%, accounting for 3.48 million primary TKA procedures, by 2030 

[43]. 

Additionally, the TKA design can be categorized based on the shape of the 

contacting surfaces, either femoral component condylar shapes or bearing 

insert plateau surfaces. There are three major types of femoral component 

shapes based on the sagittal curvature: single radius, multiple radii (J-curve), 

and gradually reducing radii (G-curve) (Figure 1-9).  

The most commonly used femoral component shape is the J-curve design, 

which incorporates a large radius anteriorly and a smaller radius distally, to 

replicate the anatomical shape of the natural knee [44]. The instantaneous 

shift in the radius is believed to be a cause for mid-flexion abnormal kinematics 

[45], and therefore single radius designs were introduced featuring a uniform 

radius.  

Additionally, gradually reducing radii (G-curve) femoral condylar designs, 

which incorporate a gradually reducing radius curvature, have been developed 

to improve the anteroposterior translation of the femoral component. 

Furthermore, based on the amount of constraint associated with the bearing 

insert, as well as the decision to keep or resect certain knee ligaments, there 

are multiple specific types of TKA: posterior cruciate-retaining (PCR), 

posterior stabilizing (PS), bi-cruciate retaining (BCR), posterior cruciate 

sacrificing (PCS), bi-cruciate stabilizing (BCR), and medial pivot (Figure 1-10). 

In the PCR design the ACL is resected and the PCL is retained. In the PS 

design, both cruciate ligaments are resected, but the functionality of the PCL 

is replaced with cam and post mechanism. In BCS designs, both cruciate 

ligaments are replaced with cam and post mechanisms.  
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Figure 1-9: The femoral component can be made with different sagittal curvatures [46].  

In the PCS design, both cruciate ligaments are resected, but there is no cam 

and post mechanism. The bearing of these designs is ultra-congruent, in which 

the anterior lips are raised to provide a physical constraint against anterior 

sliding of the femur.   

In BCR designs both cruciate ligaments are retained. Table 1-1 summarizes 

theses design and how the cruciate ligaments are treated in these designs. The 

medial pivot design is similar to the PCS deign.  

The idea of medial pivot design comes from the motion of normal knee, where 

the lateral condyle moves posteriorly while the medial condyle movement is 

very limited. The medial compartment is designed like a ball and socket joint 

to only allows for medial rotation without slipping. The lateral compartment is 

designed flatter to allow for posterior translation (Figure 1-11).  

Furthermore, TKAs can be categorized based on the axial rotation of the 

bearing insert. As the name implies, in the fixed-bearing design the bearing 

insert is rigidly attached on the tibial tray and therefore there is no relative 

movement between the tibial tray and the bearing insert.  
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Figure 1-10: Different TKA types retain or resect cruciate ligaments. And often replace the 

functionality of these ligament with a form of physical constraint on the bearing insert. 

Table 1-1: The cruciate ligaments are treated differently for each TKA type. 

  ACL PCL 

PCR Resected Retained 

PS Resected substituted with cam-post 

PCS Resected 
substituted with ultra-congruent 

bearing 

BCS Substituted with cam-post Substituted with cam-post 

BCR Retained Retained 
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Figure 1-11: the medial compartment in the medial pivot design is similar to a ball and 

socket joint to restrict the medial motion. The lateral compartment is flatter to allow femoral 

lateral rollback (image modified from [47]).  

On the other hand, the bearing in the mobile-bearing design is able to axially 

rotate relative to the tibial tray. The rationale behind mobile-bearing TKA is 

that the rotation of the bearing might encourage additional femorotibial 

rotation, reduce stresses applied on the bearing from the femoral component, 

and ultimately reduce the component wear.  

1.4 TKA Complications  

Despite the high rate of survivorship in TKA implants [34–38], there are still 

considerable numbers of dissatisfied patients having a TKA [2,48–51]. One can 

assume that there are many reasons associated with patient dissatisfaction 

after TKA, but most issues are attributed to the patients expecting more out of 

their implant. Patients are no longer satisfied when pain is simply diminished, 

as they are desiring better function and the ability to perform a wide range of 
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activities under normal conditions [49,51–55]. Restoring normal-like knee 

kinematics can contribute to improving the functional outcome of a TKA and 

therefore can increased patient satisfaction [56]. An even more pressing need 

is to restore normal kinematics for younger, more active patients demanding 

to live a more active lifestyle post TKA [57]. 

Due to various reasons, such as severe bone damage, altered knee joint 

geometry, soft tissue deficiency, and surgical procedure [29,58–65], it is not 

surprising that the TKA kinematics vary more considerably than those 

observed in normal knees [58,59,63,66,67]. Specifically, cruciate retaining (CR) 

designs have been shown to exhibit paradoxical anterior slide of the femur with 

flexion leading to increases patellofemoral pressure and anterior knee pain 

[45,68–72]. Although the cam-post mechanism in posterior-stabilized (PS) TKA 

is designed to prevent the anterior sliding of the femur, the mechanism does 

not engage until late flexion. This makes PS designs vulnerable to similar 

anterior movement during the mid-flexion, and studies have reported non-

progressive rollback of the femur [63,73]. Progressive femoral rollback is one 

of the key features of the kinematics of a normal healthy knee joint, as it 

increases the moment arm of the extensor muscles and therefore reduces the 

amount of muscle forces required to perform daily activity [74]. Thus, it is 

believed that achieving more progressive rollback and preventing paradoxical 

anterior sliding can improve TKA functionality.  

1.5 TKA Evaluation 

With such a multitude of TKA designs, it has become necessary to develop 

methods to assess and compare each design quantitatively to distinguish the 

differences and evaluate the potential outcomes. Unfortunately, it has been 

documented in numerous studies that 20% of TKA patients are dissatisfied 

with their knee implant [2,48–51]. One of the most common causes of 
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dissatisfaction is the limited functionality of the implanted knee compared to 

a non-implanted, normal knee. Therefore, developing new implant designs to 

mimic the native joint kinematics is a common goal, not only for implant 

companies but also for the orthopedic surgeons striving to implement the most 

novel implant designs to achieve the better post-operative functionality for 

their patients. There are various in vivo and in vitro methods that have been 

developed to assess both kinematic and kinetic outcomes associated with TKA 

designs. In addition, many of these devices and tools can provide insight into 

predicting implant life. 

One such TKA evaluation method is to use wear simulators, which place the 

TKA in a mechanical device that attempts to replicate the in-vivo loading 

conditions over millions of cycles. Cadaveric simulators are another method to 

assess TKA outcomes. Cadaveric rigs implant the TKA into a cadaver leg, 

which is then manipulated, along with the extensor mechanism, to analyze and 

predict outcomes. These methods provide more “in vivo-like” conditions 

because they analyze the kinematics of the knee under the soft tissue 

constraints the ligaments around the knee. The in vivo joint loads also can be 

determined using telemetry devices. In this case, joint forces are determined 

using sensors placed within the implant. Finally, the kinematics of TKAs can 

be assessed using motion tracking using skin markers, roentgen 

stereophotogrammetric analysis [75,76], quasi- dynamic magnetic resonance 

imaging (MRI), and fluoroscopic registration techniques [77–83].  

While all these methods are valuable, they have several drawbacks. First, all 

these methods require the physical, manufactured versions of the implants, 

and in many cases these methods also require the TKA to be implanted into 

patients. Second, these methods are often costly and time-consuming. Third, 

some of these methods can be highly invasive.  
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Mathematical modeling is another tool to evaluate the TKA. During the entire 

process of developing a new TKA design, a validated mathematical model can 

be a viable tool to help investigate the effects of the specific new features and/or 

entire new implants designs. 
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Chapter 2: Background 

2.1 Mathematical Modeling 

Using mathematical modeling, the motions and interactive forces between 

TKA components during various activities are defined with a series of 

differential equations of motion. There are different methods to derive these 

equations of motion. For example, Kane’s dynamics and Lagrangian methods 

are two common methods to obtain the dynamic equations of motion. Although 

different in methods, both are reformulations of the classic Newtonian method, 

F = ma.  

There are various types of mathematical models of the human body that 

currently exist, varying from commercially developed models to institutionally 

research developed models. The two most commonly used types of 

mathematical models in the field of biomechanics are inverse dynamics 

solution and forward dynamics solution models (Figure 2-1). This terminology 

originates from Newton’s second law, F = ma, where obtaining the forces as an 

output from the motions (accelerations) as an input is the inverse solution 

technique, while calculating the kinematic outputs based on the forces and 

torques applied to the system is called forward dynamics. The inverse solution 

technique, which is more widely used, relies on knowing and inputting the 

motion of bodies into a multi-body system and obtaining the forces that derive 

the system [9–11,84–87]. In contrast, in the forward solution technique, forces 

and torques will be used to predict the unknown motion of the system [88–92]. 

The forward solution models are generally more advanced and complicated 

compared to inverse models. However, these models can be powerful tools to 

model the human body since they mimic the way the human body works, 

specifically by using forces (i.e. muscles) to drive motions (i.e. flexing and 
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extending). Conversely, the inverse solution models require known motion of 

human joints, more specifically the knee in our study, as an input to the 

system, often from fluoroscopic data. However, when evaluating new TKA 

design, such data is not readily available, and therefore forward solution 

models may be more powerful for cases such as these.  

 

Figure 2-1: The difference between the inverse dynamics model (left) and forward dynamics 

model (right) 

Furthermore, mathematical models can be categorized as optimization 

techniques or reduction techniques. Since there are many muscles exerting 

forces at each joint of the human body, there are more unknown than degrees 

of freedom. Optimization techniques revolve around defining an objective 

function and try to optimize this function [86,87]. Often the object function in 

human body mathematical models is to minimize the energy expenditure or to 

minimize the error between measured and simulation kinematics. 

On the other hand, in the reduction techniques, the number of unknowns is 

reduced [10,93]. For instance, the main driver of the knee extension movement 

is the quadriceps muscles; hence, the roles of other muscles that are 

insignificant compared to quadriceps muscles can be neglected. While this 

technique may not be as anatomically accurate as advanced optimization 

techniques, the differences are often negligible, and reduction techniques often 

produce solutions faster [94]. 
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Based on the technique to model the interaction in the human joint, 

mathematical models can be either rigid body models or finite element models 

(FEM). FEM models are developed based on the fact that all material, when in 

contact, will deform no matter how rigid they are [95,96]. Then, based on the 

properties of the material, the interaction forces and stress distributions on the 

articulating surfaces are calculated. FEM models are usually very complex and 

therefore very time-consuming. FEM medals are especially useful in predicting 

the wear patterns of the TKA components. On the other hand, rigid body 

models are developed based on the assumption that there is no deformation 

occurring between contacting surfaces [97]. Rigid body models can be very 

powerful tools to predict the kinematics of the TKA designs. Rigid body models 

are often used in biomechanics and aerospace fields where the dynamic system 

contain several bodies. In contrast to the FEM technique, it is generally 

assumed that there is no deformation occurs between bodies. Although FEM 

models are more reliable and accurate at predicting joint kinetics, they are 

often limited to only the bodies interacting at the joint of interest. With rigid 

body models, on the other hand, the effects of other bodies on the interactive 

forces and torques on the joint can be investigated. Rigid body models are 

generally faster than FEM models. 

The mathematical model proposed in this study is based on a forward solution 

mechanics using a rigid body technique [98]. This model is a mathematical 

model of the lower extremity of a human body consisting of tibia, femur, 

patella, and pelvis bones (Figure 2-2). Also, the model incorporates bodies for 

TKA implants, the femoral component, tibial tray, bearing insert, and patella 

component. Ligaments are modeled as non-linear springs, and a PID controller 

was utilized to predict the quadriceps muscle forces. A contact detection 

algorithm was used to calculate the interactive forces at the tibiofemoral and 

patellofemoral joints.  
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The model is based on Kane’s dynamics equation of motion, developed using 

the symbolic manipulation algorithm, Autolev. A graphic user interface (GUI) 

was developed that allows the user to create different TKA conditions, such as 

implant placement and component geometry manipulation to simulate 

different in vivo conditions (Figure 2-3). A more detailed description of this 

model is given in section 4.1.  
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Figure 2-2: Free body diagram of the mathematical model. Soft tissue forces (muscles and 

ligaments) are defined with vectors. 

 

Figure 2-3: Graphic user interface of the mathematical model. 
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Chapter 3: Objectives and Contributions 

3.1 Objectives 

Surgical conditions such as component placement and soft tissue balancing, as 

well as TKA design features such as the conformity of the articulating surfaces 

or position of the post on a PS design, are all shown to play significant roles in 

TKA outcomes [99–102]. There are several methods to assess the outcomes of 

TKA, such as fluoroscopic studies, wear simulators, cadaveric rigs, etc. 

[67,103,104]. While these methods are effective at predicting TKA mechanics 

and providing insight into TKA outcomes, they are usually invasive, expensive, 

and not feasible to utilize during the early stages of implant development. A 

theoretical model capable of accurately predicting knee mechanics is of crucial 

importance to investigating novel implant designs. Additionally, mathematical 

models provide insight on aspects of the knee that are difficult to measure 

otherwise, such as soft tissue forces and properties. A validated mathematical 

model can expand our understanding of the effects of soft tissues and 

component alignment on the outcomes of TKA.  

Therefore, the objective of this dissertation will be to advance the capabilities 

of an existing mathematical model to represent a more accurate physiological 

simulation of the human knee joint. 

• The model will enhance the physiological aspect of the knee joint by the 

development of a more accurate muscle wrapping algorithm. 

• More muscles will be added to the model. 

• the two additional rigid bodies, comprising of the foot (toes and 

talus/calcaneus) will be added into the model. 

• The model will allow the user to more thoroughly investigate the in vivo 

forces and kinetics of the knee joint by incorporating an inverse solution 
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model that can utilize kinematic motion from the forward solution 

model. 

• The model will expand its functionality by incorporating more subjects 

of various deformity and conditions. 

• Develop the capability to analyze mobile and fixed bearing revision knee 

arthroplasty designs, including hinged designs.  

• More daily activities will be incorporated into the model. 

• The accuracy of the model will advance through incorporating more 

clinically relevant simulations, as well as incorporating a settling 

algorithm to better model the early flexion simulations. 

• The GUI will be advanced to incorporate new analysis features. 

• The quadriceps mechanism has been advanced in the model to more 

accurately determine knee mechanics. 

 

3.2 Contributions 

As previously mentioned, there are several types of mathematical models in 

the field of biomechanics, especially at the knee joint, contributing to our 

knowledge of the biomechanics of the human knee. One such model is the one 

described herein, developed at the University of Tennessee, which utilizes a 

ridged body reduction principle using Kane’s system of dynamics to evaluate 

both tibiofemoral and patellofemoral mechanics under simulated in vivo 

conditions. These results can then be used to assess prospective TKA designs 

and develop a better understanding of the interrelationship between design 

features, with the ultimate goal of restoring “normal” functionality.  While 

previous versions of this model are incredibly sophisticated, the analyses are 

limited to a single theoretical patient performing a single activity. Like any 

other mathematical model, this model has its unique capabilities, 

assumptions, and limitation built into it. 
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The major contributions of this dissertation revolve around expanding the 

functionalities of this model, as well as addressing some of the limitations and 

assumptions of the existing model. Specifically, this dissertation brings the 

following contributions:  

1) Develop a novel muscle wrapping algorithm and wrapping detection to 

accurately calculate the muscle forces and changes in the lines of action 

of muscle forces. 

2) Expand the forward solution model to incorporate a validated inverse 

model to extend the tools to assess in vivo knee loads. 

3) Develop a settling algorithm to better evaluate knee kinematics and 

kinetics at the beginning of each activity. Additionally, this algorithm 

will make the model capable of simulating activities that start in deeper 

flexion where high forces and torques make the system more unstable. 

4) Expand the functionality of the model and create a more physiologically 

accurate representation of the human knee joint by: 

a. Incorporating the two separate bodies representing the foot in the 

model. 

b. Incorporating more muscles at the knee joint to accurately predict 

joint forces. 

c. Incorporating various subjects to extend the variability of the 

knee simulator. 

d. Incorporating relevant TKA outcomes.  

5) Expand the mathematical model to be able to simulate other daily 

activities. 

6) Expand the knee simulator to accommodate the simulation of revision 

TKA as well as primary TKA.  

7) Provide a detailed kinematics validation against fluoroscopy data for 

several TKA types and validate the model kinetic predictions against 

teletibia data for several activities.  

8) Advance the quadriceps mechanism in the model to allow for more 

accurate determination of knee mechanics. 
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Chapter 4: Materials and Methods 

4.1 General Modeling Method 

The mathematical model described in this dissertation is a continuation of an 

ongoing forward solution model of the knee joint to evaluate existing and future 

implant designs.  This dissertation is an advancement of the previous model 

by developing new modules and further development of existing computational 

analyses. The overall goal of this model is to predict and evaluate the 

biomechanics of the human knee joint, especially kinematics and kinetics of 

the implanted knee to assess the outcome of various TKA designs and surgical 

techniques to help advance the current concepts in TKA design. This 

progression of the mathematical model has been advanced from a 2D inverse 

mathematical model to a 3D forward solution model [9–11,93,98,105–107]. 

4.1.1 Kane’s Dynamics 

There are many dynamics analysis methods available to mathematically model 

a multi-body dynamics system and formulate the equations of the motion. 

Three common-used methods are Newton-Euler equations, Lagrange’s 

equations, and Kane’s method. While all these methods are equivalent in 

nature, the applications and efficiencies vary. In the Newton-Euler method, 

forces and kinematics for all bodies of the system must be calculated. 

Therefore, this method is not efficient for multibody systems where calculating 

every reactive force and torque at the joint is not required.  

In Lagrange’s method, all interactive forces and constraint forces that do not 

perform work are disregarded. While Lagrange’s method is more efficient than 

the Newton-Euler method, it is not very efficient for a large multibody dynamic 

system. Kane’s method offers the advantages over both of these methods. By 
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introducing generalized forces, there is no need to solve interactive forces 

leading to greater efficiency, unless specified by the user [108]. Additionally, 

there is no need to calculate and differentiate energy equations. The equations 

of motion in Kane’s dynamics are derived from the below equation: 

𝐹𝑟 + 𝐹𝑟
∗ = 0    (𝑟 = 1,2, … , 𝑛) 

Where 𝑛 is the number of generalized coordinates of the system, 𝐹𝑟 is the sum 

of the generalized active forces on the system, and 𝐹𝑟
∗ is the sum of generalized 

inertia forces. The generalized inertia forces are contributing to the inertia 

forces related to accelerations (either linear or angular) of the bodies. In other 

words, Kane’s equation is just a reformulation of Newton’s second law, 𝐹 = 𝑚𝑎, 

where the terms related to the acceleration are transferred to the other side of 

the equation. Kane’s dynamics is a highly systematic method that uses the 

concept of generalized velocities and generalized speeds. Although these terms 

are purely mathematical concepts and do not have physical meaning, these 

concepts are the reason why Kane’s method is more appealing to analyze 

complex multi-body in the field of aerospace and biomechanics. 

Autolev is an interactive symbolic manipulation program, developed by a group 

of engineers, led by David A. Levinson and Thomas R. Kane [109–111], and 

based on Kane’s dynamics method. Autolev allows users to formulate equations 

of motion in and step by step manner to define the dynamic system structure. 

In the concept of the current dissertation, the lower extremity of the human 

body, from toes to torso, is created in the Autolev program as bodies. Then, the 

relevant points, such as soft tissue attachments and interactive contact points 

between bodies are defined for bodies. Next, the soft tissue forces and 

interactive forces at each joint are defined into the system to generate the 

equations of motion of the system based on Kane’s dynamics principals. 



 

28 

 

Autolev creates a C++ program based on the definition of the bodies and the 

geometries of the dynamics system. These geometric definitions serve as inputs 

of the dynamics system. The C++ program will be modified to incorporate 

muscle controller and contact detection algorithm, to calculate muscle forces 

and knee joint contact forces. Then, the C++ program solves the differential 

equations of motion.  

4.1.2 General Setup of the Model 

A total of five bones are defined in the mathematical model: foot (heel and toes 

are modeled separately), tibia, femur, patella, and pelvis (pelvis and torso). 

Additionally, four implant components are defined in the system: tibial tray, 

femoral component, bearing insert, and patellar component (Figure 4-1). The 

masses of each body are defined as a percentage of total body weight (Table 

4-1). The femoral component, the tibial tray, and the patella component are 

rigidly attached to the bones and therefore are modeled as frames. The 

attachment sites of soft tissues, muscles and ligaments, are defined on the 

relative bones (Figure 4-2). 

Table 4-1: The masses of bodies are defined as a percentage of the total body-weight. 

Bodies Body-weight Percentage 

Foot 1.4% 

Tibia 4.9% 

Femur 11% 

Patella 0.5% 

Torso 32.1% 

Bearing Insert 0.05% 
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Figure 4-1: Bones and relative components implemented in the knee model. 

 

Figure 4-2: Quadriceps muscle attachments (red) and patellar ligament attachments (blue) 

are shown. 
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4.1.3 Graphical User Interface 

Ultimately, the forward solution model is a computational tool based on the 

development of differential equations to assess the TKA outcomes in various 

conditions. Therefore, such a model should allow the user to easily perform 

simulations for these conditions. The presented forward solution model 

incorporates a graphical user interface (GUI), which allows the user to 

visualize the model and perform multiple simulations (Figure 4-3). 

Several aspects of the knee model can be controlled by the user through the 

GUI, including soft tissue properties, the ligaments insertions and origins on 

the bones, the placement and alignment of the components relative to the bone, 

geometry of contacting surfaces, specified motion of the system, etc. Finally, 

the GUI updates the inputs of the system based on these changes. Figure 4-4 

indicates the interaction between the GUI, Autolev, and C++ code and how the 

forward solution model is structured. 

 

Figure 4-3: Graphical user interface of the forward solution model. 
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Figure 4-4: The forward solution model overall process is shown.
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4.1.4 Ligaments 

There are several ligaments included in the mathematical model, including the 

major knee ligaments (ACL, LCL, MCL, and PCL) and the patella ligaments 

(LPFL, MPFL, and MPML). The patellar ligament is also modeled in the same 

fashion as other ligaments.  

The ligaments are modeled as a bundle of fibers to account for the thickness of 

the ligaments. Additionally, some of the ligaments have two or more bundles. 

The ligaments are defined as non-linear spring [112] between insertion and 

origin. The ligament force is applied between the insertion and origin and is 

calculated by the equation 

𝐹 =

{
 
 

 
 
0                                           𝜀 ≤ 0

𝑘
2⁄ (𝐿 − 𝐿0)                     0 ≤ 𝜀 ≤ 2𝜀1 

𝑘[𝐿 − (1 + 𝜀1)𝑙0]            2𝜀1 ≤ 𝜀

 

where 𝑘 is the ligament stiffness, adapted from literature [112–115] (Table 

4-2), 𝐿 is the current length of the ligament as each time step, 𝐿0 is the ligament 

slack length, can be specified by the user or calculated as a percentage of the 

initial ligament length, 𝜀1 is the reference ligament strain adapted from 

literature [89,116], and 𝜀 is the ligament strain as each time step calculated by 

the equation  

𝜀 =
𝐿 − 𝐿0
𝐿0

 

The GUI allows the user to change the insertion and origins of the ligaments 

(Figure 4-5). Additionally, the user can update the stiffness of the ligaments to 

simulate possible damages made on the ligaments during the surgery. 
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Table 4-2: Ligaments stiffness coefficients implemented in the mathematical model. 

Ligament 
No. of 

Bundles 
Bundles 

Stiffness 

(N/mm) 

ACL 2 Posterolateral (PL) 108 

  Anteromedial (AM) 108 

LCL 1 - 180 

MCL 3 Deep 72.2 

  Anterior  27.9 

  Oblique 21.1 

PCL 2 Anterolateral (AL) 90 

  Posteromedial (PM) 50 

LPFL 1 - 5.4 

MPFL 1 - 20.4 

MPML 1 - 20.4 

Patellar Ligament 2 Lateral 400 

  Medial 400 
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Figure 4-5: The ligaments attachments can be defined by the user in the GUI. 

4.1.5 Muscles 

The model contains three major muscle groups at the knee joint: quadriceps, 

hamstring, and gastrocnemius. The quadriceps muscle group includes rectus 

femoris, vastus lateralis, vastus medialis, and vastus intermedius. The 

hamstring muscle group has four muscles: bicep femoris – shorts head, bicep 

femoris – long head, semimembranosus, and semitendinosus. The 

gastrocnemius muscles include the lateral head and the medial head. Table 4-3 

shows these muscles and their insertions and origins.  

The muscles in FSM are defined as forces acting alongside the lines of action 

of the muscles. The line of action of a muscle is the straight line from insertion 

to origin when there is no wrapping, and the line of action passes through the 

appropriate wrapping points when muscle wraps around the bone (more on 

muscle wrapping algorithm on section 4.2). Similar to the ligaments, muscles 

are defined as bundles of fibers to account for the girth of each muscle. The 
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origins and insertions of each muscle are defined on the respective bone 

relative to the center of mass of that bone. 

The quadriceps muscle forces are calculated using a muscle controller while 

the hamstring and gastrocnemius muscle forces are specified forces and can be 

updated for each activity. The muscle controller is a modified proportional-

integral-derivative (PID) controller that acts on the knee flexion to obtain the 

quadriceps muscle force. The controller adjusts muscle force at each time step 

based on the difference between the actual flexion rate and the desired flexion 

rate at the current time step. A schematic of the muscle controller is shown in 

Figure 4-6. The muscle force is calculated using this equation 

𝐹𝑄𝑢𝑎𝑑(𝑡) = 𝐹𝑄𝑢𝑎𝑑(𝑡 − 1) + 𝐹𝑎𝑑𝑑(𝑡) 

Where 𝐹𝑎𝑑𝑑(𝑡) is the sum of each PID error at the current time step multiplied 

by the respective gain, and it is given by the below equation 

𝐹𝑎𝑑𝑑(𝑡) = 𝐾𝑝 ∗ 𝑒𝑝(𝑡) + 𝐾𝑖 ∗ 𝑒𝑖(𝑡) + 𝐾𝑑 ∗ 𝑒𝑑(𝑡) + 𝐾𝑎𝑐𝑐 ∗ 𝑒𝑎𝑐𝑐(𝑡) 

𝑒𝑝(𝑡) = 𝐹𝑙𝑒𝑥𝑖𝑜𝑛𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) − 𝐹𝑙𝑒𝑥𝑖𝑜𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑(𝑡) 

𝑒𝑖(𝑡) = 𝑒𝑝(𝑡 − 1) + 𝑒𝑝(𝑡) ∗ 𝑇𝑖𝑚𝑒𝑆𝑡𝑒𝑝 

𝑒𝑑(𝑡) =
𝑒𝑝(𝑡) − 𝑒𝑝(𝑡 − 1)

𝑇𝑖𝑚𝑒𝑆𝑡𝑒𝑝
 

𝑒𝑎𝑐𝑐(𝑡) = 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) − 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑(𝑡) 

 

 

 

Table 4-3: The incorporated muscles and their insertion and origins in the FSM. 



 

36 

 

Muscle Group Muscle Insertion Origin 

Quadriceps 

RF Proximal patella Illium – pelvis 

VL Proximal patella Anterior femur 

VM Proximal patella Anterior femur 

VI Proximal patella Anterior femur 

Hamstring 

BFS Lateral tibial condyle Posterior femur 

BFL Lateral tibial condyle Ischial tuberosity – pelvis 

SMB Medial tibial condyle Ischial tuberosity – pelvis  

SMT Medial tibial condyle Ischial tuberosity – pelvis 

Gastrocnemius 
GL Calcaneus on foot Lateral femoral condyle 

GM Calcaneus on foot Medial femoral condyle 
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Figure 4-6: Schematic of the quadriceps muscle controller acting on the knee flexion.
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4.1.6 Contact Detection Algorithm 

A contact detection algorithm is developed to obtain the in vivo kinetics of the 

knee joint at the bearing surface interfaces, for both tibiofemoral and 

patellofemoral joints, as well as cam and post mechanism forces. The contact 

detection algorithm calculates the forces and torques at articulating surfaces. 

The geometry of one of the articulating components is modeled with a point 

cloud and the other is modeled as a surface polynomial. For the tibiofemoral 

joint, the femoral condyles are modeled as point clouds and the tibial plateaus 

are modeled with surface polynomials. For the patellofemoral joint, the 

trochlear groove is modeled with surface polynomial and the anterior surface 

of the patella component is modeled as a point cloud (Figure 4-7). When a cam 

post mechanism is applicable, the cam is modeled with a point cloud and the 

post is modeled as a surface polynomial.  

In addition, a convex hull defines the boundary of the contacting surface. A 

convex hull is defined as a set of points that encompasses the perimeter of the 

contacting surface. The contact forces are calculated based on the amount of 

penetration that occurs for point clouds on the surface polynomial as well as 

material properties. The penetration is defined as the difference between the 

height of the point cloud and the height of the polynomial surface. First, the 

points on the point cloud are defined in the surface coordinate system using 

the transformation matrix between two contacting bodies. The polynomial 

height is also calculated and the difference between these two distances is 

defined as penetration. Then, using convex hull the program checks whether 

the contact point is indeed inside the convex hull. If the point is inside the 

convex hull and the height of point cloud is smaller than the polynomial height, 

a contact force is applied. The contact forces are obtained using a spring and 

damper model based on the stiffness of the contacting surfacing and the 

damping coefficient.  
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Figure 4-7: The contacting surfaces are modeled either as a point cloud or surface 

polynomial. Patellofemoral articulating surfaces are shown on left, tibiofemoral articulating 

surfaces are shown in the middle, and cam/post mechanism surfaces are shown in the right. 
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4.2 Muscle Wrapping Algorithm 

In most mathematical models, muscles are modeled as thin strings commonly 

referred to as the line of action of the muscle, applying equal and opposite 

forces at the insertion and origin sites on the respective bones. These linear 

muscle forces along the line of action can create bone angular rotation through 

moments [117,118]. The moment created by the muscle force is the cross 

product of the muscle force and the muscle moment arm. The moment arm of 

a muscle is the smallest distance from the joint center of rotation to the muscle 

line of action (Figure 4-8). 

However, in reality, the line of action of these muscle forces are not simply a 

straight line from insertion to origins. In the human body, muscles wrap 

around the bone and joints (Figure 4-9). Furthermore, the wrapping varies 

throughout the entire activity, and therefore the muscle line of action can 

change throughout the activity. For instance, the line of action of the muscle 

and the muscle moment arm vary during the activity.  

The extensor mechanism is an essential part of the human knee joint and it 

has been shown that TKA designs that increase quadriceps moment arm can 

reduce the quadriceps muscle force and patellofemoral force [119]. Therefore, 

it is vital to the FSM to accurately implement a muscle wrapping algorithm to 

predict the quadriceps muscle line of action and muscle moment arm. 

Several studies have investigated the effects of muscle wrapping on the 

reaction forces in different human and animal joints [120–123]. Kruidhof and 

Pandy [122] study the effects of muscle wrapping in the cervical spine. They 

compared two theoretical models with straight-line muscles and wrapped 

muscle with experimental data and concluded that the muscle wrapping has a 

significant effect on joint moments and muscle moment arm. Arjmand et al. 
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[123] showed wrapping of trunk thoracic extensor muscle resulted in lower 

muscle forces and spinal compression.  

4.2.1 Updating the FSM 

In the previous knee model, while there was a wrapping algorithm, although 

very rudimentary and did not accurately define the line of action of muscle 

forces. There was only one wrapping point around the femoral component, 

which was a fixed wrapping point.  This can result in inaccurate lines of action 

and reduced moment arms (Figure 4-10).  

Additionally, there is no algorithm to check at any flexion rate whether 

wrapping occurs. It is set to turn on and off at predefined fixed flexion angles. 

Moreover, the wrapping points are only defined around the femoral component, 

and there are no wrapping points defined around superior parts of the femur 

bone or even around the pelvis bone for rectus femoris.  

To account for the femoral component geometry, five points are selected as 

wrapping points (Figure 4-11). These wrapping points are defined for each 

muscle fiber separately (RF, VL, VM, and VI) to detect the wrapping effect for 

each fiber separately. These are called inferior wrapping points and are defined 

to account for wrapping of the muscle at the distal part of the femur around 

the femoral component. 

Additionally, a set of more superior wrapping points are defined to replicate 

the wrapping of the muscle around the femur bone. For the rectus femoris, 

which is attached to the pelvis, more superior wrapping points will be 

considered for wrapping around the pelvis bone thorough flexion. 
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Figure 4-8: Muscle moment arm is defined as the smallest distance from the joint center of 

rotation to the muscle line of action. 

 

Figure 4-9: Muscles wrap around the bone. (Image modified from comportho.com) 
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The inferior wrapping points are defined with respect to the femoral 

component to show the wrapping in the sagittal plane. However, in the coronal 

plane, the ML location of these points cannot be defined as fixed relative to the 

femoral component.  

During the range of motion of the activity, the patella moves in ML direction 

with respect to the femoral component, and that means the quadriceps tendon 

needs to move with the patella in ML direction (Figure 4-12).  

To simulate this, the ML positions of the inferior wrapping points are not fixed 

to the femoral component reference frame and they allow to move with the 

patella in ML direction. The ML position of the points are defined as follows 

𝑃⃗ = 𝑥𝐹⃑1 +  𝑦𝐹⃑2 + 𝑧𝐹⃑3 

𝑧 = 𝑃⃗ 𝐹𝑜𝑃𝑜 ∙ 𝐹⃑3 

Where 𝑥, 𝑦, and 𝑧 are the location of the inferior wrapping points in anterior, 

posterior, and lateral direction, respectively. And 𝐹⃑𝑖 is the femoral component 

reference frame unit vectors. 𝑃⃗ 𝐹𝑜𝑃𝑜 is the position vector from the femoral 

component center of mass to the patella component center of mass. 

The next step is to create a wrapping detection algorithm to detect whether 

wrapping occurs for each of these wrapping points at any flexion rate. It is 

based on the idea of the cross product of two vectors, one from origin to 

insertion and the other from origin to the wrapping point. If the sign of the 

cross product of these two vectors changes, it means that the wrapping occurs, 

and the line of action needs to change (Figure 4-13). 
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Figure 4-10: The current wrapping algorithm only accounts for one wrapping algorithm 

around the femoral component. The muscle line of action passes through the bone and the 

femoral component rather than wrapping about the bone. 

 

Figure 4-11: Five wrapping points are defined around the femoral component to account for 

the geometry of the femora component. 



 

45 

 

Therefore, new “wrapping check” parameters are introduced in the FSM for 

each fiber and each wrapping point. These wrapping checks are defined as 

follows 

𝑊𝑟𝑎𝑝𝐶ℎ𝑒𝑐𝑘𝑖 = (𝑃⃗ 1𝑖 × 𝑃⃗ 2𝑖) ∙  𝐹⃑3      𝑖 = 1, 2, … , 5 

where 𝑃⃗ 1𝑖 is the vector from muscle origin to the 𝑖 wrapping point and 𝑃⃗ 2𝑖 is the 

position vector from the origin to the insertion. 

The quadriceps force for each fiber is defined as follows: 

𝐹 𝑖𝑛𝑠. = 𝐹𝑄𝑢𝑎𝑑 ∗ 𝑊𝑟𝑎𝑝𝐹𝑎𝑐𝑡𝑜𝑟𝑜𝑓𝑓(𝑃⃗ 𝑖𝑛𝑠.→𝑜𝑟𝑔.) +∑𝐹𝑄𝑢𝑎𝑑 ∗ 𝑊𝑟𝑎𝑝𝐹𝑎𝑐𝑡𝑜𝑟𝑖(𝑃⃗ 𝑖𝑛𝑠.→𝑤𝑟𝑎𝑝(𝑖))

5

𝑖=1

 

𝐹 𝑤𝑟𝑎𝑝(𝑖) = 𝐹𝑄𝑢𝑎𝑑 ∗ 𝑊𝑟𝑎𝑝𝐹𝑎𝑐𝑡𝑜𝑟𝑖(𝑃⃗ 𝑤𝑟𝑎𝑝(𝑖)→𝑖𝑛𝑠.)     𝑖 = 1,2, … , 5 

𝐹 𝑜𝑟𝑔. = 𝐹𝑄𝑢𝑎𝑑 ∗ 𝑊𝑟𝑎𝑝𝐹𝑎𝑐𝑡𝑜𝑟𝑜𝑓𝑓(𝑃⃗ 𝑜𝑟𝑔.→𝑖𝑛𝑠.) 

𝐹 𝑖𝑛𝑠., 𝐹 𝑜𝑟𝑔., and 𝐹 𝑤𝑟𝑎𝑝(𝑖) are the forces applied to the insertion, origin, and the 

wrapping point 𝑖, respectively. 𝐹𝑄𝑢𝑎𝑑 is the total magnitude of the quadriceps 

force. 𝑃⃗ 𝐴→𝐵 shows the position vector from point A to point B.  

Wrapping factor values change based on the wrapping checks, and they are 

always between 0 and 1. The summation of all wrapping factors is equal to 1. 

The wrapping factors are calculated in the C++ code using below pseudo-code. 

These wrapping factors gradually change from 0 to 1, which is why a, b, c, d, 

and e parameters are introduced to make sure not to suddenly jump from 0 to 

1 for each wrapping factor. This would cause instability to the system.  
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 if ( No wrapping ) { 

  woff = 1; 

  won1 = 0; won2 = 0; won3 = 0; won4 = 0; 

  won5 = 0; 

 } 

 else if ( First point wrapping ) { 

  woff = a; 

  won1 = 1-a; 

  won2 = 0; won3 = 0; won4 = 0; won5 = 0; 

 } 

 else if ( Second point wrapping ) { 

  won1 = b; 

  won2 = 1-b; 

  woff = 0; won3 = 0; won4 = 0; won5 = 0; 

 } 

 

 else if ( Third point wrapping ) { 

  won2 = c; 

  won3 = 1-c; 

  woff = 0; won1 = 0; won4 = 0; won5 = 0; 

 } 

 

 else if ( Fourth point wrapping ) { 

  won3 = d; 

  won4 = 1-d; 

  woff = 0; won1 = 0; won2 = 0;won5 = 0; 

 } 

 

 else if ( Fifth point wrapping ) { 

  won4 = e; 

  won5 = 1-e; 

  woff = 0; won1 = 0; won2 = 0; won3 = 0; 

 } 
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Figure 4-12: If the inferior wrapping points ML location are defined fixed to the femoral 

component, then the quadriceps tendon cannot move in ML direction with the patella. 

 

Figure 4-13: The wrapping algorithm detection is based on the change in the sign of the cross 

product of two vectors. The cross product is toward the sagittal plane, negative sign, when 

there is no wrapping (left) and is pointing toward outside the plane, positive sign when there 

is wrapping (right). 
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4.3 Integration of an Inverse Solution Model 

The main two types of mathematical modeling in the field of biomechanics are 

inverse dynamics solution and forward dynamics solution. The terminology 

originates from Newton’s second law, 𝐹 = 𝑚𝑎, where obtaining the forces from 

motion (acceleration) is an inverse solution, and vice versa (Figure 4-14). The 

inverse solution, which is more widely used, relies on collecting the motion of 

bodies inside a multi-body system and obtaining the forces that derive the 

system. In contrast, in a forward solution, forces and torques are used to 

predict the motion of the system. The forward solution models are generally 

more advanced and complicated compared to inverse models, and these models 

can be powerful tools to model the human body since they mimic the way the 

human body works by using forces and torques to derive motion.  

Unfortunately, FSM could become very unstable, leading to difficulty in 

defining the system. 

 

Figure 4-14: Simplified schematic diagram of two main widely mathematical solutions in 

biomechanics. a) Inverse solution models utilize motion to predict the in vivo forces. b) 

Forward solution models predict the joint kinematics based on the joint forces and torques. 

The current FSM, which is based on Kane’s dynamics, implements the 

aforementioned contact detection algorithm at the tibiofemoral and 

patellofemoral joints to calculate these joint forces and torques. Moreover, a 
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muscle controller is used to obtain the muscle forces. Then these forces and 

torques are fed to the core mathematical equation of motion of the knee joint 

to predict the kinematics of the knee joint. In order to have more functionality 

to the GUI, an inverse solution model is linked to the forward solution model, 

allowing to have more accurate force prediction based on the inverse model. In 

this method, the FSM model first will be used to predict the knee kinematics; 

then, these kinematics will be used as the inputs to the inverse solution model 

to predict the joint forces (Figure 4-15). 

 

Figure 4-15: Validated inverse solution model implemented in the GUI based on the forward 

solution outcomes. 

The inverse solution model linked to the FSM is a validated mathematical 

model of an implanted knee joint [9–11]. It was utilized in numerous previous 

studies, using the data fluoroscopic studies as input to the model to predict the 

in vivo contact forces, both in tibiofemoral and patellofemoral joints. In 

fluoroscopic studies, the in vivo kinematics can be gathered from fluoroscopy 

images.  

Two types of kinematic data are used in the inverse solution mode (Table 4-4). 

First, angle measurements from fluoroscopy images are determined, including 
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tibia angle, knee flexion angle, quadriceps tendon angle, patella angle, and 

patella ligament angle. These measurements are in degrees and are obtained 

in 2D space since the fluoroscopy images are from a sagittal view (Figure 4-16). 

Second, the translations of lateral and medial contact points relative to the 

femoral component and also the femoral component center of mass relative to 

the bearing insert\tibial tray (Figure 4-17). 

The model consists of the lower body bones from ankle to hip, modeled as rigid 

bodies. The ground reaction forces are applied at the ankle and are normalized 

based on the subject’s weight. Lateral and medial tibiofemoral contacts are 

separately modeled, while the patellofemoral joint is modeled as a single point 

contact mechanism. All collateral and cruciate (where applicable) are modeled 

as non-linear elastic springs (Figure 4-18).  

To make the inverse solution model work properly, the exact same information 

must be fed into the model. Therefore, the first step is to make the kinematic 

outputs of the FSM compatible with these parameters. Hence, new kinematic 

parameters will be defined in the FSM model based on the inputs of the inverse 

model. The next step is to add the ability of inverse analysis to the GUI. To this 

end, once the forward simulation is complete, the user can start the inverse 

simulation based on the outcomes of the inverse simulation. 

4.3.1 Updating the FSM 

Some of these kinematics outputs are already defined in the FSM, such as tibia 

angle, and knee flexion angle. However, for other parameters, the FSM needs 

to be updated. The first discrepancy comes from the fact that in the inverse 

solution model, soft tissues are modeled as a single bundle while in FSM, soft 

tissues are modeled as multiple bundles. Therefore, for quadriceps tendon and   



 

51 

 

Table 4-4: Kinematics parameters measured from fluoroscopy analysis and are used as inputs 

of the inverse solution model. 

Parameter Unit Relative to 

Time Degree - 

Flexion Degree Newtonian 

Patella angle Degree Newtonian 

Patellar ligament angle Degree Newtonian 

Quadriceps tendon angle Degree Newtonian 

Tibia angle Degree Newtonian 

Medial contact point mm Femoral component 

Lateral contact point mm Femoral component 

Femoral component center of mass mm Bearing insert 

 

 

Figure 4-16: Measurement of kinematics data to input into the inverse mathematical model. 
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Figure 4-17: The lateral and medial contact point translations are collected relative to the 

femoral component (left). The femoral component center of mass translation relative to the 

bearing insert is obtained throughout the activity range of motion (right). Red points show 

the contact points/center of mass and green lines show the trajectory of these points during 

the range of motion.  
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Figure 4-18: Free body diagram of the inverse mathematical model. Fground, ground reaction 

force; Fpat.lig., patellar ligament force; Fquad, quadriceps muscle group force; Fpat.fem., 

patellofemoral contact force; Fhip, hip joint reaction force; Wtib, the weight of the tibia [9]. 
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patellar ligament, another point is defined to act as an average point of 

insertions and origins of these soft tissues (Figure 4-19). The quadriceps 

tendon is different in two ways than the patellar ligament angle.  

First, unlike the patellar ligament force, the quadriceps force is not distributed 

evenly between all four fibers.  

Second, the quadriceps muscle wraps around the bone/femoral component 

during activity. To take into account these differences, the quadriceps muscles 

average attachments are obtained by these equations 

𝑄𝑢𝑎𝑑𝐴𝑣𝑔
𝐼𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 =

𝑓𝑅𝐹 ∗ 𝑄𝑢𝑎𝑑𝑅𝐹
𝑃𝑎𝑡 + 𝑓𝑉𝐿 ∗ 𝑄𝑢𝑎𝑑𝑉𝐿

𝑃𝑎𝑡 + 𝑓𝑉𝑀 ∗ 𝑄𝑢𝑎𝑑𝑉𝑀
𝑃𝑎𝑡 + 𝑓𝑉𝐼 ∗ 𝑄𝑢𝑎𝑑𝑉𝐼

𝑃𝑎𝑡

𝑓𝑅𝐹 + 𝑓𝑉𝐿 + 𝑓𝑉𝑀 + 𝑓𝑉𝐼
 

𝑄𝑢𝑎𝑑𝐴𝑣𝑔
𝑂𝑟𝑖𝑔𝑖𝑛

=

{
 
 

 
 𝑓𝑅𝐹 ∗ 𝑄𝑢𝑎𝑑𝑅𝐹

𝑓𝑒𝑚
+ 𝑓𝑉𝐿 ∗ 𝑄𝑢𝑎𝑑𝑉𝐿

𝑓𝑒𝑚
+ 𝑓𝑉𝑀 ∗ 𝑄𝑢𝑎𝑑𝑉𝑀

𝑓𝑒𝑚
+ 𝑓𝑉𝐼 ∗ 𝑄𝑢𝑎𝑑𝑉𝐼

𝑓𝑒𝑚

𝑓𝑅𝐹 + 𝑓𝑉𝐿 + 𝑓𝑉𝑀 + 𝑓𝑉𝐼
  , 𝑛𝑜 𝑤𝑟𝑎𝑝𝑝𝑖𝑛𝑔

𝑓𝑅𝐹 ∗ 𝑄𝑢𝑎𝑑𝑅𝐹
𝑤𝑟𝑎𝑝

+ 𝑓𝑉𝐿 ∗ 𝑄𝑢𝑎𝑑𝑉𝐿
𝑤𝑟𝑎𝑝

+ 𝑓𝑉𝑀 ∗ 𝑄𝑢𝑎𝑑𝑉𝑀
𝑤𝑟𝑎𝑝

+ 𝑓𝑉𝐼 ∗ 𝑄𝑢𝑎𝑑𝑉𝐼
𝑤𝑟𝑎𝑝

𝑓𝑅𝐹 + 𝑓𝑉𝐿 + 𝑓𝑉𝑀 + 𝑓𝑉𝐼
  , 𝑤𝑟𝑎𝑝𝑝𝑖𝑛𝑔

 

Where 

𝑓𝑖:    Muscle 𝑖 quadriceps force ration 

𝑄𝑢𝑎𝑑𝑖
𝑃𝑎𝑡:   Muscle 𝑖 attachment on the patella 

𝑄𝑢𝑎𝑑𝑖
𝐹𝑒𝑚:   Muscle 𝑖 attachment on the femur (pelvis for RF) 

𝑄𝑢𝑎𝑑𝐴𝑣𝑔
𝐼𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛:  Average insertion of the quadriceps tendon 

𝑄𝑢𝑎𝑑𝐴𝑣𝑔
𝑂𝑟𝑖𝑔𝑖𝑛

:   Average origin of the quadriceps muscle 
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Figure 4-19: The average soft tissue attachments are obtained as an average of all bundles for 

each soft tissue (a). Then a string is created between the average insertion and origin to 

represent the soft tissue (b).  
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Another update that needs to be made in the FSM is that the quadriceps 

mechanism angle measurements derived from fluoroscopic are images 

collected from the sagittal view. However, the FSM is a 3D model and therefore 

these angle measurements must be projected to the sagittal 2D view. The 

process of obtaining the angle from the projected vector is shown in Figure 

4-20. 

𝑉⃑⃗𝑝𝑟𝑜𝑗. = (𝑉⃑⃗𝑝𝑎𝑡𝑙𝑖𝑔 ∙ 𝑁⃑⃗⃗1)𝑁⃑⃗⃗1 + (𝑉⃑⃗𝑝𝑎𝑡𝑙𝑖𝑔 ∙ 𝑁⃑⃗⃗2)𝑁⃑⃗⃗2 

𝜃𝑝𝑎𝑡𝑙𝑖𝑔 = acos (𝑉⃑⃗𝑝𝑟𝑜𝑗. ∙ 𝑁⃑⃗⃗2) 

Moreover, the directions of these angles are important for the inverse solution 

model. Hence, using the sign function, the correct directions of these angles are 

calculated: 

𝜃⃑𝑝𝑎𝑡𝑙𝑖𝑔 = (𝑠𝑖𝑔𝑛(𝑉⃑⃗𝑝𝑟𝑜𝑗. ∙ 𝑁⃑⃗⃗1)𝜃𝑝𝑎𝑡𝑙𝑖𝑔)𝑁⃑⃗⃗3 

 

Figure 4-20: The patellar ligament is projected onto the sagittal view and then the patellar 

ligament angle is calculated from the projected vector. 
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The next step is to make the translational kinematic data compatible with the 

inverse solution model in the FSM. The first and easiest parameter is the 

femoral component center of mass relative to the tibial tray center of mass. The 

FSM already includes this parameter; however, the position vector is defined 

in the tibial reference frame. This position vector is defined as follows 

𝑉⃗ = 𝑣1𝐹 1 + 𝑣2𝐹 2 + 𝑣3𝐹 3 

𝑣1 = 𝑃⃗ 𝑇𝑜𝐹𝑜 ∙ 𝐹 1 + 𝑃⃗ 𝑇𝑜𝐹𝑜 ∙ 𝐹 2 + 𝑃⃗ 𝑇𝑜𝐹𝑜 ∙ 𝐹 3 

where 𝐹 1, 𝐹 2, and 𝐹 3 are the femoral component reference frame unit vectors. 

And 𝑃⃗ 𝑇𝑜𝐹𝑜 is the position vector from the tibial tray center of mass to the 

femoral component center of mass. 

The next two parameters are more challenging to define. In the FSM, the low 

points of the femoral component on lateral and medial condyles are defined to 

obtain the LAP and MAP of the femoral component with respect to the tibial 

tray. Although the implementation of the low points is very common in 

reporting TKA kinematics patterns, the low point and the contact points are 

not always coincident (Figure 4-21). And the inverse solution model takes the 

contact point translations, not low point translations. Therefore, the concept of 

a single contact point needs to be introduced to the FSM. 

At any given time, more than one point of the femoral condyles is in contact 

with the tibial plateaus (Figure 4-22). As it was mentioned in the Contact 

Detection Algorithm section, the femoral component condyles are modeled as 

point clouds. Then, the algorithm for each point on the point cloud checks 

whether it is in contact. The contact detection algorithm is updated to calculate 

the average location of the points that are in contact at each time step and 

express that as the single contact point. Pseudo-code below shows how this 

average location is calculated. 
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Contactpointcount=0; 

xsum=0; 

ysum=0; 

zsum=0; 

 

for (int n=0; n<number of points; n++){ 

   if (point n is contact){  

      contactpointcount=contactpointcount+1; 

      xsum = xsum + x[n]; 

      ysum = ysum + y[n]; 

      zsum = zsum + z[n]; 

   } 

} 

 

xavg = xsum / contactpointcount; 

yavg = ysum / contactpointcount; 

zavg = zsum / contactpointcount; 

 

In the pseudo-code above, xavg, yavg, ang zavg are the anterior, superior, and 

lateral location of the average contact point, respectively. 

Now that all the required kinematics inputs of the inverse solution model are 

defined in the FSM, two models can be linked. Once the FSM simulation is 

complete, the user can run the inverse solution based on the kinematics results 

of the FSM using the GUI.  

4.4 Settling Algorithm 

One of the issues that existed in the previous forward solution model was that 

there were oscillations in force predictions and kinematics output at early 

flexion (Figure 4-23). These oscillations were seen in the results for about the 

first 30° of knee flexion. The results after those initial spikes were normal. 

However, the early flexion results are of critical importance for all TKA design, 

especially those that either retain the ACL or substitute using an anterior cam 

and post mechanism which engages in early flexion to replicate the 

functionality of the ACL.  
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Figure 4-21: The low point (yellow) and contact point (red) do not always coincide.  

 

Figure 4-22: at each time step there are multiple points that are in contact between each 

femoral condyle and bearing insert plateau. The average location of lateral contact points 

(red) and medial contact points (yellow) are considered as the lateral and medial contact 

points, respectively.  
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Additionally, incorporating the settling algorithm is essential for simulating 

other activities. For DKB, the knee starts at full extension, and since the 

muscle forces are minimum, even without a settling algorithm, the simulation 

runs. However, for other activities such as step-up, the forces at the joint are 

greater, and therefore it is very important to have a settling algorithm to start 

the simulation in a more stable condition. 

The idea to develop a settling algorithm comes from the fact that an inverse 

solution model can be built on a forward solution model and vice versa. As 

mentioned before, in an inverse solution model, the motions are specified in 

the system of equations and the forces are then derived. Therefore, based on 

these two points, an identical inverse solution is built from the FSM and the 

motions of the knee joint were specified for the starting position of the activity 

and then the required forces to make the system stable at the initial condition 

are calculated. 

4.4.1 Updating the FSM 

One of the powerful tools of Kane’s dynamics is the ability to solve for 

interaction forces and torques by introducing the concept of auxiliary 

generalized coordinates and generalized speed. There are three types of 

generalized speeds in Kane’s dynamics.  

First are the independent generalized speeds that provide the general 

characteristics of the motion of the system. Independent generalized speeds 

are the degrees of freedom of the system. The second type are the dependent 

generalized speeds, which only facilitate the kinematic analysis. And lastly, 

auxiliary generalized speeds are introduced to the system in order to solve 

interactive forces and torques.  
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Figure 4-23: Oscillations in early flexion in DKB simulation in previous FSM. These 

oscillations affect the knee contact forces (a), muscle force prediction (b), and kinematic 

outcomes (c). 

  



 

62 

 

In the FSM model described in this dissertation, 30 generalized speeds are 

introduced to the system. Of these, 12 are the independent generalized speeds 

that are used to define the knee joint; 6 for tibiofemoral joint (3 translational 

and 3 rotational) and 6 for patellofemoral joint (3 translational and 3 

rotational). 

9 translational generalized speeds are auxiliary generalized speeds to solve 

interactive force at the hip joint, the interactive force between the tibial tray 

and the bearing insert, and ground reaction forces. Additionally, 9 rotational 

auxiliary speeds are used to solve torque on the tibia, torque on the pelvis, and 

the interactive force between the bearing insert and the tibial tray.  

Hence, an identical inverse solution is developed based on the FSM with 

constraining the degrees of freedom at the knee joint and therefore changing 

the independent generalized speeds to auxiliary generalized speeds.  

Therefore, new variables (interactive forces and torques) are applied at the 

tibiofemoral joint and the patellofemoral joint (Figure 4-24). By specifying the 

knee joint motion at the starting of the activity, the inverse model is able to 

predict the forces and torques required to make the system stable at the initial 

condition. 

The C++ code is further advanced to make the simulations more physiological 

accurate. Where applicable, some of these forces or torques are replaced with 

changes in soft tissue forces and tension.  

To replace a force or a torque with tension in soft tissue, the soft tissue has to 

contribute to that force/torque. For instance, the patellofemoral force in the SI 

direction is replaced by the tension in the patellar ligament. The number of 

soft tissues present at the knee joint are limited and smaller than the degrees 

of freedom of the knee. 
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Figure 4-24: New variables, forces and torques, are introduced in the inverse solution model 

to make the system stable at initial condition. 
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For example, there is not soft tissue to balance the tibiofemoral stabilizing force 

in the AP direction. For stabilizing forces in such directions, the positions of 

the components are altered to replace the respective forces/torques. This 

process continues until the forces and torques are smaller than 5 N or 0.5 Nm, 

respectively. This way there would not be a large additional force/torque 

applied at the knee joint throughout the activity.  The pseudo-code below shows 

how this method is implemented in the C++ code. 

if (abs(Force)>5) { 

 

    if (Force>0) { 

        Position = Position – ChangeAmount;} 

 

    else { 

        Position = Position + ChangeAmount;} 

 

    // the next if statement is created to prevent excessive  

    // changes when the direction of the force changes.  

 

    if (sign of Force changes) { 

        ChangeAmount = ChangeAmount/2; 

        Skip the next step;} 

} 

 

4.5 Physiological Knee Simulation 

The current FSM is a very powerful tool to assess kinetics and kinematics of 

TKA design. To improve the physiological aspects of the FSM, several new 

additions are introduced into the FSM, such as adding the foot and the toes, 

incorporating more muscles, creating default simulations for different implant 

types, and adding multiple subjects to increase the variability of the FSM.  

4.5.1 Incorporating the Foot 

The previous knee model did not account for the foot into the model. Ground 

reaction forces are applied at the ankle joint. There are several reasons why 
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incorporating the foot into the model is off importance. First, the current model 

only accounts for limited activities, specifically deep knee bend (DKB) and 

squat to rise. In these activities, the foot is often stationary, and therefore it 

may not be necessary to include the foot.  

However, one goal of this study to further develop the model to include other 

activities of daily living. Contrary to the DKB, the foot is not stationary on the 

ground for other activities such as gait, walking downstairs, etc. (Figure 4-25). 

Additionally, even in the DKB, it is not uncommon to see subjects lift their foot 

off the ground.  

Secondly, one of the essential muscle groups during daily activities, such as 

walking and climbing the stairs, is the gastrocnemius. Gastrocnemius muscles 

are inserted on foot (Figure 4-26). Thirdly, the ground reaction forces no longer 

need to be applied at the ankle. Therefore, there would be a more realistic 

representation of the actual forces and can be served as another tool for 

validation of the model. 

4.5.1.1 Updating the FSM 

Therefore, to include the foot into the model, two more bodies are being 

included in the model, which are the foot and the toes. The toes will be modeled 

separately from the foot since they have different rotation profiles during 

various activities (Figure 4-27). 

As mentioned before, the current FSM starts from the ankle joint and the rest 

of the dynamic chain, bones and components, are defined relative to the inferior 

body/frame. In the previous FSM, the location of the ankle joint is defined from 

the global center and then the tibia center of mass is defined relative to the 

ankle center. Also, the ground reaction forces are applied at the ankle (Figure 

4-28).  
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Figure 4-25: The movement of the foot during the stance phase of the gait. The foot is not 

stationary throughout the range of motion of the activity. 

 

Figure 4-26: Both gastrocnemius muscle fibers are inserted on the posterior calcaneus on the 

foot (image from www.healthlinkbc.ca). 
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In the updated FSM, the coincident point between the foot and the ground is 

defined from the global center. The ground reaction forces are applied at this 

point. From this point, the foot center of mass is defined. Then, toes center and 

ankle center are defined from the foot center of mass. Same as before, the tibia 

center of mass id defined relative to the ankle center (Figure 4-28).  

The rotation profile of the foot and toe are defined as specified functions of 

flexion. The foot flexion profile is defined as follows 

𝜃𝑖
𝐹𝑜𝑜𝑡 =∑𝑓𝑖𝑗(𝐹𝑙𝑒𝑥𝑖𝑜𝑛 − 𝐹𝑙𝑒𝑥𝑖𝑜𝑛0)

3

𝑗=0

        𝑖 = 1,2,3 

Where 𝐹𝑙𝑒𝑥𝑖𝑜𝑛0 is the flexion angle where the foot starts rotating and 𝑓𝑖𝑗 

represents the polynomial coefficients of the foot rotation profile in the i-th 

direction, which is anterior, superior, and lateral, respectively. The purpose of 

introducing 𝐹𝑙𝑒𝑥𝑖𝑜𝑛0 is to be able to start foot rotation at a certain flexion angle 

based on the user-specified value. The C++ code will be updated as following 

pseudo-code. 

if flexion < flexion0 

   Fij = 0; 

else 

   Fij = user specified values; 

end  

 

 

Figure 4-27: The foot and toe are modeled separately to account for different flexion profiles 

during different activities. 
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Figure 4-28: In the current FSM, the ground reaction forces are applied at the ankle joint and 

the model starts at the ankle joint (left). The updated model incorporated the foot and toes. 

The location of the toes and the tibia are defined relative to the foot (right).  
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4.5.2 Incorporating More Muscles 

There are three major muscle groups at the knee joint. The quadriceps muscles 

consist of four fibers and are primarily responsible for the knee extension are 

incorporated into the current model. The hamstring muscle groups consist of 

four fibers: the semitendinosus and semimembranosus, originate from ischial 

tuberosity (distal part of the femur) and inserted on the medial tibial condyle, 

the bicep femoris long head, which also originates from ischial tuberosity but 

inserts on the lateral side of the fibula, and the bicep femoris short head, which 

originates from the posterior side of the femur bone and inserts on the fibula 

(Figure 4-29). The primary function of hamstring muscles at the knee joint is 

to flex the knee. 

The gastrocnemius muscles have two fibers: the lateral head originates from 

the lateral femoral condyle and the medial head originates from the medial 

femoral condyle. Both insert on the posterior side of the calcaneus on the back 

of the foot as Achilles tendon (Figure 4-30). Both hamstring and gastrocnemius 

muscle groups play a role in daily activities such as walking, running, stair 

ascent, and stair descent. 

4.5.2.1 Updating the FSM 

The muscles are modeled as active forces to drive the system and allow for the 

determination of relative bone motion. Each muscle will be model as a bundle 

of fibers to account for the girth of the muscles at origin and insertion sites. 

The forces of the model will be applied as equal but in opposing direction on 

the insertion and origins. Where applicable, the wrapping points are defined 

to account for the actual line of action of the muscles. The muscle will be 

graphically represented as single lines from origins to wrapping points, where 

applicable, and then to the insertion site. There are four fibers in the hamstring 

muscle group. The hamstring muscle forces are defined as follows: 
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𝐹 𝐼𝑛𝑠
𝑖 = 𝐹𝐻𝑎𝑚 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
         𝑖 = 1,… , 4 

𝐹 𝑜𝑟𝑖𝑔
𝑖 = 𝐹𝐻𝑎𝑚 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
         𝑖 = 1,… , 4 

𝐹 𝑤𝑟𝑎𝑝
𝑖 = −(𝐹𝐻𝑎𝑚 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
+ 𝐹𝐻𝑎𝑚 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
)        𝑖 = 1, … , 4 

Where 𝐹 𝐼𝑛𝑠
𝑖 , 𝐹 𝑜𝑟𝑖𝑔

𝑖 , 𝐹 𝑤𝑟𝑎𝑝
𝑖  are force applied at insertion, origin, and the wrapping 

point of each muscle fiber, including BFS, BFL, SMB, and SMT. Also 𝑅𝑎𝑡𝑖𝑜𝑖 is 

the percentage of the total hamstring force, 𝐹𝐻𝑎𝑚, for the respective fiber. The 

muscle force is a polynomial function of knee flexion, where the user can update 

the polynomial coefficients to account force different muscle activations in 

different activities. These data can be collected from literature or EMG data. 

𝐹𝐻𝑎𝑚 =∑𝐻𝐹𝐶𝑖 ∗ 𝐹𝑙𝑒𝑥𝑖𝑜𝑛
𝑖

4

𝑖=0

 

The gastrocnemius muscle groups are defined in the same fashion. There are 

two muscle fibers in gastrocnemius muscle. 

𝐹 𝐼𝑛𝑠
𝑖 = 𝐹𝐺𝑎𝑠𝑡 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
         𝑖 = 1, 2 

𝐹 𝑜𝑟𝑖𝑔
𝑖 = 𝐹𝐺𝑎𝑠𝑡 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
         𝑖 = 1, 2 

𝐹 𝑤𝑟𝑎𝑝
𝑖 = −(𝐹𝐺𝑎𝑠𝑡 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑜𝑟𝑖𝑔(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
+ 𝐹𝐻𝑎𝑚 ∗ 𝑅𝑎𝑡𝑖𝑜𝑖 ∗

𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)

|𝑃⃗ 𝑖𝑛𝑠(𝑖)→𝑤𝑟𝑎𝑝(𝑖)|
)        𝑖 = 1,2 
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Figure 4-29: Display of all four fibers of the hamstring muscle group. 

 

Figure 4-30: Two fibers of the gastrocnemius muscle group are shown here. 
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4.5.3 Incorporating Clinically Relevant Simulations 

One of the main strengths of the knee mathematical model is that the user can 

perform several simulations using different surgical conditions and alignments 

on a specific TKA design in order to investigate the effects of these changes on 

the TKA outcomes. However, it would be of importance to have a baseline 

configuration from which other alterations can be created. In the previous GUI, 

there was only one default simulation, “Attune PCR TKA” (Figure 4-31). 

Moreover, the alignment and placement of the implant might not be clinically 

relevant and therefore might not be an excellent baseline default simulation.   

 

Figure 4-31: The default Attune PCR model in the previous GUI. 

Several studies have shown the importance of the surgical techniques, and 

component alignment on TKA outcomes [64,70,101,124–130]. There are 

several alignment techniques in total knee replacement [131–134]. Mechanical 

and anatomical alignments, two of the more popular alignment techniques, 

revolve around the alignment of the component in the frontal plane to preserve 
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the mechanical axis or anatomical axis of the leg. In anatomical alignment, the 

tibia is cut at 3° varus to the mechanical axis of the tibia and the femur is cut 

distally at 9° valgus to the femur mechanical axis. The tibial cut is perpendicular to the 

tibial mechanical axis in mechanical alignment and the femur distal cut is at 6° valgus 

relative to the anatomic axis of the femur (Figure 4-32).  

In the updated FSM, the components are placed using mechanical alignment 

philosophy (Figure 4-33). 

Another factor that has been shown to have a significant effect on the TKA 

outcome is tibial posterior slope [125,135]. The tibial posterior slope is the 

angle between the tangential line on the tibial plateau and the line 

perpendicular to the long axis of the tibia (Figure 4-34).  

Surgeons often incorporate different tibial posterior slopes for different TKA 

types, usually 0° of slope for PS design and about 6° for PCR design. To make 

the FSM a more accurate physiological representation of TKA, different tibial 

posterior slopes are defined for different TKA designs (Figure 4-35).  

Posterior condylar offset, the maximum thickness of posterior condyle, is the 

distance between the most posterior point of the femoral condyle and the line 

tangent on the posterior cortex of the femoral shaft (Figure 4-36) [64]. It has 

been shown that the posterior condylar offset is correlated with TKA outcomes, 

such as knee flexion [64,125]. 

To incorporate more accurate posterior condylar offset as well as other sagittal 

plane cuts, the fluoroscopic images of postoperative TKA patients for different 

implants were investigated. Based on the average measurements of these 

fluoroscopic images, the surgical cuts were calculated and incorporated into 

the updated FSM (Figure 4-37). 
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Figure 4-32: Two different alignment techniques. a) Anatomical alignment, b) mechanical 

alignment. [134] 
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Figure 4-33: In the updated FSM, the components are aligned based on the mechanical 

alignment (right). 
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Figure 4-34: Tibial posterior slope is shown for the normal knee (left), a PCR TKA (middle), 

and a PS TKA design (right). 

 

Figure 4-35: Different tibial posterior slope are considered for different TKA designs in the 

updated FSM. 6° for PCR (left), 0° for PS (middle), and 2° for ACL substituting design (right). 
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Figure 4-36: Measurement of the posterior condylar offset preoperatively (left) and 

postoperatively (right) [124].  

 

Figure 4-37: Posterior condylar offset and other measurements from actual fluoroscopic 

images are collected (left) and the surgical cuts are performed based on these measurements 

that are incorporated into the new FSM.  
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4.5.4 Incorporating Various Subjects 

While the current FSM is a powerful tool in assessing TKA outcomes, one of 

the limitations is that all simulations were performed only on one subject. 

However, fluoroscopic studies have documented that there is variability in 

TKA outcomes between different subjects with similar implants [29,136]. 

Therefore, one of the goals of the updated FSM is to add more variability to the 

model by incorporating multiple subjects. To this end, the bone models of 10 

subjects have been incorporated into the GUI. 

Ten normal subjects had undergone computed tomography (CT) scans. CAD 

models of tibia, femur, and patella were created from CT data using 

segmentation techniques (Figure 4-38). These subjects underwent the 

fluoroscopic process before [137]. Using transformation matrices from the 

fluoroscopic study, the relative translations and rotations of bones are 

calculated to set up each subject correct orientation in space. 

Patient demographics such as weight and height are crucial for the accuracy 

of the model (Table 4-5). These data are necessary since the weight of each 

body segment, such as foreleg, thigh, etc. needs to be applied at the correct 

location. The relative location of the center of mass of each body segment for 

each subject was calculated based on average data available in the literature 

[138–140].  

Another important update is to accurately represent the soft tissue insertion 

and origin sites on each of the bones. Since the geometries of the bones were 

created using CT scans, no MRI data is available. Hence, the exact locations of 

the soft tissue attachments are unclear. However, there are several anatomic 

studies on the anatomy of the human knee soft tissues [15,141–149]. The 

insertion and origins of knee soft tissues are created based on the data from 

the literature (Figure 4-39). 
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Figure 4-38: The CAD models of bone geometries were created from CT scans using 

segmentation techniques for all ten subjects. 
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Table 4-5: Patient demographic for ten subjects included in the updated FSM. 

Parameter Average Std. Dev. 

Age 57.4 7.1 

Height (m) 1.7 0.1 

Mass (Kg) 79.5 15.2 

BMI (kg/m2) 28.7 5.1 

 

 

Figure 4-39: Ligaments insertion and origin for each of the ten subjects (right) were created 

from ligaments attachment data available in the literature (left) [148]. 
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4.6  Other Activities 

The current FSM was capable of conducting simulation of flexion-based 

activities: DKB, and squat to rise activities. Studying these activities is of 

critical importance since, in these activities, the entire range of motion of the 

knee is investigated. However, these activities are not as commonly performed 

as activities such as walking, rising from a chair, etc., following the TKA 

procedure.  

Additionally, other activities such as step up and step down are among the 

most difficult activities for patients following TKA procedure. Several studies 

investigated the kinematics and kinetics of TKA during activities such as gait, 

step down, and step up [74,79,96,150–154]. The kinematics and force profiles 

seen in these activities are very different than those seen in DKB activity [155–

159].  

Hence, investigating the kinematics and especially kinetics of TKA designs 

during these activities is crucial. One of the goals of this study is to further 

advance the current FSM to account for other activities. Five main activities 

that will be included in the new mathematical model are: gait, step down, step 

up, chair rise, and lunge. Also, squat to rise activity has been updated to be 

more computationally efficient. 

4.6.1 Squat to Rise 

The squat to rise activity is essentially the opposite movement of the DKB, 

where the knee starts at a flexed position and starts extending to the maximum 

knee extension. The way this activity is set up is to start at knee extension and 

then perform a DKB activity to a pre-defined user-specified flexion angle, and 

then the desired flexion profile is changed at the specified flexion angle to an 

extension profile (Figure 4-40). 
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The problem with the previous squat to rise activity is that it takes about 4 to 

5 hours to run (≈ 270 minutes when turn-around flexion angle is set to 120°). 

Additionally, at turn-around flexion, the activity is unstable for a period of time 

before it completely starts extending (Figure 4-41). 

The muscle controller and desired flexion and extension profiles have been 

updated in the current FSM to optimize the squat to rise activity. The muscle 

PID controller gains have also been updated to reduce the instability observed 

in the turn-around period. 

4.6.2 Lunge 

The lunge activity is similar to the DKB in nature, with some differences 

(Figure 4-42). The distribution of the load on the weight-bearing knee, the 

rotation profile of the bones, and also the foot flexion profile are the major 

differences between these two activities. 

One of the main differences in these two activities is the tibial flexion profile. 

In lunge activity, the tibia stays relatively upright without any rotation 

throughout the activity. Limited tibial rotation results in reduced extensor 

moment arms and consequently increases in quadriceps forces and patellar 

ligament tension. The flexion profile of the tibia has been updated to match 

what has been observed for lunge activity. 

The next difference between these two activities is the pelvis and upper body 

flexion profile. The upper body is more upright in the lunge activity. 

Additionally, in lunge activity, the contralateral leg is placed more posteriorly 

compared to the ipsilateral leg. Therefore, the rotation profile of the upper body 

in the FSM needs to be updated with respect to two axes: the ML axis and the 

SI axis. 
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Figure 4-40: The squat to rise activity compromises of a DKB activity and knee extension. The 

blue graph shows the desired knee flexion profile and the red graph shows the actual knee 

flexion.  

 

Figure 4-41: During the turn-around flexion angle, the previous FSM experienced instability. 
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Figure 4-42: The lunge activity (top) is different from the DKB activity (bottom). The 

distribution of the load on the knee joint is different in these activities. 

Finally, sometimes during the lunge activity, near the end of the range of 

motion, some subjects lift their heel off the ground. This increases the tibial 

rotation and therefore increases extensor moment arm. Since this phenomenon 

is not observed for all subjects, the ability to specify the amount of the foot 

rotation as well as the starting flexion angle has been added to the updated 

FSM to allow the user to simulate different loading conditions. 

4.6.3 Chair Rise 

A chair rise activity is inherently similar to a reverse DKB activity or a squat 

to rise activity. However, the squat to rise activity is just the continuation of a 

DKB activity, meaning the activity starts at the full extension and goes into 

the maximum knee flexion and starts extending to full extension again. 

Although the squat to rise activity can be considered similar to the chair rise 

activity, however, the user cannot change the component alignment or other 
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features at the seated position. The FSM has been updated to account for the 

chair rise activity. The user can change the initial conditions (Figure 4-43) and 

the desired flexion/extension profile of the femur has been updated. The muscle 

controller and its gains have been tuned to simulate the correct muscle 

activation to perform the chair rise activity. 

 

Figure 4-43: The chair rise activity has been incorporated into the new FSM. The user can 

update the initial condition for this activity using the GUI.  

4.6.4 Stair Descent 

Thus far, all activities explained are flexion-based activities, with the knee 

flexion constantly increasing or decreasing over time. The FSM has 12 degrees 

of freedom at the knee joint. Other bones motion, such as the tibia, or upper 

body movement, are specified. For flexion-based activities, these specified 

motions are defined as a function of knee flexion since these motions constantly 

increase or decrease throughout the knee range of motion. 
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𝜃𝑡𝑖𝑏𝑖𝑎 = 𝑓(𝐹𝑙𝑒𝑥𝑖𝑜𝑛)           𝑓𝑜𝑟 𝑓𝑙𝑒𝑥𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 

However, for other activities, these specified motions are not necessarily 

continuously increasing/decreasing with knee flexion. During different 

portions of the activity, there are different motion patterns. Therefore, the first 

step to create these types of activities is to define these motions as a function 

of time rather than a function of knee flexion. 

𝜃𝑡𝑖𝑏𝑖𝑎 = 𝑓(𝑡)           𝑓𝑜𝑟 𝑔𝑎𝑖𝑡 𝑡𝑦𝑝𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 

Activities such as stair ascent, stair descent, and walking are considered gait 

activities. Gait activities compromises of two separate portions: the stance 

phase and the swing phase (Figure 4-44).  

The stance phase of the activity is where the foot is on the ground. 

Approximately about 60% of the whole activity is the stance phase. When the 

foot leaves off the ground, the swing phase starts.  

The swing phase is the portion of the activity where the foot is not in contact 

with the ground and swinging in the air. 

Knee forces and moments are significantly higher during the stance phase and 

studying the stance phase is usually of more importance for evaluating TKA 

designs. For the purpose of this study, only the stance phase is modeled and 

investigated. The stance phase itself includes two phases.  

The initial phase, where foot starts contacting with the ground while the other 

leg is still in contact with the ground. This part is often called weight 

acceptance. During this part, the weight is distributed between both legs.  
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Figure 4-44: Gait cycle compromises of two distinct phases; stance and swing phase. During 

the swing phase the foot remains in contact with the ground. The top image is from [160]. 

  



 

88 

 

After the initial weight acceptance phase, the contralateral leg starts swinging 

and the weight distribution shifts to the ipsilateral leg. During mid-stance, the 

femur starts extending or flexing to maintain the progression of the gait cycle. 

The last portion of the stance phase is where the foot starts leaving off the 

ground. The heel starts rotating while toes remain in contact with the ground. 

This last part is called toe-off. Although the general gait cycle is similar for all 

three activities, the movements of different body parts are unique for each 

activity.  

During the stance phase of the stair descent activity, after initial contact, the 

tibia starts bending forward and the femur starts flexing up to about 50 – 70 

degrees relative to the tibia. The foot does not start rotating until close to the 

end of the stance phase. All the specified motions of the tibia and foot were 

updated for the stair descent activity.  Also, the direction of rotation often 

changes and is not consistent as in deeper flexion activities. 

During KDB, the upper body bends forward. This pelvis flexion is a function of 

the knee flexion. Also, pelvis rotation about the other two axes, AP and SI, are 

considered negligible. During the stair descent activity, the pelvis flexion is 

very limited, while the upper body rotates about the SI axis. The FSM model 

has been updated to account for these changes. Although the FSM does not 

include the contralateral leg, there is a force applied at the contralateral hip 

joint. This force is calculated based on the need to keep the pelvis and upper 

body stable and prevent the pelvis from moving excessively in ML direction. 

This force is calculated based on the ML changes in contralateral hip joint via 

the equation below 

𝐹 𝐶𝑜𝑛𝑡.  𝐻𝑖𝑝 = (𝑘 ∗ (𝑥𝐻𝑖𝑝 − 𝑥0) + 𝑑 ∗ 𝑣𝐻𝑖𝑝) 𝑁̂3 

𝑥𝐻𝑖𝑝 = 𝑃⃗ 𝑁𝑜 →𝐻𝑖𝑝 ∙ 𝑁̂3 
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𝑣𝐻𝑖𝑝 =
𝑑𝑥𝐻𝑖𝑝

𝑑𝑡
 

Where 𝑘 is spring stiffness coefficient, 𝑑 is the damping coefficient, 𝑥𝐻𝑖𝑝 is the 

distance of the hip joint from the global center in ML direction, 𝑥0 is 𝑥𝐻𝑖𝑝 at 

first time step, and 𝑣𝐻𝑖𝑝 is the velocity of the hip joint. The stiffness and 

damping coefficients have been updated for the stair decent activity. 

The final step is to simulate the effects of contralateral leg swinging. When the 

contralateral leg swings, the weight of the upper body is solely distributed on 

the ipsilateral leg. Therefore, the C++ code will be updated to account for the 

upper body weight shift 

TORSOMASSORIG = TORSOMASS; \\ Initializing the upper body mass 

 

if t < t1 

   TORSOMASS = TORSOMASSORIG; 

else if t < t2 

   TORSOMASS = 2*TORSOMASSORIG; 

else 

   TORSOMASS = TORSOMASSORIG; 

 

4.6.5 Stair Ascent 

Stair ascent activity, like other gait-type activities, is similar to the stair 

descent activity, in that it encompasses two separate phases, stance phase, and 

swing phase. One of the differences between these two activities is the rotation 

profile of the bones. In the stair descent activity, the tibia and the femur start 

in a nearly straight, full extension condition, and then both the femur and tibia 

start bending forward to accommodate the contralateral leg swing phase. In 

stair ascent activity, however, the knee is moderately flexed. Then, the tibia 

starts bending forward slightly, and then tibia bends backward to an upright 

position. During this part, the femur extends to an almost fully extended 
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position. Close to the end of the activity cycle, the foot also starts bending 

forward. 

The PID controller and rotation profiles for all other bones have been updated 

from stair descent activity. Similar to stair descent activity, the upper body 

weight shift is also considered for this activity. 

4.6.6 Gait 

Walking on level ground is the most common daily activity, and that is why it 

is one of the most studied activities following the TKA procedure to investigate 

the mechanics of the knee joint, especially the loads applied on the joint and 

wear pattern of the bearing insert.  Although the forces are not as high as those 

derived in deeper flexion activities, the incidences of this activities are 

significantly greater than all other activities combined throughout a normal 

day. With the progression of knee OA, the kinematics and kinetics of the knee 

joint, such as knee abduction and flexion moment, are altered during walking 

[153]. Therefore, it is important to investigate whether TKA treatment can 

achieve better joint mechanics.  

Unlike stair ascent and stair descent, the center of mass is mostly moving 

horizontally in level walking, hence fewer joint forces and moments are 

required to move the body. The first difference between level walking and stair 

climbing is that the heel strike in stair activities is not actually a heel strike. 

The whole foot is in contact with the ground at the heel strike. In gait, the toes 

are off the ground, and heel is in contact with the ground. Then the foot starts 

rotating until both the heel and toes are in contact with the ground. During 

mid-stance, the whole foot is stationary on the ground. Close to the end of the 

gait cycle, toe-off part, the heel starts rotating again while toes are in contact.  
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It is worthwhile to note the difference in the foot rotation regions. This is 

important because the center of rotation for foot changes throughout the 

activity. Therefore, it needs to be carefully modeled. As previously mentioned, 

the FSM is a multibody dynamic chain starting from the ground up, which 

means that the foot is defined relative to the ground, and each body/frame is 

defined relative to its distal body/frame.  

From the global center, the coincident point between the foot and the ground 

is defined, and the center of mass of the foot is defined relative to this 

coincident point. The tibia and other bones are defined in the same fashion; 

from the distal body/frame to the coincident point and then from that point to 

the center of mass of the next body. These coincident point between two 

bodies/frames are the center of rotations for proximal body/frame (Figure 4-45). 

The position vectors are usually constant but can be defined as functions of 

other parameters such as time or flexion. 

 

Figure 4-45: Each body’s location is defined relative to its distal body/frame using the concept 

of the coincident point. The black point is the coincident point on the foot, and the red point 

is the coincident point on the tibia. This coincident point is the tibia center of rotation.  
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Figure 4-46: The center of rotation of the foot changes throughout the gait cycle.  

As mentioned before, the position vectors can be defined as a constant or a 

specified function of time/flexion. The position vector from the global center to 

the coincident point between the foot and the ground is defined as constant in 

other activities. This position vector is initially defined as a specified function 

of time and is later modified in the C++ code based on below pseudo-code 

if t < t1 

   P_NO_NFoot = D1; 

else 

   P_NO_NFoot = D2; 

 

The muscle controller and gains are updated to account for the different muscle 

activations. 

4.7 Revision TKA 

TKA designs can be divided into two main categories: primary and revision. 

When the primary TKA fails, the patient will have a second surgery where the 

primary knee implant components are removed and replaced with revision 

TKA components. Revision TKAs account for 6.9%, 6.4%, and 7.5% of all knee 

arthroplasties performed in 2016, 2017, and 2018 in the US, respectively 

[161,162]. There are several reasons associated with TKA failures, with 
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loosening, infection, instability, and stiffness being the dominant reasons 

[163]. In general, these revision TKAs are very constraining designs, only 

allows for limited joint mobility.  

The previous forward solution model only accounts for primary TKA. One of 

the objectives of this project is to further expand the mathematical model to 

include revision TKA. Two types of revision TKA will be included in the model: 

rotating bearing hinge system and a fixed bearing hinge design. In both 

designs, the femoral component only rotates about the ML axis with respect to 

the tibial component.  

The bearing insert can rotate about the SI axis relative to the tibial tray in the 

rotating bearing design. The bearing is fixed to the tibial tray in the fixed 

bearing design. However, that does not mean the femoral component cannot 

axially rotate. The axial rotation in this design is facilitated using another 

component between the femoral component and the tibial tray. The difference 

between these two models will be explained later.  

The newest version of the forward solution model has the ability to simulate 

both of these knee hinge systems (Figure 4-47). 

In the following sections, these models and the changes to the forward solution 

model will be explained in more detail. 

4.7.1 Rotating Bearing Hinge System 

4.7.1.1 Overview 

The rotating bearing hinge implant is a highly constrained system in which 

the femoral component only rotates about the ML axis. A pin between the 

femoral component and the insert facilitates this rotation. To provide the axial  
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Figure 4-47: Incorporated hinge systems into the forward solution model. The rotating 

bearing hinge system is shown on the left. The femoral component rotates about the ML axis, 

and the insert rotates about the SI axis. The fixed bearing design is shown on the right. The 

femoral component rotates about the ML axis, the bearing is fixed, and the pin rotates about 

the SI axis (right). 
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rotation of the knee, the implant is designed to be a mobile bearing implant, 

i.e. the insert rotates about the SI axis with respect to the tibial tray (Figure 

4-48). In order to represent the rotating bearing hinge implant, some 

modifications have been made to the FSM, which will be explained in the 

following chapters. 

4.7.1.2 Cam/Post Mechanism 

The main difference between the rotating bearing hinge and traditional TKA 

is the constrained rotation and translation of the femoral component with 

respect to the bearing insert. In this type of implant, this restricted movement 

is achieved by inserting a pin inside the rings of the femoral component and 

the insert (Figure 4-49).  

In the FSM, the cam/post mechanism is implemented to model the interaction 

between the femoral component and the insert. Since the contact surfaces are 

cylindrical, both anterior and posterior cam/post mechanism are used 

simultaneously. The outside surface of the pin will be modeled as a point cloud 

and considered as the cam on the femoral component (Figure 4-50). This point 

cloud will be used for both anterior and posterior cam/post mechanism. 

The inside surface of the bearing insert ring will be used for post surfaces in 

the cam/post mechanism. As shown in Figure 4-51, the cylindrical surface 

inside the ring is divided into two portions, to represent both the anterior and 

posterior post surfaces. 

Another useful tool for analyzing the rotating hinge implant is to evaluate how 

the clearance between the pin and ring can affect the outcome of the implant. 

To this end, the user can quickly simulate moving the post surfaces of the ring 

anteriorly or posteriorly to assess the effects of clearance and find the optimal 

solution (Figure 4-52). 
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Figure 4-48: Assembly view of the rotating bearing hinge implant. 
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Figure 4-49: The assembly of the rotating bearing hinge design. A pin inserted between the 

bearing insert and the femoral component restrict the AP and SI motion of the femoral 

component and facilitate the flexion. The surfaces shown with magenta and orange are the 

articulating surfaces of the cam/post of the hinge design.  
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Figure 4-50: Cam point cloud on the femoral component. This point cloud is used for both 

anterior and posterior cam/post mechanism. 
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Figure 4-51: The inside surface of the bearing will be used to represent the post surfaces in 

the cam/post mechanism. Left) the anterior post surface, right) the posterior post surfaces on 

the bearing insert.  

 

Figure 4-52: Moving the ring surfaces anteriorly or posteriorly can be used to simulate 

different clearance between the pin and the ring. Left) Increasing the clearance between the 

pin and the ring; right) Decreasing the clearance between the pin and the ring. 
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4.7.1.3 ML Spring 

As it was mentioned before, the rotating hinge implant is highly constrained. 

The anterior-posterior translation is constrained by the pin and the ring. 

Moreover, the medial-lateral translation is constrained by two bushings 

around the ring, which prevents the femoral component from sliding in ML 

direction. To model the effects of these bushings, a new feature has been added 

to the FSM called “ML Spring.” The bushings are modeled as spring with high 

stiffness coefficient. 

To simulate the effect of the bushing, two coincident points are defined on the 

femoral component and bearing insert. An interactive spring force is applied 

between these two points. The location of the contact point on the femoral 

component relative to the femoral component center of mass is defined by the 

user in the GUI. The coincident point on the bearing insert is defined relative 

to the insert center of mass and calculated by this equation 

𝑃⃗ = 𝑝1 ∗ 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑
1 + 𝑝2 ∗ 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑

2 + 𝑝3 ∗ 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑
3  

𝑝𝑖 = 𝑃⃗ 𝑃𝑜𝑙𝑦𝑜→𝑀𝐿𝑆𝑝𝑟𝑖𝑛𝑔. 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑
𝑖           𝑖 = 1,2,3 

Where 𝑃⃗ 𝑃𝑜𝑙𝑦𝑜→𝑀𝐿𝑆𝑝𝑟𝑖𝑛𝑔 is the distance from the bearing insert center of mass to 

the location of the coincident point on the femoral component. And 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑
𝑖 are 

the unit vectors of the insert coordinate frame.  

Then an equal and opposite force is applied between these two points. The 

spring force is calculated based on the amount of the relative movement of the 

femoral component relative to the bearing insert, obtained from the below 

equation 

𝐹 = −𝐾𝑀𝐿𝑆𝑝𝑟𝑖𝑛𝑔 ((𝑝1 − 𝑝1
0) ∗ 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑

1 + (𝑝2 − 𝑝2
0) ∗ 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑

2 + (𝑝3 − 𝑝3
0) ∗ 𝑃𝑜𝑙𝑦⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃑

3) 
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𝑝𝑖 are described above and 𝑝𝑖
0 are the 𝑝𝑖 at the initial time step. 𝐾𝑀𝐿𝑆𝑝𝑟𝑖𝑛𝑔 is the 

spring stiffness coefficient based on the bushing material properties and it can 

be modified by the user.  

In order to have more flexibility in the model, the location of the ML Spring 

with respect to the femoral component can be defined by the user (Figure 4-53). 

 

Figure 4-53: The location of the ML Spring force can be defined in the GUI. 

4.7.2 Fixed Bearing Hinge System 

4.7.2.1 Overview 

The fixed bearing hinge system is also a hinge knee system. However, there is 

a substantial difference between this implant type and the rotating bearing 

hinge design. The first difference is that the rotating bearing design has single 

radius femoral component design. This means that during the whole range of 

flexion the femur rotates about the same axis. On the other hand, the fixed 

bearing design has J-curve design which means the early flexion femoral 

curvature and the later flexion femoral curvature are different (Figure 4-54). 

Different femoral curvature means that the femoral component can translates 

freely in the SI direction (Figure 4-55) unlike the rotating bearing design which 

the SI motion is restricted.  
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Figure 4-54: The rotating bearing hinge has a single radius femoral curvature (left). 

Therefore, the center of rotation remains the same during the whole range of motion. The 

fixed bearing hinge incorporates a J-curve sagittal curvature. The center of rotation for J-

curve design is different between late flexion and early flexion. 
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Figure 4-55: the femoral component rotates about the ML axis and the SI axis and can 

translates in the SI direction.  
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The second difference between these two models is the femoral component 

axial rotation. As the name suggest the bearing is fixed in this design but it 

does not mean the there is no femoral axial rotation. A pin is designed and 

inserted between the femoral component and the tibial tray (Figure 4-56). This 

pin is able to axially rotates inside the tibial tray. The interactive forces 

happening in the contact forces between the femoral component and the pin 

(highlighted surfaces in Figure 4-56) force the femoral component to axially 

rotates with the pin on top of the bearing insert.  

4.7.2.2 Pin Modeling 

Although the basis of this implant is similar to a rotating bearing implant, the 

bearing is fixed. In order to solve this dilemma, a new component was 

introduced into the FSM to represent the pin. Having this component in the 

FSM is crucial to apply the interactive forces between the femoral component 

and the pin. Therefore, the IE rotation of the femoral component will be derived 

using these interactive forces and torques.  

Similar to the rotating hinge model, for the fixed bearing hinge type design, 

the interaction between the femoral component and the pin is modeled using 

the cam/post mechanism. Same as before, the pin outside surface is considered 

as cam; however, the post surfaces are parts of the pin, instead of the bearing. 

4.7.2.3 The FSM Changes 

Few changes have been made to the FSM for modeling the fixed bearing design. 

It was mentioned that the pin needs to be considered as a new body. Therefore, 

the first step is to add the pin into the GUI as a separate body. Figure 4-57 

shows the required steps to add the pin into the GUI. 

Having the pin into the GUI, the next step is to incorporate the contact surfaces 

between the femoral component and the pin. The outside surface of the pin will 

be used to create the cam point cloud in the GUI (Figure 4-58). 
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Since the post surfaces are now part of the pin structure, a new feature has 

been added to the model to incorporate these surfaces on the pin. Figure 4-59 

indicates the steps for adding the cam/post surfaces in the GUI. 

Following these steps, the anterior and posterior post surfaces can be 

introduced into the GUI (Figure 4-60). 

4.8 Graphical User Interface 

As the FSM is expanded, the ability to simulate various types of implants and 

multiple activities is increased and therefore, the GUI must be updated to 

account for these changes. In the new FSM, the GUI has been updated to 

include all the new updates while maintaining the simplicity of use for non-

technical users. 

4.8.1 General  

The primary purpose of the FSM GUI is to facilitate the process of 

mathematically evaluating the TKA implants design. To this end, in the latest 

version of the FSM, the user interface has been updated to be more user-

friendly. The first attempt was to modify the overall user interface 

visualization. In the previous GUI, the background color was dark, which 

sometimes made it difficult to distinguish the component from the background 

from various angles (Figure 4-61). The new FSM features a distinct 

background, aimed at a better representation of the bones and implant (Figure 

4-62).  

Also, the menu has been updated to make the GUI more-user friendly and 

avoid confusion with all recent modulus.  
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Figure 4-56: The bearing insert (white component) is fixed to the tibial tray in the fixed 

bearing design. The axial rotation occurs with the pin inserted between the tibial tray and 

the femoral component (blue component). the pin axially rotates inside the tibial tray and the 

contact between the surfaces between the femoral component and the pin (magenta and 

orange surfaces) force the femoral component to rotate axially with the pin.  

 

Figure 4-57: Adding the fixed bearing hinge into the GUI. 
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Figure 4-58: Modeling cam mechanism for the fixed bearing hinge. Left) The outside surface 

of the pin created to represent the cam. Right) The cam point cloud. 

 

Figure 4-59: New feature for adding the post surfaces on the fixed bearing hinge. 
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Figure 4-60: Post mechanism preparation for the fixed bearing hinge. Left) The anterior and 

posterior post surfaces on the pin. Right) The post surfaces representation in the GUI. 
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4.8.1.1 Activity-based activity plots 

Often, when investigating TKAs and reporting the outcomes, the results are 

plotted with respect to the knee flexion angle. However, as it was mentioned 

in Section 4.6, flexion is not always increasing/decreasing in all activities and 

therefore the outcomes cannot be plotted with respect to knee flexion. The 

outcomes of TKA for gait type activities are usually reported with respect to 

the percentage of the activity. Therefore, all plotting functions in the GUI are 

updated to allow the user to plot the results based on the activity percentage 

as well as knee flexion (Figure 4-63). 

4.8.1.2 GUI controls 

Two new additions to the GUI are the ability to control the number of data 

points included in the results and the ability to export the CAD models and 

their respective transformation matrices.  

When a simulation is complete, the results are stored in multiple text files at 

a location specified by the user. These text files usually contain about 20,000 

data point for a DKB activity and can go up to 100,000 data points for squat to 

rise activity. The loading function in the GUI allows the user to associate 

results to the GUI. However, including all data points in the results is time-

consuming and makes the GUI inefficient. Therefore, the GUI has been 

updated to allow the user to select the number of data points to include in the 

GUI (Figure 4-64). 

The next functionality allows the user to export the bone and component 

geometries outside the GUI. The transformation matrices are also exported. 

By having the components and associated geometries, the user is able to import 

these geometries and transformations on other CAD software for further 

investigations.  
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Figure 4-61: The previous user interface with a dark background. 

 

Figure 4-62: The new visualization of the user interface featuring a bright background. 
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Figure 4-63: All plotting functions have been updated to allow the user to plot against the 

activity percentage as well as knee flexion. 

 

Figure 4-64: New updates of the FSM GUI. The user can control the number of data points 

included in the results (top). The GUI is capable of exporting the bone and component 

geometries, as well as their respective transformation matrices. 
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4.8.1.3 Compatible with newer MATLAB versions 

The FSM GUI was developed in MATLAB 2013. Some of the functions used in 

the GUI are not updated in newer MATLAB versions. Two of the main 

functionalities of the GUI that are not working with the newer MATLAB 

versions are the ability to select the soft tissue attachments and modifying the 

cam post surfaces.  

The structure of the GUI and the older functions have been updated to make 

the GUI compatible with the newer MATLAB version. 

4.8.1.4 Import Femoral Component Condylar Surfaces 

In the GUI, the femoral component surfaces are modeled with point clouds. 

Previously, these point clouds were calculated automatically based on the 

geometry of the femoral component implant. Since this is an automatic process, 

the point clouds are not true representatives of the contact surfaces.  

A new feature has been introduced in the latest version of the GUI, by which 

the condylar surfaces can be directly imported to the GUI as one of these file 

types: iv, stl, or wrl. The point clouds calculated using this new feature better 

represent the actual contact surfaces (Figure 4-65). 

4.8.1.5 Femoral Component Axial Rotation 

Another feature has been added to the GUI for the kinematics plot. Previously, 

the internal/external rotation of the femoral component solely derived based 

on the Euler angles.  

The new feature calculates the femoral component IE rotation based on the 

lowest point calculation. Figure 4-66 indicates the calculation for the new 

feature. 
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Figure 4-65: Difference between condylar points clouds by each method. a) Two methods to 

calculate the condylar point clouds. b) Condylar contact point cloud calculated by the 

‘AutCompute’ feature. c) Condylar contact point cloud calculated by importing surfaces to 

the GUI. 
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Figure 4-66: Femoral component IE rotation calculations based on the low points. 
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4.8.2 Wrapping animation 

To visualize the muscle wrapping algorithm and how muscles wrap around 

bones and components, another module inside the main GUI has been 

developed to allow the user to investigate the wrapping of the muscles (Figure 

4-67). Independent from the main GUI, the user can load and associate new 

results from simulations using the Load Data function. This function reads the 

output files from the simulation and updates the location of the muscle 

insertions and origins, as well as wrapping points. Additionally, information 

about the wrapping checks for each individual muscle is stored. Based on the 

information about wrapping checks, the flexion angle where wrapping occurs 

is calculated and the correct muscle wrapping is shown. 

The wrapping module has two camera views from the left and right 

perspectives, allowing the user to view the knee from the lateral and medial 

sides, respectively. The user can change each of these views to a front view to 

visualize the muscle wrapping from the front view (Figure 4-68). The user can 

also select which muscle to visualize throughout the activity.  

 

Figure 4-67: A GUI has been incorporated in the main GUI to visualize the muscle wrapping 

algorithm. 
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Figure 4-68: The user can select which muscle to visualize. The default camera views are 

lateral and medial, but the user can select to view the wrapping from the front view. 
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4.8.3 Physiological Knee Mathematical Model 

4.8.3.1 Multiple subjects 

As stated earlier, the GUI has been updated to include multiple subjects. 

Therefore, another feature has been added to the menu of the GUI that allows 

the user to efficient load these new subjects (Figure 4-69). For each subject, 

several default simulations were created which includes different TKA types, 

such as fixed-bearing PCR, fixed-bearing PS, mobile-bearing PCR, and mobile-

bearing PS. When the user selects a new subject, the GUI loads the geometries 

of the bones and proper implant components. These subjects have different 

bone geometries and therefore different parameters such as muscle 

attachment, bodyweight, etc. Default values for these parameters are stored in 

external MATLAB files, and when a subject is selected, the specific values are 

loaded as well. 

4.8.3.2 Default simulations 

As mentioned in section 4.5.3 it is important to incorporate clinically relevant 

simulations. Several types of TKA simulations are created based on the 

fluoroscopic images to make the simulation more clinically relevant. A new 

feature was incorporated in the latest GUI that allows the user to select and 

load one of these predefined TKA simulations for various TKA designs (Figure 

4-70). To create these default models, efforts have been made to replicate the 

actual surgical condition. Different tibial posterior slopes were considered for 

different TKA types: PS design without posterior slope, 6° posterior slope for 

CR, and 2° and 6° posterior slopes for ASTKA design. The placement of the 

component was done based on the average fluoroscopy data. To this end, 

average fluoroscopy data for the exact same model gathered from our 

fluoroscopy studies and similar initial conditions were considered for each TKA 

design (Figure 4-71).  
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Figure 4-69: The user can easily select various subjects with different implant type to perform 

different activities simulations. 
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4.8.4 Tibia Bone modification 

In the original version of the FSM, the user had the ability to change and 

modify the position and rotation of most of the implant and bone parameters 

to simulate different surgical condition and also misalignment. However, the 

tibial bone position and location could not be modified. For most primary TKAs 

this would not cause an issue since the changes can be applied on the tibial 

implant instead on the tibia bone. For instance, to simulate a varus/valgus 

situation, the user could simply rotate the tibial tray to replicate the actual 

situation. However, for revision TKAs, such as hinge designs, which are highly 

constrained, only modifying the tibial tray alignment cannot completely 

replicate the in vivo situation. Due to the highly constrained design of such 

TKAs, tibial tray alignment cannot be modified without changing the femoral 

component alignment.  

To address this issue in the most recent FSM, in the “Modify Initial Position” 

Tab, a tab was created for the tibia bone (Figure 4-72). Similar to other bones 

and components, the user can manually change the rotation and position. 

4.8.5 Initial Position 

The placement of the components with respect to the bones is one of the 

essential factors of the efficiency of the knee mathematical model. In the FSM 

GUI, the user has the ability to modify the implant components positions, both 

translations and rotations, to any desired scenario to simulate different 

surgical conditions as well as investigate the effects of component 

misplacement on the TKA outcome. Although the previous GUI allowed the 

user to move the components (Figure 4-73) freely, the user had to place the 

component in such a way that there would be a clearance between the 

contacting surfaces, e.g., the femoral condyles and polyethylene insert plateaus  
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Figure 4-70: Different default simulations for different implants have been added to the latest 

GUI. 

 

Figure 4-71: Default models were created and incorporated in the GUI for various TKA 

design. 
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Figure 4-72: In the most recent version of the FSM user can modify the initial position of the 

tibia bone. 
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Figure 4-73: In the previous version of the GUI, the user selects the close initial condition 

(left), components cannot be placed in contacting condition (right). 
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or the trochlear groove and anterior patellar surface. The contact detection 

algorithm cannot be executed if the components are in contact. 

Therefore, two main modifications have been implemented in the latest version 

of the FSM. First, the contact detection algorithm was slightly updated to 

support components being in contact at the beginning of the simulation. The 

previous contact detection crashed when there was a penetration at the first 

time step. Using a simple “if statement,” the contact forces are no longer 

calculated at the first time step. The importance of this feature is twofold; first, 

it gave the user more freedom to place the implant the way it is implanted by 

surgeons. Secondly, and more importantly, when there is clearance at the 

initial time step, it causes a slight jump in contact forces right after the 

components were in contact. Therefore, having the ability to start in contact 

resolves the unrealistic increase in contact forces at the beginning of the 

simulation. 

The second improvement in this regard is incorporating the ability to 

automatically change the contacting components. Two buttons have been 

added to the Change Initial Position window to alter the femur and patella 

position to get the exact starting position (Figure 4-74). The “Zero Patella 

Height” button changes the position of the patella in the AP direction to set the 

distance between the trochlear groove and the patellar surface to zero. The 

“Zero Femur Height” button has similar functionality, changing the femur 

distance in SI direction to have zero distance between the femoral condyle and 

insert plateaus. However, the mechanism is slightly more complicated. Since 

there are two contacting surfaces at the tibiofemoral joint, the algorithm first 

calculates the differences between the heights on the lateral and medial side, 

and therefore based on this difference, the femur is rotated to get the same 

height and then this distance is set to zero. This way, the height on the lateral 

side and the medial side would be the same. 
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Figure 4-74: The new version of the GUI features the ability to place the components at the 

close contact condition automatically. 
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4.8.6 Multiple Activities 

To facilitate analyzing various activities, the GUI menu was updated to 

incorporate various activities (Figure 4-75). The menu is similar to the 

“multiple subjects” menu. However, when selecting various subjects, the GUI 

loads a file already created for each subject with proper bone geometries. This 

cannot reasonably be done for multiple activities for two reasons: first, this 

would mean creating several simulation files and storing them externally, 

which is time-consuming and takes unnecessary space. Second, if the user 

wants to create a simulation from scratch, there would be no default file to load 

to get the initial starting position. 

To overcome this issue, a set of default simulation files is created for each 

activity only for one subject and one implant type. When selecting a new 

activity, the transformation matrix for each component relative to its proper 

bone is calculated and stored. Then, the transformations of each bone relative 

to the global reference frame are calculated for that activity. Finally, using the 

relative transformation matrices calculated in the first step, the components 

are placed with respect to the bones in the activity-specific location. 

Additionally, as mentioned in section 4.8.3.1, the default simulations were 

created for each subject with different TKA types. The initial placement of the 

components has an effect on TKA outcomes. Therefore, it is crucial to place the 

simulation at accurate locations. For a given activity, each subject with a 

specific implant to the certain flexion angle of that activity. Then the position 

and orientation of components and bones at that flexion angle will be used as 

initial condition for that subjects and that specific activity. This way there is a 

default simulation for each subject with multiple implants for each activity. 

The GUI has been updated to take into account these default simulations. The 

user can easily select different activities for each subject by implant type 

(Figure 4-76). 
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It was mentioned in section 4.6.2 that some patients lift their heel off the 

ground when performing a lunge activity, and the updated GUI has 

incorporated this feature. Therefore, when the user selects to simulate the 

lunge activity, a pop-up menu appears asking the user whether lifting the heel 

off the ground is required. If the user selects “Yes,” another window pops up, 

asking about the maximum foot rotation angle. Then, based on this user-

specified value, the flexion rate of the foot is calculated. Also, the starting 

flexion angle or time can be updated by the user by updating the Simulation 

Control Variables menu.   

Additionally, to better visualize and distinguish between the activities, 

different platforms are considered for different activities, i.e., chair, steps, etc. 

The bodies, bones and implants, are of type stl/wrl, which is essentially a 

combination of faces and vertices. Therefore, each platform has its own faces 

and vertices. These faces and vertices are created and stored. When selecting 

an activity, the GUI calls the proper faces and vertices from these stored 

matrices to load the proper platform for that specific activity.  
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Figure 4-75: To perform different activities, the user needs to select the proper activity. The 

GUI creates the approximation of the starting position for that activity.  

 

Figure 4-76: The current GUI allows the user to select various subjects with different implant 

type performing different activity.  
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Chapter 5: Results and Discussion 

Initially, in this section, the effects of the new updates on TKA outcomes will 

be investigated. Then, the model will be used to assess the effects of various 

surgical conditions and implant designs on TKA outcomes. 

5.1 Muscle Wrapping 

The recently developed muscle wrapping algorithm was derived to accurately 

predict the wrapping of the muscle around the TKA implants and the bones. 

In Figure 5-1, the vastus lateralis wraps around the femoral component and 

the rectus femoris wraps around the femur bone and pelvis.  

The developed muscle wrapping algorithm is capable of detecting the exact 

flexion angle where wrapping occurs for each quadriceps muscle fiber as 

opposed to the previous wrapping algorithm in which wrapping turns on and 

off based on predefined fixed parameters.  

The wrapping algorithm was also able to differentiate between various types 

of TKA implant designs. In Table 5-1, the starting flexion angle where the 

wrapping turns on is shown.  

This proves that the wrapping algorithm successfully detects unique wrapping 

angles for each muscle fibers and then differentiate between various types of 

TKA design.  

For instance, for vastus lateralis, the wrapping occurs at 60.2°, 55.7°, and 59.3° 

of knee flexion for PCR, PS, and ACL substituting TKA designs, respectively.   
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Figure 5-1: The developed muscle wrapping algorithm is capable of accurately muscle 

wrapping around the femoral component (top) and also around the bones (bottom). 
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Table 5-1: The flexion angles where the wrapping algorithm starts for different quadriceps 

muscle fibers and different implant types. 

 VL RF VM VID VIM 

PCR 60.2 65.6 65.2 68.3 68.3 

PS 55.7 60.3 58.2 61.7 61.7 

ACL Substituting 59.3 63.9 62.0 65.2 65.2 

 

The extensor mechanism plays an essential role in the functionality of the 

human knee joint. The patella increases the moment arm of the quadriceps 

muscle and therefore decreases the required quadriceps muscle force to 

perform deep flexion activities. Hence, the accuracy of the muscle wrapping, 

which dictates the quadriceps muscle fibers’ lines of action, affects the 

quadriceps muscle force.  

In Figure 5-2, the quadricep muscle comparison between the old wrapping 

method and the new wrapping algorithm are shown. The quadriceps force is 

lower for the new wrapping algorithm. This difference is due to the fact that in 

the new wrapping algorithm, the line of action of the muscle is more accurately 

computed and therefore does not pass through the bone and femoral 

component. This finding results in an increased quadriceps moment arm and 

a subsequenty reduction in the quadriceps muscle forces.  

Similar to the quadricep muscle force, the patellofemoral joint force is also 

reduced in the new wrapping algorithm (Figure 5-3). This occurs because the 

patellofemoral joint is a three-force system in its simplified form, including 

quadriceps muscle, the patellofemoral joint force, and the patellar ligament 

force. Therefore, when the direction and amount of one of these forces changes, 

the other two will change as well. 
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Figure 5-2: Comparison of quadriceps forces between the old wrapping method (red) and the 

new wrapping algorithm (green). 

 

Figure 5-3: Comparison of patellofemoral joint forces between the old wrapping method (red) 

and the new wrapping algorithm (green). 
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The changes in quadriceps muscle force direction and magnitude affect not 

only the patellofemoral joint but also the tibiofemoral joint. One of the TKA 

procedure goals is to distribute tibiofemoral contact forces evenly between the 

lateral and the medial compartments.  

The magnitude of the contact forces in lateral and medial tibiofemoral joints 

are shown in Figure 5-4 and Figure 5-5. The amount of the lateral tibiofemoral 

force was significantly higher compared to the medial side in the old wrapping 

algorithm, peaking at about 2 × BW. However, with the new wrapping 

algorithm, the tibiofemoral forces are more evenly distributed, around 1.2 × 

BW and 1.4 × BW for lateral and medial compartments, respectively. 

Similarly, the tibiofemoral kinematics are affected by the new wrapping 

algorithm as well. The lateral femoral condyle translates about 1 mm less 

posteriorly compared to the old algorithm from full extension to maximum 

knee flexion (Figure 5-6).  

Conversely, the medial condyle translates 1 mm more posteriorly throughout 

the range of motion with the new wrapping algorithm compared to the old 

wrapping algorithm (Figure 5-7). Also, the femur experiences a smaller 

magnitude of external rotation with the new wrapping algorithm (Figure 5-8).  

5.1.1 Effects of a Larger Femoral Component Size 

To investigate the viability of the new wrapping algorithm, a larger sized 

femoral component was imported in the FSM. As can be seen in  Figure 5-9, a 

larger femoral component means that the wrapping points are further from the 

femoral component center of mass. Two identical simulations have been 

created in the FSM with one difference: one with Attune CR femoral 

component size 4 and another with femoral component size 5. The wrapping 

points are also updated for the larger femoral component accordingly. 
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Figure 5-4: Comparison of lateral tibiofemoral joint forces between the old wrapping method 

(red) and the new wrapping algorithm (green). 
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Figure 5-5: Comparison of medial tibiofemoral joint forces between the old wrapping method 

(red) and the new wrapping algorithm (green). 

 

Figure 5-6: Comparison of lateral tibiofemoral AP translation between the old wrapping 

method (red) and the new wrapping algorithm (green). 



 

135 

 

 

Figure 5-7: Comparison of medial tibiofemoral AP translation between the old wrapping 

method (red) and the new wrapping algorithm (green). 

 

Figure 5-8: Comparison of tibiofemoral axial rotation between the old wrapping method (red) 

and the new wrapping algorithm (green).  
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The quadriceps muscle force is smaller when a larger femoral component is 

incorporated (Figure 5-10). As mentioned previously, one of the advantages of 

the new wrapping algorithm is to accurately represent the muscle wrapping 

and line of action of the muscles, and subsequently, the muscle moment arm. 

Therefore, when a larger femoral component is used, the muscles wrap further 

away from the point of rotation, increasing the muscle moment. Consequently, 

once could assume that the simulation would lead to lower quadriceps forces. 

The FSM with the new wrapping algorithm was capable of capturing this 

difference and therefore predicting lower quadriceps muscle force and 

patellofemoral joint force (Figure 5-11) when a larger femoral component is 

implanted. 

5.2 Inverse Model 

The inverse solution model has been successfully integrated in the GUI that 

encompasses the forward solution model. Once a forward solution simulation 

has been completed, the user can simply run the inverse solution model based 

on the kinematics obtained from the forward results. The inverse solution 

model determines joint forces (tibiofemoral contact forces, patellofemoral 

contact forces, hip joint, etc.) and torques and soft-tissue forces such as 

quadriceps muscle forces.  

A PCR TKA was initially used to investigate the use of inverse model. The 

quadriceps muscle force peaks at about 4.1 × BW at late flexion (Figure 5-12). 

The predicted quadriceps force is consistent with the quadriceps forces 

reported in the literature. Another study using the same inverse model by 

Sharma et al. [9] reported the quadricep forces for a PCR TKA about 3.5 × BW. 

Also, Innocenti et al. [164] reported a range of  3.2 – 4.4 × BW for quadriceps 

forces for various types of TKA designs.   
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Figure 5-9: Quadriceps tendon wraps further from the center of mass of the femoral 

component when a larger implant size is used. 

 

Figure 5-10: Quadriceps force is lower when the larger femoral component (green) is 

implanted. 
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Figure 5-11: Patellofemoral joint forces comparison between the default femoral component 

size (red) and one size larger femoral component (green). 
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The peak patellofemoral force predicted using the inverse model for the same 

PCR TKA was about 4.1 × BW (Figure 5-13).  

The predicted patellofemoral contact force is also in agreement with the 

literature. Early mathematical models have reported patellofemoral forces as 

high as 7.6 × BW [165], and recent mathematical models have reported 

significantly lower patellofemoral contact forces, in the range of 3 – 5 × BW 

[9,165,166].  

The tibiofemoral contact force starts at about 1.1 × BW at early flexion and 

peaks at about 3.9 × BW at late flexion (Figure 5-14). This predicted force is 

also consistent with the contact force reported in the literature [167]. The 

maximum hip joint force for the PCR TKA was 4.4 × BW (Figure 5-15). 

5.2.1 Effects of AP Translation 

One of the applications of the integrated inverse model is to compare the soft 

tissue and contact forces between various TKA types that reveal different 

kinematics patterns. The forward model has proven to predict the soft tissue 

and contact forces very accurately.  

However, the forces calculated in the forward model take into account the 

interaction of other forces happening at the knee joint. For example, in an ACL 

substituting TKA design, the contact force at the anterior cam and post 

mechanism can affect the predict knee forces.  

The forward model provides the means to investigate the effects of bearing 

surface contact force as it related to the kinematics and kinetics of the TKA. 

The inverse model, on the other hand, solely takes the kinematics and does not 

incorporate the other forces. Therefore, we can uniquely investigate the effects 

of different kinematic patterns on the predicted forces.  
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Figure 5-12: the quadriceps muscle force for a PCR TKA design using the inverse solution 

model.  

 

Figure 5-13: the patellofemoral contact force for a PCR TKA design using the inverse solution 

model. 
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Figure 5-14: The total tibiofemoral contact force for a PCR TKA design using the inverse 

solution model. 

 

Figure 5-15: The hip joint force for a PCR TKA design using the inverse solution model. 



 

142 

 

Two TKA designs were simulated to determine the forces using the inverse 

model, an ACL substituting and a PCR TKA design. Initially, using the 

forward model, the kinematics for each design was determined. The ACL 

substituting design revealed an increase in lateral and medial rollback 

compared to the PCR design (Figure 5-16). From full extension to 120° of knee 

flexion, the lateral condyle AP translations were about -7.8 mm and 0.3 for the 

ACL substituting and the PCR TKA, respectively. The medial condyle 

translations were -1.5 mm and 2.6 mm for the ACL substituting and the PCR 

TKA, respectively. 

It has been hypothesized that increase femoral rollback is beneficial to the TKA 

outcomes. The increased femoral rollback increases the extensor moment arm 

and therefore reduces the quadriceps muscle force and the patellofemoral 

contact force [74,168]. To investigate whether this can be shown using the 

mathematical model, two TKA designs mentioned above are incorporated into 

the inverse model. Therefore, it is expected that the ACL substituting design 

would show reduced extensor mechanism forces compared to the PCR design 

due to the increased femoral rollback. 

The peak quadriceps forces were 3.61 × BW and 4.15 × BW for the ACL 

substituting and the PCR design, respectively (Figure 5-17). The peak 

patellofemoral forces are also decreased for the ACL substituting design 

compared to the PCR design, 3.6 × BW compared to 4.0 × BW respectively 

(Figure 5-18).  

The peak tibiofemoral force is also smaller for the ACL substituting design, 3.3 

× BW, compare to the PCR design, 3.8 × BW (Figure 5-19). These results 

revealed that increased femoral rollback can have a positive effect in reducing 

the extensor mechanism forces and reduced anterior knee pain often 

experienced by TKA patients [119,169]. these findings are also in agreement 

with the literature [170,171].  
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Figure 5-16: The comparison between the lateral A-P translation for a PCR TKA (solid red) 

and an ACL substituting TKA (Solid blue) and the medial A-P translation for a PCR TKA 

(dashed red) and an ACL substituting TKA (dashed blue). 

 

Figure 5-17: The comparison between the quadriceps muscle forces for a PCR TKA (solid red) 

and an ACL substituting TKA (Solid blue). 
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Figure 5-18: The comparison between the patellofemoral contact forces for a PCR TKA (solid 

red) and an ACL substituting TKA (Solid blue). 

 

Figure 5-19: The comparison between the tibiofemoral contact forces for a PCR TKA (solid 

red) and an ACL substituting TKA (Solid blue). 
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5.3 Settling Algorithm 

The settling algorithm effectively eliminates the early oscillations observed in 

the results from the earlier versions of the forward solution model. In the 

previous FSM, the lateral and medial AP translations exhibited oscillations in 

the results in early flexion. Using the settling algorithm, theses oscillation 

were eliminated (Figure 5-20 and Figure 5-21). These improvements were also 

evident in the kinetics prediction of the FSM. The improvement in tibiofemoral 

contact force, quadriceps muscle force, and knee joint torque in the ML 

direction are shown in Figure 5-22, Figure 5-23, and Figure 5-24, respectively. 

Additionally, with the settling algorithm, the anterior cam force in the ACL 

substituting design can be studied more accurately since, in the previous FSM, 

early oscillations prevented accurate analysis in early flexion where cam and 

post replace the functionality of the ACL (Figure 5-25).  

 

Figure 5-20: The developed settling algorithm (red) effectively eliminates the early 

oscillations observed in the lateral AP translation compared to the previous FSM (green).  
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Figure 5-21: Comparison between the medial AP translation for a PCR TKA using the settling 

algorithm (red) and without the settling algorithm (green). 

 

Figure 5-22: Comparison between the total tibiofemoral contact force for a PCR TKA using 

the settling algorithm (red) and without the settling algorithm (green). 
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Figure 5-23: Comparison between the quadriceps force for a PCR TKA using the settling 

algorithm (red) and without the settling algorithm (green). 

 

Figure 5-24: Comparison between the ML torque applied to the tibial tray for a PCR TKA 

using the settling algorithm (red) and without the settling algorithm (green). 
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Figure 5-25: Using the settling algorithm, the effects of the anterior cam and the contact force 

can be analyzed more accurately in an ACL substituting design.  
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5.3.1 Settling Algorithm for Various TKA Type 

The settling algorithm is also able to eliminate the oscillations for all types of 

TKA. In Figure 5-26, the tibiofemoral contact force for several TKA types are 

shown, and none of these TKA experienced early oscillation in tibiofemoral 

contact forces.  

Also, the settling algorithm effectively eliminates the oscillation in extensor 

mechanism forces (Figure 5-27 and Figure 5-28). Not only does the addition of 

a settling algorithm result in better kinetic outcomes, but all kinematics 

predictions were improved for all types of TKA.  

This is especially important because each TKA type has different geometry and 

soft tissue interaction, and the settling algorithm confirms this. For example, 

in a PS TKA, the PCL is resected while in a PCR design, the PCL is retained. 

The main function of the PCL is to keep the femur posterior relative to the 

tibia.  

The PCL in the PCR design keeps the femur more posteriorly compared to the 

PS design in both lateral and medial condyles (Figure 5-29 and Figure 5-30). 

Additionally, the same difference between implant types can be seen in the 

patellofemoral joint, where the settling algorithm can detect differences 

between the starting patella flexion angles for different implant types (Figure 

5-31).  

5.4 Foot 

Previous version of the FSM did not include a foot and therefore, the 

simulations were with respect to the ankle joint, but in actuality a person 

rotates from their heal to their toes.  To investigate the viability of 

incorporating the foot into the FSM, a sensitivity analysis was performed on 

the effects of foot rotation on the knee joint mechanics.  
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Figure 5-26: The settling algorithm successfully eliminates the early oscillation in the lateral 

tibiofemoral contact force for all types of TKA. 

 

Figure 5-27: The settling algorithm successfully eliminates the early oscillation in the 

quadriceps muscle force for all types of TKA. 
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Figure 5-28: The settling algorithm successfully eliminates the early oscillation in the 

patellofemoral contact force for all types of TKA. 

 

Figure 5-29: The settling algorithm successfully eliminates the early oscillation in the lateral 

AP translation for all types of TKA. 
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Figure 5-30: The settling algorithm successfully eliminates the early oscillation in the medial 

AP translation for all types of TKA. 

 

Figure 5-31: The settling algorithm successfully eliminates the early oscillation in the patella 

flexion angle for all types of TKA. 
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The rationale behind this comes from the idea that some patients following 

TKA procedure rotate their foot off the ground when performing a DKB activity 

or lunge activity. These patients, when they approach maximum weight-

bearing flexion, start rotating their foot off the ground, most likely due to the 

soft tissue tightness at the knee and ankle joints.  

To investigate whether the FSM can predict this phenomenon, a simulation for 

a theoretical patient was created where the foot starts rotating at about 80° of 

flexion (Figure 5-32).  

The results of this theoretical patient were compared to the baseline 

simulation, where there is no foot rotation occurs, and the foot remained 

completely stationary through the whole range of motion.  

The sensitivity analysis revealed that the quadriceps muscle force for the 

simulation with foot rotation starts decreasing once the foot starts leaving off 

the ground (Figure 5-33).  

This possibly can be described by the increased moment arm of the 

patellofemoral ligament, which decreases the extensor mechanism forces 

(Figure 5-34). Similarly, due to decreased extensor mechanism forces, the 

tibiofemoral contact forces decreased as well (Figure 5-35). 

5.5 Multiple Subjects 

As described in section 4.8.3.1, for each subjects several default simulations 

were created for different implant types. In following sections, the results of 

these simulation for these 10 subjects with a PCR fixed-bearing a PS fixed-

bearing TKAs are described.  
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Figure 5-32: A theoretical patient was created in the FSM, where the patient starts rotating 

the foot close to the end of the DKB activity.  

 

Figure 5-33: Comparison between the quadriceps muscle forces between a simulation with 

foot rotation (green) and a simulation with the stationary foot (red). 
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Figure 5-34: Comparison between the patellar ligament forces between a simulation with foot 

rotation (green) and a simulation with the stationary foot (red). 

 

Figure 5-35: Comparison between the tibiofemoral contact forces between a simulation with 

foot rotation (green) and a simulation with the stationary foot (red). 
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5.5.1 PCR TKA 

Similar to fluoroscopic studies where subject exhibit different kinematic 

pattern, the FSM also predicts various kinematics patterns for different 

subjects. The FSM was even able to predict paradoxical anterior sliding for 

multiple subjects. This abnormal kinematic pattern is quite common for PCR 

subjects. During a deep knee bend, on average, the lateral condyle translated 

about 3.0 mm posteriorly, and the FSM predicted an average of 0.4 mm of 

medial condyle rollback (Figure 5-36 and Figure 5-37). Additionally, the FSM 

predicted reverse axial rotation for two subjects (subject #2 and subject #8). 

The average predicted axial rotation was 2.9º (Figure 5-38). These results are 

in agreement with fluoroscopic study for a similar TKA design.  

5.5.2 PS TKA 

Similar to the PCR TKA subjects, there is variability observed in the 

kinematics predicted for PS TKA subjects. However, after cam/post 

engagement, all subjects showed rollback. Before cam/post engagement, the 

medial condyle showed higher incidences of anterior sliding compared to the 

PCR TKA subjects. This is due to the lack of PCL in the PS design. One of the 

main functions of the PCL is to resist anterior sliding of the femur relative to 

the tibia. The average lateral condylar translation for PS subjects was -8.0 mm 

(Figure 5-42).  

The FSM predicted -2.3 mm of medial posterior rollback. Before cam/post 

engagement the medial condyle moved about 1.6 mm of anteriorly (Figure 

5-43). The average femoral external rotation was about 6.3º (Figure 5-44). 

Additionally, the FSM predicted different flexion angle where cam/post starts 

engaging for different subjects. Again, this has been observed in fluoroscopic 

studies on PS TKA designs. On average, the cam/post starts engaging at about 

62.2º of knee flexion (Figure 5-48).   
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Figure 5-36: Comparison of lateral condylar AP translation between ten subjects implanted 

with Attune CR TKA. 

 

Figure 5-37: Comparison of medial condylar AP translation between ten subjects implanted 

with Attune CR TKA. 
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Figure 5-38: Comparison of femoral axial rotation between ten subjects implanted with 

Attune CR TKA. 

 

Figure 5-39: Comparison of tibiofemoral contact force between ten subjects implanted with 

Attune CR TKA. 
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Figure 5-40: Comparison of patellofemoral contact force between ten subjects implanted with 

Attune CR TKA. 

 

Figure 5-41: Comparison of quadriceps muscle force between ten subjects implanted with 

Attune CR TKA. 
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Figure 5-42: Comparison of lateral condylar AP translation between ten subjects implanted 

with Attune PS TKA. 

 

Figure 5-43: Comparison of medial condylar AP translation between ten subjects implanted 

with Attune PS TKA. 
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Figure 5-44: Comparison of femoral axial rotation between ten subjects implanted with 

Attune PS TKA. 

 

Figure 5-45: Comparison of tibiofemoral contact force between ten subjects implanted with 

Attune PS TKA. 
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Figure 5-46: Comparison of patellofemoral contact force between ten subjects implanted with 

Attune PS TKA. 

 

Figure 5-47: Comparison of quadriceps muscle force between ten subjects implanted with 

Attune PS TKA. 



 

163 

 

 

Figure 5-48: Comparison of cam/post contact force between ten subjects implanted with 

Attune PS TKA. 
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5.6 Other Activities 

In this section, the TKA outcomes for other activities besides the DKB activity 

are described.  

5.6.1 Squat to Rise 

As stated before, the previous FSM incorporated a squat to rise activity. The 

main concern in the previous model was the run time of the simulation. In the 

current FSM, this activity is updated to decrease the run time. The current 

squat to rise activity takes about an hour to complete as opposed to 4.5 hours 

in the previous FSM. The kinematics do not change significantly except for a 

slight improvement in the amount of oscillations observed at the turning 

flexion (Figure 5-49 and Figure 5-50). Similarly, the quadriceps muscle forces 

exhibited similar magnitude and pattern to the previous FSM. Finally, more 

improvement was observed at the turning flexion angle with regards to the 

oscillations at the quadriceps force prediction (Figure 5-51). 

5.6.2 Chair Rise 

From seated position (90° of knee flexion) to the full extension, the chair rise 

simulation for the PCR design revealed 3.9 mm of anterior sliding of the lateral 

condyle (Figure 5-52) and about 5.2 mm of anterior sliding of the medial 

condyle (Figure 5-53). The femoral component experienced 1.7° of internal 

rotation (Figure 5-54).  

The peak tibiofemoral contact force is 3.1 × BW at the seated position and 

starts decreasing as the flexion angle decrease to about 1.1 × BW (Figure 5-55). 

The peak quadriceps muscle force is 3.4 × BW (Figure 5-56), and the peak 

patellofemoral contact force is 3.1 × BW (Figure 5-57). These results are 

consistent with reported quadriceps force in literature, about 3 × BW at 90° of 

flexion and about 0.5 × BW at full extension [172,173].  
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Figure 5-49: Comparison of the lateral AP translation between the current FSM (green) and 

the previous FSM (red) for a squat to rise activity.  

 

Figure 5-50: Comparison of the medial AP translation between the current FSM (green) and 

the previous FSM (red) for a squat to rise activity. 
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Figure 5-51: Comparison of the quadriceps muscle between the current FSM (green) and the 

previous FSM (red) for a squat to rise activity. 

 

Figure 5-52: The lateral AP translation for a PCR TKA design during the chair rise activity. 
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Figure 5-53: The medial AP translation for a PCR TKA design during the chair rise activity. 

 

Figure 5-54: The femoral axial rotation for a PCR TKA design during the chair rise activity. 
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Figure 5-55: The tibiofemoral contact force for a PCR TKA design during the chair rise 

activity. 

 

Figure 5-56: the quadriceps muscle force for a PCR TKA design during the chair rise activity. 
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Figure 5-57: the patellofemoral contact force for a PCR TKA design during the chair rise 

activity. 
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5.6.3 Lunge 

There are three main differences between the lunge activity and the deep knee 

bend activity. First, in the DKB activity, the tibia flexes to about 30° while in 

the lunge activity, the tibia stays almost upright with minimal flexion, about 

5° from full extension to the end of the activity.  

Secondly, the upper body flexes in the DKB activity while the range of motion 

of the upper body is limited in the lunge activity (Figure 5-58). Thirdly, the 

knee only flexes to about 95° in the lunge activity, while the maximum knee 

flexion in the DKB activity is 120°. 

During the lunge activity, the lateral condyle experienced slightly less 

translation compared to the lunge activity (Figure 5-59). The trend of medial 

AP translation is similar for both activities, although, in the lunge activity, the 

medial condyle experienced smaller anterior sliding (Figure 5-60). This smaller 

anterior sliding, coupled with almost identical lateral translations, resulted in 

slightly reduced external rotation during the lunge activity compared to the 

DKB activity (Figure 5-61).  

Although there is not a substantial difference in the kinematics between these 

two activities, the muscle forces and the contact forces are significantly higher 

for the lunge activity. The peak tibiofemoral contact force during the lunge 

activity was 4.1 × BW, while during a deep knee bend, occurring  at 95° of knee 

flexion was 3.3 × BW (Figure 5-62).  

The peak quadriceps force was 3.5 × BW during the lunge activity, while during 

a deep knee bend, occurring at 95° of knee flexion, the quadriceps force was 2.3 

× BW (Figure 5-63). Similarly, the patellofemoral contact force showed a 

significant increase during the lunge activity, peaking at 3.6 × BW, compared 

to 2.3 × BW at 95° of knee flexion during the DKB (Figure 5-64).  
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Figure 5-58: Comparison between the end position of the lunge activity (left) with the DKB 

activity (right). The range of motion of the tibia and the upper body is limited in the lunge 

activity.  

There are several reasons why the muscle forces and contact forces are 

significantly higher during the lunge activity. First, due to the lack of upper 

body flexion, the upper body center of mass stays more posteriorly in the lunge 

activity compared to the DKB activity. This results in an increased moment at 

the knee joint and therefore increased joint forces.  

Secondly, the patella plays an important role in increasing the extensor 

mechanism moment arm. During the lunge activity, due to the lack of tibia 

flexion, the patella cannot increase the muscle moment arm as effectively as 

the DKB activity; hence, the extensor mechanism forces increase during the 

lunge activity.  

This lack of patella motion can be seen by comparing the patellar ligament 

length for these activities (Figure 5-65). The patellar ligament length and 

therefore patellar ligament forces are higher during the lunge activity (Figure 

5-66). 
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Figure 5-59: Comparison between the lateral AP translation between the DKB activity (solid 

red) and the lunge activity (dashed black). 

 

Figure 5-60: Comparison between the medial AP translation between the DKB activity (solid 

red) and the lunge activity (dashed black). 
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Figure 5-61: Comparison between the femoral axial rotation between the DKB activity (solid 

red) and the lunge activity (dashed black). 

 

Figure 5-62: Comparison between the tibiofemoral contact force between the DKB activity 

(solid red) and the lunge activity (dashed black). 
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Figure 5-63: Comparison between the quadriceps muscle force between the DKB activity (solid 

red) and the lunge activity (dashed black). 

 

Figure 5-64: Comparison between the patellofemoral contact force between the DKB activity 

(solid red) and the lunge activity (dashed black). 
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Figure 5-65: Comparison between the patellar ligament length between the DKB activity 

(solid red) and the lunge activity (dashed black). 

 

Figure 5-66: Comparison between the patellar ligament force between the DKB activity (solid 

red) and the lunge activity (dashed black). 
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5.6.4 Stair Descent  

During the stair descent activity, the lateral condyle translates about -0.2 mm 

from heel strike to toe-off. However, during the initial part of the stance phase, 

weight acceptance, the lateral condyle moves posteriorly about -1.1 mm. After 

the initial phase to the end of the stance phase, the lateral condyle moves 

anteriorly about 1.5 mm (Figure 5-67).  

Unlike the lateral condyle, the medial condyle translates anteriorly during the 

activity in the amount of 2.4 mm (Figure 5-68). The femur was internally 

rotated at heel strike, -2.9°, and externally rotated from heel strike to toe-off, 

about 2.5° (Figure 5-69). 

The knee force during stair descent activity follows an M curve shape, showing 

two peak forces during the stance phase. The first peak tibiofemoral contact 

force was 3.9 × BW, and the second peak contact force was about 3.89 × BW 

(Figure 5-70). Both the M curve trends and the magnitudes are in agreement 

with the literature, which reported mostly reported a range of 3 - 4 × BW peak 

contact forces [159,174–176].  

The quadriceps muscle shows a similar M curve force profile, with the peak 

force of about 2.2 × BW (Figure 5-71). The patellofemoral contact force, 

although showed an M curve force profile with two peaks, the second peak was 

higher, about 1.8 × BW compared to 1.2 × BW (Figure 5-72). Brechter et al. 

reported a similar trend for the patellofemoral contact force [177].  

5.6.5 Stair Ascent 

From heel strike to toe-off, the lateral condyle translates anteriorly about 0.2 

mm. In the initial part of the stance phase, the lateral condyle moves anteriorly 

about 1.8 mm, and from there, it moves posteriorly about 0.5 mm (Figure 5-73).  
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Figure 5-67: The lateral AP translation for a PCR TKA during the stair descent activity. 

 

Figure 5-68: The medial AP translation for a PCR TKA during the stair descent activity. 
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Figure 5-69: The femoral axial rotation for a PCR TKA during the stair descent activity. 

 

Figure 5-70: The tibiofemoral contact force for a PCR TKA during the stair descent activity. 
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Figure 5-71: The quadriceps muscle force for a PCR TKA during the stair descent activity. 

 

Figure 5-72: The patellofemoral contact force for a PCR TKA during the stair descent activity. 
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A similar pattern was observed for the medial condyle translation. During the 

initial part of the activity, the medial condyle moves anteriorly about 1.5 mm, 

and after that until the end of the activity is moves posteriorly about -1.4 mm 

(Figure 5-74). The femur showed minimal axial rotation during the initial 

phase and internally rotates about 1.3° until the end (Figure 5-75). 

Similar to the stair decent activity, the stair ascent activity exhibited an M 

curve contact force profile for the tibiofemoral joint. The first and the second 

peak contact forces are almost identical at about 3.8 × BW (Figure 5-76). The 

quadriceps muscle force follows a similar pattern. The peak quadriceps force is 

about 3.87 × BW (Figure 5-77).  

The peak patellofemoral force is 3.5 × BW (Figure 5-78). The tibiofemoral 

contact forces are slightly smaller for the stair ascent activity compared to the 

stair descent activity. The literature reports lower contact forces and ground 

reaction forces for stair ascent activity compared to the stair descent activity, 

as well [155,174,178].   

5.6.6 Gait 

From heel strike to toe-off, the lateral condyle moved anteriorly about 0.9 mm. 

During the first half of the stance phase the lateral condyle stays relatively 

constant. Then moves anteriorly about 2 mm and toward the end of the stance 

phase moves posteriorly about 1.4 mm (Figure 5-79).  

The medial condyle contacts the bearing insert more posteriorly compared to 

the lateral condyle. Similar to the lateral condyle, minimal movement is 

observed during the first half of stance phase. After that about 2.1 mm of 

anteriorly sliding is observed, followed by about 1.5 mm of rollback (Figure 

5-80). From heel strike to toe-off the femur exhibits about 0.1 of internal 

rotation (Figure 5-81).  
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Figure 5-73: The lateral AP translation for a PCR TKA during stair ascent activity. 

 

Figure 5-74: The medial AP translation for a PCR TKA during stair ascent activity. 
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Figure 5-75: The femoral axial rotation for a PCR TKA during stair ascent activity. 

 

Figure 5-76: The tibiofemoral contact force for a PCR TKA during stair ascent activity. 
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Figure 5-77: The quadriceps muscle force for a PCR TKA during stair ascent activity. 

 

Figure 5-78: The patellofemoral contact force for a PCR TKA during stair ascent activity. 
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Similar to other gait-based activities, an M curve contact force is predicted for 

gait activity. The first peak contact force is about 2.5 × BW and the second peak 

contact force is about 3.3 × BW (Figure 5-82). The quadriceps muscle forces 

follow similar patterns, and the first and the second peak quadriceps forces are 

1.6 × BW and 2.6 × BW, respectively (Figure 5-83). The first and second peak 

patellofemoral forces are similar to the quadriceps muscle force (Figure 5-84). 

The pattern and magnitude of the tibiofemoral contact force is also similar to 

the average telemetric forces reported in Orthoload dataset [179].   

5.7 Revision TKA 

In this section, the kinematics and kinetics of revision TKA designs are 

described. 

5.7.1 Rotating-bearing Hinge 

From full extension to 120° of knee flexion, the lateral condyle in the rotating-

bearing hinge design exhibited about -11.4 mm of posterior rollback. Most of 

this posterior rollback (about -10.2 mm) happens in the first 30° of flexion 

(Figure 5-85). The medial condyle exhibited -6.9 mm of posterior rollback. In 

the first 30° of flexion, the medial AP movement was -8.6 mm. After this point, 

the medial condyle starts moving anteriorly by about 1.7 mm (Figure 5-86). 

The femur experienced a consistent external rotation from full extension to 

maximum knee flexion of approximately 6.1° (Figure 5-87). Similarly, the 

bearing insert externally rotates relative to the tibial tray about 6.2° (Figure 

5-88). There is minimal difference in axial rotation of the femur and the 

bearing insert. This finding could be attributed to the interaction between the 

cam and post and also the highly conforming surface of the bearing insert 

plateaus, which means that the femoral component stays relatively constant 

relative to the bearing insert. 
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Figure 5-79: The lateral AP translation for a PCR TKA during gait activity. 

 

Figure 5-80: The medial AP translation for a PCR TKA during gait activity. 
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Figure 5-81: The femoral axial rotation for a PCR TKA during gait activity. 

 

Figure 5-82: The tibiofemoral contact force for a PCR TKA during gait activity. 
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Figure 5-83: The quadriceps muscle force for a PCR TKA during gait activity. 

 

Figure 5-84: The patellofemoral contact force for a PCR TKA during gait activity. 
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The peak tibiofemoral contact force is about 3.7 × BW (Figure 5-89), the peak 

quadriceps muscle force is 5.3 × BW (Figure 5-90), and the peak patellofemoral 

force is 5.2 × BW (Figure 5-91). Compared to primary TKAs, the rotating-

bearing hinge revealed significantly higher extensor mechanism forces due to 

high constraints in a revision TKA. The literature showed higher forces for the 

hinge design as well [164].  

Normally in hinge designs, all the cruciate and collateral ligaments are 

resected, and hence the simulations performed for the hinge design were 

without any ligament forces applied at the knee joint. The function of these 

ligaments is to prevent the knee from excessive motion.  

These ligaments apply interactive forces between the tibial and the femur. 

Hence, the lack of these ligaments can reduce the tibiofemoral contact force. 

The difference between the tibiofemoral contact force and the extensor 

mechanism force can be described with a lack of ligament forces for hinge 

design.  

5.7.2 Fixed-bearing Hinge 

To have a better understanding of the differences between the two revision 

TKA types, the results of the fixed-bearing hinge were compared to the 

rotating-bearing hinge design. The lateral condyle moved -2.8 mm posteriorly 

from full extension to the 80° of knee flexion, and from there to maximum knee 

flexion it moved anteriorly by 3.0 mm (Figure 5-92).  

The medial condyle moved anteriorly from full extension to the maximum knee 

flexion about 4.6 mm (Figure 5-93). The femur externally rotates 

approximately 5.4° throughout the range of motion (Figure 5-94), and the pin 

rotates approximately 2.8° externally (Figure 5-95).  
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Figure 5-85: The lateral AP translation for the rotating bearing hinge design during the DKB 

activity. 

 

Figure 5-86: The medial AP translation for the rotating bearing hinge design during the DKB 

activity. 
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Figure 5-87: The femoral axial rotation for the rotating bearing hinge design during the DKB 

activity. 

 

Figure 5-88: The bearing axial rotation relative to the tibial tray for the rotating bearing 

hinge design during the DKB activity. 
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Figure 5-89: The tibiofemoral contact force for the rotating bearing hinge design during the 

DKB activity. 

 

Figure 5-90: The quadriceps muscle force for the rotating bearing hinge design during the 

DKB activity. 
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Figure 5-91: The patellofemoral contact force for the rotating bearing hinge design during 

the DKB activity.  
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Overall, the motion of the fixed-bearing design is limited compared to the 

rotating-bearing design. Both condyles translated posteriorly in the rotating-

bearing design, while the lateral condyle exhibited anterior sliding in late 

flexion and the medial condyle exhibited paradoxical AP motion from extension 

to the maximum knee flexion for the fixed bearing design.  

The femoral component external rotation was similar to the bearing rotation 

for the rotating-bearing design while the amount of external rotation for the 

femoral component was higher compared to the pin rotation for the fixed-

bearing design. 

The tibiofemoral contact force is slightly lower for the fixed-bearing design 

compared to the rotating-bearing design. The tibiofemoral contact force peak 

was 3.1 × BW (Figure 5-96).  

The quadriceps muscle force was significantly lower for the fixed-bearing 

design, peaking at 3.2 × BW (Figure 5-97). Similarly, the patellofemoral force 

was also lower for the fixed-bearing design, peaking at about 4.0 × BW (Figure 

5-98).  

One reason for the observed differences in the extensor mechanism forces could 

be attributed to the more constraining nature of the rotating-bearing design. 

As described in the Methods section, the femoral component in the fixed-

bearing hinge design has a J-curve radius and the interaction between the 

femoral component and the pin is designed to allow the femoral component to 

move in the SI direction inside the surfaces of the pin.  

This freedom of the movement in the SI direction is possibly the main reason 

that the extensor mechanism forces are lower. 
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Figure 5-92: Comparison of the lateral AP translation between the rotating-bearing hinge 

(solid red) and the fixed-bearing hinge (dashed black). 

 

Figure 5-93: Comparison of the medial AP translation between the rotating-bearing hinge 

(solid red) and the fixed-bearing hinge (dashed black). 
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Figure 5-94: Comparison of the femoral axial rotation between the rotating-bearing hinge 

(solid red) and the fixed-bearing hinge (dashed black). 

 

Figure 5-95: Comparison of the bearing axial rotation between the rotating-bearing hinge 

(solid red) and the fixed-bearing hinge (dashed black). 
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Figure 5-96: Comparison of the tibiofemoral contact force between the rotating-bearing hinge 

(solid red) and the fixed-bearing hinge (dashed black). 

 

Figure 5-97: Comparison of the quadriceps muscle force between the rotating-bearing hinge 

(solid red) and the fixed-bearing hinge (dashed black). 
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Figure 5-98: Comparison of the patellofemoral contact force between the rotating-bearing 

hinge (solid red) and the fixed-bearing hinge (dashed black). 
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5.8 Sensitivity Analysis 

 The forward solution model has been utilized to investigate the effects of 

various parameters, such as varying component alignment, surgical technique, 

and implant design feature by performing sensitivity analyses. The purpose of 

these analyses is twofold; first, to evaluate the FSM to determine if it is robust 

enough to perform activities under the various condition and if it is sensitive 

enough to determine the effects of these changes. Secondly, to have a baseline 

understating of how various surgical conditions or different implant features 

affect the outcomes of TKA. Whenever applicable, the results were compared 

to the literature.  

5.8.1 Posterior Tibial Slope 

The posterior tibial slope is defined as the angle between the tangent line on 

the tibial plateaus and a line perpendicular to the tibia mechanical axis. In the 

normal knee, the average anatomical posterior tibial slope is about 6° – 9° 

[180,181]. During the TKA procedure, surgeons try to incorporate a different 

posterior tibial slope by proximal tibial resection, and it has shown that a 

decrease in posterior tibial slope could decrease the maximum knee flexion 

[125].  

For PCR TKA designs, surgeons try to mimic the natural posterior tibial slope 

and aim for 5° - 9° posterior slope. For the PS designs they usually use no slope 

(0°). Although the increase in posterior tibial slope is correlated with an 

increase in knee flexion, the significant increase in posterior tibial slope could 

result in abnormal kinematics and excessive wear on the polyethylene [182]. 

To investigate the effects of the posterior tibial slope, several posterior slopes, 

0°, 2°, 4°, and 6°, were incorporated for a PCR TKA and an ACL substituting 

TKA.  
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5.8.1.1 PCR TKA 

The lateral condyle position at full extension was -5.6 mm, -7.1 mm, -8.6 mm, 

and -9.9 mm for the 0°, 2°, 4°, and 6° slopes, respectively. The maximum 

amount of lateral condyle rollback was -2.2 mm, -1.7 mm, -1.3 mm, and -1.1 

mm for the 0°, 2°, 4°, and 6° slopes, respectively (Figure 5-99). Similar to the 

lateral condyle, by increasing the posterior slope the medial condyle is 

positioned more posteriorly, -7.3 mm, -8.7 mm, -10.0 mm, and -11.3 mm from 

0° to 6° posterior slopes, respectively (Figure 5-100). The medial condyle sides 

anteriorly about 2.0 mm, 2.2 mm, 2.6 mm, and 3.0 mm for 0°, 2°, 4°, and 6° 

slopes, respectively. Overall, increasing the posterior slope does not seem to 

have meaningful effects on the femoral axial rotation (Figure 5-101). 

The tibiofemoral contact forces are slightly decreased by increasing the 

posterior tibial slope (Figure 5-102), although the difference is insignificant. 

The quadriceps muscle force, on the other hand, increases by increasing the 

posterior tibial slope. Again, the differences are insignificant (Figure 5-103).  

Overall, increasing the posterior slope decreased the posterior femoral 

rollback, although the difference is about 1 mm. However, by increasing the 

posterior tibial slope, the femoral condyles remain more posteriorly on the 

bearing plateaus. The more posterior position of the femur throughout the 

flexion range means that there is less likelihood for bearing insert 

impingement with the femur, which radiographic analyses have shown [183]. 

Positioned more posteriorly means that the PCL ligament has less tension and 

therefore lower forces (Figure 5-104). The reduction in the femoral rollback can 

be explained by the fact that the PCL forces are lower and therefore there is 

lower forces to pull back the femur on top of the tibia. A similar pattern has 

been reported in the literature for the effects of the posterior tibial slope for AP 

translations, contact forces, and PCL forces [184,185]. 
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Figure 5-99: Comparison of the lateral AP translation between different posterior tibial 

slopes for a PCR TKA.  

 

Figure 5-100: Comparison of the medial AP translation between different posterior tibial 

slopes for a PCR TKA. 
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Figure 5-101: Comparison of the femoral axial rotation between different posterior tibial 

slopes for a PCR TKA. 

 

Figure 5-102: Comparison of the tibiofemoral contact force between different posterior tibial 

slopes for a PCR TKA. 
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Figure 5-103: Comparison of the quadriceps muscle force between different posterior tibial 

slopes for a PCR TKA. 

 

Figure 5-104: Comparison of the PCL ligament force between different posterior tibial slopes 

for a PCR TKA. 
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5.8.1.2 ACL Substituting 

In PCR TKA design evaluations, increasing the posterior slope moved the 

femoral condyles more posterior. In the ACL substituting design the femoral 

condyles position does not change significantly by increasing the posterior 

slope. This is the effect of the anterior cam/post design of these types of TKA, 

which prevents the femur from seating excessively posterior at full extension. 

This can be observed by investigating the cam/post mechanism contact force. 

Higher posterior slopes did increase the cam/post contact forces (Figure 5-105), 

albeit much less than PS TKA having a posterior cam/post mechanism. The 

anterior cam/post is a design developed to replicate the functionality of the 

ACL and provide a screw-home mechanism similar to the normal knee, in 

which the femur internally rotates relative to the tibia at full extension. The 

lateral femoral condyle exhibits more rollback with increasing slope. The 

lateral rollback was -6.5 mm, -7.3 mm, -8.1 mm, and -8.5 mm for the 0°, 2°, 4°, 

and 6° slopes, respectively (Figure 5-106). The medial condyle experienced a 

similar pattern. The medial condyle translated about 0.5 mm anteriorly for 0° 

slope and -1.1 mm, -1.8 mm, and -2.1 mm posteriorly for 2°, 4°, and 6° slopes, 

respectively (Figure 5-107). Since both condyles moved posteriorly by 

increasing the slope, there was not a substantial difference in the femoral axial 

rotation. The femoral axial rotation increased from 7.5° to 8.1° from 0° tibial 

slope to 6° tibial slope (Figure 5-108).  

The tibiofemoral contact forces were lower for higher posterior slopes. The peak 

tibiofemoral contact forces were 3.52 × BW, 3.44 × BW, 3.34 × BW, and 3.25 × 

BW from lower to higher posterior slopes, respectively (Figure 5-109). The 

quadriceps muscle forces were slightly higher for higher posterior slopes 

(Figure 5-110). And similar to the PCR TKA design, the PCL forces were 

decreased by increasing the posterior tibial slope (Figure 5-111).  
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Figure 5-105: Comparison of the anterior cam/post contact force between different posterior 

tibial slopes for an ACL substituting TKA. 

  

Figure 5-106: Comparison of the lateral AP translation between different posterior tibial 

slopes for an ACL substituting TKA. 
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Figure 5-107: Comparison of the medial AP translation between different posterior tibial 

slopes for an ACL substituting TKA. 

 

Figure 5-108: Comparison of the femoral axial rotation between different posterior tibial 

slopes for an ACL substituting TKA. 
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Figure 5-109: Comparison of the tibiofemoral contact force between different posterior tibial 

slopes for an ACL substituting TKA. 

 

Figure 5-110: Comparison of the quadriceps muscle force between different posterior tibial 

slopes for an ACL substituting TKA. 
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Figure 5-111: Comparison of the PCL ligament force between different posterior tibial slopes 

for an ACL substituting TKA. 
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5.8.2 Initial Placement 

Using the forward solution model, the effect of the implant placement on TKA 

outcome were investigated. The use of mathematical models have document 

that component placement can play a role in kinematics and kinetics of TKA 

[164,186]. The effects of femoral component axial rotation at the full extension 

on the TKA outcome were therefore investigated. Three theoretical patients 

with a PCR TKA were created in the FSM with different femoral axial rotation 

values the full extension (Figure 5-112).  

A default rotation for a PCR where the femoral component was internally 

rotated (the lateral condyle is more anterior than the medial condyle), and then 

externally rotated (the lateral condyle is more posterior than the medial 

condyle) were evaluated. The patella position is kept consistent with the 

femoral component. 

The PCR TKA with the internal femoral component achieves greater overall 

external rotation, 4.6° compared to 3.1°, and 0.9° external rotation for the 

default and externally rotated PCR TKAs (Figure 5-113). This finding is 

consistent with the fluoroscopic results from our previous studies. 1100 TKA 

subjects were categorized into two groups with internal or external initial axial 

femoral component rotation. The internally rotated group achieved 

significantly higher overall axial rotation, 6.9° compared to 4.4° for the 

externally rotated group. Also, the internally rotated group experienced 

significantly higher maximum weight-bearing flexion, 108.1° compared to 

105.5° for externally rotated group (Table 5-2). 

These findings in these results can be explained by the effects of the soft 

tissues. In an externally rotated TKA, the MCL is tighter, and higher MCL 

forces prevent the medial condyle from sliding anteriorly and therefore reduces 

the overall external rotation (Figure 5-114). Additionally, due to the different 
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orientation of the femur relative to the tibial, the tension in the PCL is also 

different (Figure 5-115).  

The PCL forces are higher for the internally rotated PCR, which can induce 

more rollback. Another interesting finding is the higher patellofemoral contact 

force for the externally rotated PCR, 2.5 × BW, compared to 2.4 × BW for the 

internally rotated PCR (Figure 5-116).  

This finding may explain why subjects with externally rotated femurs achieve 

lower weight-bearing flexion. Increased patellofemoral contact forces can 

result in anterior knee pain and prevent a patient from flexing their knee 

further.  

5.8.3 Patella Baja 

A sensitivity analysis was performed for PCR and PS implants based on the 

patella position. For each TKA design, three simulations were created based 

on the Blackburne-Peel index [187]: a control, a patella baja, and a patella alta 

(Figure 5-117). The knee joint outcomes were compared for these groups. 

The presented mathematical model is sensitive to both initial conditions and 

TKA designs. The results of the sensitivity analysis revealed that extensor 

mechanism forces increase for patella alta compared to normal position and 

patella baja for both a PCR and PS design. These results are in agreement with 

previously reported kinetics [164] and can be attributed to increased patellar 

ligament tension (Figure 5-118).  

In patella alta, the increased height of the patella increases the tension in the 

patellar ligament and thus increases patellofemoral contact forces. This is even 

more evident in higher flexion angles where the patellar ligament is no longer 

in an almost vertical orientation. In these higher flexion angles, an increase in 

patellar ligament force results in an increase in patellofemoral contact force.  
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Figure 5-112: Three theoretical PCR TKA patients were created with different femoral 

component orientations at the full extension.  

 

Figure 5-113: Comparison between the femoral axial rotation between the reference PCR 

(blue), the externally rotated PCR (green), and the internally rotated PCR (red). 
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Table 5-2: The average femora axial rotation and maximum weight-bearing flexion for 

subjects with initial internal or external femoral component rotation. 

 Number External Rotation Max. Flexion 

Int. Rotated 438 6.9 ± 5.9 108.1 ± 15.8 

Ext. Rotated 673 4.4 ± 5.5 105.5 ± 16.7 

P-value  <0.0001* 0.005* 

 

 

Figure 5-114: Comparison between the MCL ligament force between the reference PCR (blue), 

the externally rotated PCR (green), and the internally rotated PCR (red). 
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Figure 5-115: Comparison between the PCL ligament force between the reference PCR (blue), 

the externally rotated PCR (green), and the internally rotated PCR (red). 

 

Figure 5-116: Comparison between the patellofemoral contact force between the reference 

PCR (blue), the externally rotated PCR (green), and the internally rotated PCR (red). 
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Moreover, the current mathematical model revealed that the peak 

patellofemoral force and trend for a PS and a PCR TKA are different (Figure 

5-119). Several studies have investigated the patellofemoral contact force for 

different implants and showed that the patellofemoral force is indeed different 

for various implant types [9,10,164].  

The interesting finding is that the extensor mechanism forces in the PCR TKA 

were lower compared to the PS TKA, while the tibiofemoral contact forces were 

higher in the PCR TKA. This can be described by the different features of each 

design. The most distinct difference in force profiles between these two designs 

is when the cam and post engage in the PS design or the PCL starts firing in 

the PCR design (Figure 5-120).  

The PCL force of approximately 640 N at 90° of flexion and peak force of 1.25 

× BW (940 N) at maximum knee flexion is consistent with the literature 

[185,188]. Since the interactive contact force between cam and post is in A-P 

direction, the extensor mechanism forces are higher for the PS design. While 

in the PCR design, the PCL is nearly vertical after mid-flexion, and therefore 

the increase in PCL tension increases the tibiofemoral contact forces (Figure 

5-121).   

The tibiofemoral contact forces in the PCR design increase with flexion while 

forces in the PS design increase with flexion up to about 80° of flexion and then 

decrease afterwards, when the femoral component starts rolling back on the 

bearing insert after cam and post engagement. Several studies have shown 

that increased rollback decreases the contact forces [170,171]. This finding is 

likely due to the fact that increased rollback increases the extensor mechanism 

moment arm and therefore lowers the forces. 
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Figure 5-117: Three simulations were created using the FSM to investigate the effects of 

patella positioning on TKA outcomes.  
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Figure 5-118: The sensitivity analysis of the patella baja (dashed black), the patella alta 

(dash-dotted blue), and the reference (solid red). The left graphs show the extensor 

mechanism forces for the PCR design, and the right graphs are for the PS design. 
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Figure 5-119: Comparison between the quadriceps force (top), tibiofemoral contact force 

(middle), and the patellofemoral force (bottom) for the PCR (solid red) and the PS (dashed 

black) designs. 



 

217 

 

 

Figure 5-120: Comparison in the PCL force in the PCR design (solid red) with the cam-post 

force in the PS design (dashed black). 
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Figure 5-121:  The PCL is almost in the vertical direction in mid to late flexion and therefore the PCL forces is more in the SI direction 

(top) and cam/post mechanism forces is applied in the AP direction (bottom).
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5.8.4 Bearing Insert Conformity 

To assess the viability of the model to investigate various TKA design 

parameters, the effects of the sagittal conformity of the lateral and medial 

plateaus of bearing insert were investigated. Using the GUI, sagittal 

conformity of the medial plateau of a PS TKA was altered (Figure 5-122) by 

adjusting the appropriate coefficients of the surface polynomial representing 

the polyethylene. The TKA outcomes were compared for increased, decreased, 

and baseline conformity. 

Overall, adjusting the surface polynomial to increase medial plateau 

conformity reduces the mid-flexion medial condylar translation before cam-

post engagement. From full extension to approximately 70° of knee flexion, the 

medial condyle stayed relatively constant for the increased conformity medial 

plateau design, while it translated anteriorly about 1.8 mm and 3.9 mm for the 

control and decreased conformity medial plateau designs, respectively (Figure 

5-123). After cam-post engagement to maximum knee flexion, the MAP was -

4.6 mm, -5.7 mm, and -3.8 mm for control, increased conformity, and decreased 

conformity designs, respectively (Figure 5-123). The lateral condyle rollback 

was -9.6 mm, -10.5 mm, -8.0 mm for control, increased conformity, and 

decreased conformity designs, respectively (Figure 5-123). The cam-post 

started engaging earlier for the increased medial conformity design at 64° 

compared to 67° and 70° of flexion for control and decreased medial conformity 

designs, respectively. The maximum cam-post mechanism force was 1.37×BW, 

1.68×BW, and 1.18×BW for control, increased conformity, and decreased 

conformity designs, respectively (Figure 5-123). Although the tibiofemoral 

forces were similar for all three designs, the increased conformity design 

experienced a slightly higher tibiofemoral contact force, peaking at 3.13 ×BW 

compared to 3.0×BW contact force other two designs, but revealed higher cam-

post forces with increased medial conformity (Figure 5-123). 
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In normal knee, both condyles move posteriorly with increasing flexion, but the 

medial condyle exhibits minimal rollback compared to the lateral condyle. 

Some TKA’s are designed to minimize medial condyle motion. Furthermore 

paradoxical anterior sliding is believed to have negative effects of TKA 

outcomes such as increasing patellofemoral pressure and anterior knee pain 

[68,77]. The cam-post mechanism in PS TKAs is designed to prevent 

paradoxical anterior translation; however, the cam-post does not engage until 

after mid-flexion. With no cam-post force and a resected PCL, the PS designs 

have shown anterior sliding before cam-post engagement [63,73]. The model 

shows that increased medial conformity of the bearing insert does reduced mid-

flexion medial AP translations. Although the results of the sensitivity analysis 

revealed less paradoxical anterior motion, it came at the expense of increased 

tibiofemoral and cam-post contact force. Studies show that TKA designs with 

more bearing conformity have demonstrated higher wear [189,190], and 

increasing insert conformity can eliminate excessive anterior sliding and 

reduce uniform wear pattern while induces higher contact stress and increases 

fatigue wear [190]. 

 

Figure 5-122: The user can alter the geometries of TKA components and component alignment 

using the GUI and perform sensitivity analyses to study the effects of TKA design aspects and 

surgical conditions as related to knee mechanics. The sagittal conformity of medial plateau 

was increased (right) to make the medial plateau more conforming and decreased to make 

the medial plateau flatter (left). 
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Figure 5-123: The sensitivity analysis of the reference (solid red), increased medial conformity (solid green), and decreased medial 

conformity (dashed green) designs are included for a PS TKA. LAP (top left), MAP (top right), cam-post contact force (bottom left), and 

tibiofemoral contact force (bottom right) are represented.
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5.8.5 PS TKA Post location  

A sensitivity analysis of the post on the bearing insert in PS TKA designs was 

performed using the FSM. As mentioned before, the FSM has a GUI which 

allows the user to modify parameters of any TKA and perform analyses. The 

posterior surface of the post on the bearing was moved in anterior and posterior 

directions for a PS TKA design (Figure 5-124). For convenience, these designs 

are being referred to as the reference (no change in post location), design #1 

(post is moved anteriorly), and design #2 (post is moved posteriorly).  

The lateral condyle translated posteriorly from full extension to the maximum 

knee flexion, about -3.3 mm, -4.4 mm, and -5.4 mm for the design #1, the 

reference design, and the design #2, respectively (Figure 5-125). Similarly, the 

medial condyle moved posteriorly about -0.6 mm, -1.5 mm, and -2.4 mm, 

respectively (Figure 5-126). The femoral axial rotations were slightly different, 

4.3°, 4.5°, and 4.7° for the design #1, the reference design, and the design #2, 

respectively (Figure 5-127). The similarity of the external rotation profile is 

because of the cam/post engagement moved both lateral and medial condyles.  

 

Figure 5-124: Three different simulations were created for a PS TKA design. One with a 

normal post position, the reference design (middle), one with the post moved anteriorly, 

design #1 (left), and one with post moved posteriorly, design #2 (right). 
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Figure 5-125: Comparison of the lateral AP translation between the reference PS (red), the 

anteriorized post PS (blue), and the posteriorized post PS (green). 

 

Figure 5-126: Comparison of the medial AP translation between the reference PS (red), the 

anteriorized post PS (blue), and the posteriorized post PS (green). 
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Figure 5-127: Comparison of the femoral axial rotation between the reference PS (red), the 

anteriorized post PS (blue), and the posteriorized post PS (green). 

The changes in the kinematics are due to different flexion angles where the 

cam/post starts engaging. For the design #2, the cam/post start engaging 

sooner and therefore forces the condyles to move more posteriorly, as opposed 

to the design #1 where late cam/post engagement allows the condyles to slide 

further anterior (Figure 5-128). The design #2 exhibited lower patellofemoral 

condyle contact force due to more femoral condyle rollback (Figure 5-129). 

However, the cam/post contact forces increase for the design #2. Although 

moving the post in the posterior direction showed better kinematics profile and 

slight reduction in the patellofemoral force, the cam/post forces increased. 

Subsequently, the stress on the post increases and can cause excessive wear 

and eventually failure of the post. Similar results were reported in the 

literature. Churchill et al. investigated the effects of moving the post in the AP 

direction and found that posteriorizing the post increased the femoral rollback 

and reduced the patellofemoral contact force [171]. 
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Figure 5-128: Comparison of the cam/post contact force between the reference PS (red), the 

anteriorized post PS (blue), and the posteriorized post PS (green). 

 

Figure 5-129: Comparison of the patellofemoral contact between the reference PS (red), the 

anteriorized post PS (blue), and the posteriorized post PS (green). 
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5.8.6 Pin Design in Fixed-bearing Hinge 

The fixed-bearing hinge design has two contacting surfaces, anterior cam/post, 

and posterior cam post. The distance between these two surfaces of the 

diameter of the pin contacting between these two surfaces can be altered to 

achieve different outcomes. A simulation was created by moving these two 

surfaces further from each other, meaning the post surface moved more 

posteriorly and the anterior surface moved more anteriorly (Figure 5-130). The 

results were compared to the default fixed-bearing design to investigate the 

effects of increasing the clearance between these two surfaces.  

 

Figure 5-130: Increasing the clearing of the cam/post mechanism by moving the anterior 

surface further anterior (left) and the posterior surface more posterior (right). 

From full extension to maximum knee flexion, the lateral condyle translated 

posteriorly about -0.8 mm for the increased clearance design and 0.2 mm 

anteriorly for the default design (Figure 5-131). The medial condyle revealed 

improvement as well. In the default design, the medial condyle moved 
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anteriorly about 4.6 mm, while the anterior sliding was 3.7 mm for the 

increased clearance design (Figure 5-132). The axial rotation did not reveal a 

substantial difference since the medial condyle of the default design moved 

more anteriorly (Figure 5-133). 

The patellofemoral contact force was slightly lower for the increased clearance 

design (Figure 5-134). In the increased clearance design, the pin did not come 

in contact with the posterior surface throughout the range of motion (Figure 

5-135), and the forces on the anterior surface decreased significantly (Figure 

5-136). Reduced contact forces and improved kinematics suggest that slightly 

increasing the clearance for the fixed-bearing hinge design might be beneficial 

to the TKA outcomes.  
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Figure 5-131: Comparison of the lateral AP translation between the default (blue) and the 

increased clearance design (green).  

 

Figure 5-132: Comparison of the medial AP translation between the default (blue) and the 

increased clearance design (green). 
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Figure 5-133: Comparison of the femoral axial rotation between the default (blue) and the 

increased clearance design (green). 

 

Figure 5-134: Comparison of the patellofemoral contact force between the default (blue) and 

the increased clearance design (green). 
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Figure 5-135: Comparison of the anterior cam/post contact force between the default (blue) 

and the increased clearance design (green). 

 

Figure 5-136: Comparison of the posterior cam/post contact force between the default (blue) 

and the increased clearance design (green). 
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Chapter 6: Validation 

The kinetics of the FSM was validated against the telemetric implants and the 

kinematics were validated against fluoroscopic data. 

6.1 Kinetics validation 

The telemetric tibiofemoral contact forces were captured and downloaded for 

two subjects implanted with a fixed-bearing (FB) PCR telemetric TKA 

[191,192]. Both subjects were evaluated during a DKB, while the first subject 

was also evaluated during chair rise and stair ascent activities. The bone 

models were created from computed tomography (CT) scan data using a 

segmentation technique. These bone geometries and implant CAD models were 

imported into the mathematical model. The placement of the components in 

the mathematical model was created based on the actual implant placement, 

collected from CT data. Predicted kinetics from the mathematical model were 

compared with this data. 

6.1.1 Deep Knee Bend 

For the first subject, the mathematical model predicted the total tibiofemoral 

contact force with a root-mean-square (RMS) accuracy of 0.17 times body 

weight (×BW) compared to the contact force obtained from the telemetric 

implant (Figure 6-3). The RMS accuracies for lateral and medial condyle forces 

were 0.18 × BW and 0.15 × BW, respectively. Expressed as a percentage of the 

maximum force, the mathematical model revealed an error of 4.7%, 9.7%, and 

8.6% for total, lateral, and medial tibiofemoral forces, respectively (Figure 6-1, 

Figure 6-2, and Figure 6-3). The peak tibiofemoral contact forces for the 

mathematical model and telemetric device were 3.72 × BW and 3.71 × BW for 

subject 1, respectively.   
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Additionally, there is excellent agreement between the mathematical model 

and the telemetric forces for the second subject. For the second subject, the 

mathematical model prediction compared to the telemetric forces revealed 

RMS accuracies of 0.10 × BW, 0.12 × BW, and 0.18 × BW for the lateral, medial, 

and total knee forces, respectively (Figure 6-4, Figure 6-5, and Figure 6-6). 

These correspond to 5.3%, 6.9%, and 4.6% of error when expressed as a 

percentage of the output range. For subject 2, the mathematical model and 

telemetric device peak forces were 3.82 × BW and 3.84 × BW for subject #2, 

respectively.  

6.1.2 Chair Rise 

During the chair rise activity, which was only conducted on the first subject, 

the mathematical model predicted 3.09 × BW for maximum tibiofemoral 

contact force while the peak telemetric force was 3.08 × BW (Figure 6-7). 

Additionally, the minimum contact force predicted by the model was 1.13 × BW 

and telemetry revealed a minimum contact force of 1.1 × BW. The model 

predicted tibiofemoral contact forces during chair rise activity with an accuracy 

of 0.43 × BW. Although the RMS is higher compared to the DKB activity, the 

maximum and minimum force predictions are very accurate, with error less 

than 0.05 × BW. The trend of the contact forces also matches between the 

model prediction and teletibia subject.  

6.1.3 Stair Ascent 

During the weight-bearing portion of the stair ascent activity, which was only 

conducted on the first subject, the first peak tibiofemoral forces were 3.56 × 

BW and 3.52 × BW for the mathematical model and telemetry, respectively. 

The second peak contact forces were 3.62 × BW and 3.02 × BW for the 

mathematical model and telemetry, respectively (Figure 6-8). The model 

predicted the contact force with an accuracy of 0.38 × BW.  
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Figure 6-1: The lateral contact force comparison between model prediction (dashed black 

line) and the telemetric device (solid red line) for subject 1.  

 

Figure 6-2: The medial contact force comparison between model prediction (dashed black 

line) and the telemetric device (solid red line) for subject 1. 
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Figure 6-3: The total contact force comparison between model prediction (dashed black line) 

and the telemetric device (solid red line) for subject 1. 

 

Figure 6-4: The lateral contact force comparison between model prediction (dashed black 

line) and the telemetric device (solid red line) for subject 2. 
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Figure 6-5: The medial contact force comparison between model prediction (dashed black 

line) and the telemetric device (solid red line) for subject 2. 

 

Figure 6-6: The total contact force comparison between model prediction (dashed black line) 

and the telemetric device (solid red line) for subject 2. 
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Figure 6-7: The contact force comparison between model prediction (dashed black line) and 

the telemetric device (solid red line) during a chair rise activity. 

 

Figure 6-8: The contact force comparison between model prediction (dashed black line) and 

the telemetric device (solid red line) during a stair ascent activity. 
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6.2 Kinematics Validation 

Additionally, the kinematics were validated by comparing the results for 

average theoretical subjects with various TKA types in the model to the 

average fluoroscopy data of 60 total TKA subjects implanted with various 

implant types.  Of these subjects, 20 were implanted with a fixed-bearing PS 

TKA, 20 with a mobile-bearing PS TKA, and 20 subjects were implanted with 

medial pivot TKA.  All subjects performed a deep knee bend activity under 

fluoroscopic surveillance. The kinematics of these subjects were obtained using 

a validated 3D-to-2D registration technique [77]. The TKA implant geometries 

were incorporated into the model, and the model predictions were compared to 

the average fluoroscopy data.  

6.2.1 Fixed-bearing PS TKA 

From full extension to 120° of flexion, the model predicted -5.87 mm, -1.39 mm, 

and 5.99° of lateral rollback, medial rollback, and femoral axial rotation for the 

FB PS design, respectively. On average, FB PS patients experienced -6.83 mm, 

-2.95 mm, and 5.07° of lateral rollback, medial rollback, and femoral axial 

rotation, respectively (Figure 6-9, Figure 6-10, and Figure 6-11).  

Overall, the model predicted the LAP translation with RMS accuracies of 0.35 

mm for FB PS TKA. The RMS error for MAP translations was 1.02 mm for FB 

PS TKA. And the model predicted the axial rotation with RMS accuracies of 

0.64° for FB PS TKA (Table 6-1). 

6.2.2 Mobile-bearing PS TKA 

The model predictions of the lateral rollback, medial rollback, and femoral 

axial rotation for the MB PS design were -6.29 mm, -2.35 mm, and 4.22°, 

respectively. The derived fluoroscopic data was -6.45 mm, -2.51 mm, and 4.53° 

of lateral rollback, medial rollback, and femoral axial rotation for subjects 
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implanted with MB PS, respectively (Figure 6-12, Figure 6-13, and Figure 

6-14).  

Overall, the model predicted the LAP translation with RMS accuracies of 0.57 

mm for MB design. The RMS error for MAP translations was 0.54 mm for MB 

PS design. And the model predicted the axial rotation with RMS accuracies of 

1.13° for MB PS design (Table 6-2). 

6.2.3 Posterior Cruciate Retaining Medial Pivot TKA 

The model prediction of the lateral rollback, medial rollback, and femoral axial 

rotation for the medial pivot design were -3.0 mm, -0.1 mm, and 4.3°, 

respectively. The fluoroscopy data revealed -4.1 mm, -0.6 mm, and 4.9° of 

lateral rollback, medial rollback, and femoral axial rotation for subjects 

implanted with medial pivot design, respectively (Figure 6-15, Figure 6-16, and 

Figure 6-17).  

Overall, the model predicted the LAP translation with RMS accuracies of 0.41 

mm for medial pivot design. The RMS error for MAP translations was 0.30 mm 

for the medial pivot design. And the model predicted the axial rotation with 

RMS accuracies of 0.54° for the medial pivot design (Table 6-3). 

Minimal medial translations predicted by the FSM for medial pivot design is 

also in agreement with other published kinematics studies on this type of TKA, 

where medial tibiofemoral joint is designed like a ball and socket joint to 

minimize medial condyle movement [193,194]. 
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Figure 6-9: The predicted lateral rollback is validated against average fluoroscopic data for 

FB PS. The solid red line shows the average fluoroscopy of subjects (shown with thin grey 

lines), and the mathematical model predictions are shown with dashed black lines. 

 

Figure 6-10: The predicted medial rollback is validated against average fluoroscopic data for 

FB PS. The solid red line shows the average fluoroscopy of subjects (shown with thin grey 

lines), and the mathematical model predictions are shown with dashed black lines. 



 

240 

 

 

Figure 6-11: The predicted axial rotation is validated against average fluoroscopic data for 

FB PS. The solid red line shows the average fluoroscopy of subjects (shown with thin grey 

lines), and the mathematical model predictions are shown with dashed black lines. 

Table 6-1: The lateral and medial AP translation and axial rotation for the average 

fluoroscopy and the mathematical model as well as root-mean-square errors between model 

prediction and average fluoroscopy for FB PS group. 

  From Full extension to 120°  RMS 

  Model  Fluoro  FB 

LAP  -5.87 -6.83  0.35 

MAP  -1.39 -2.95  1.02 

Axial Rotation  5.99 5.07  0.64 
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Figure 6-12: The predicted lateral rollback is validated against average fluoroscopic data for 

MB PS. The solid red line shows the average fluoroscopy of subjects (shown with thin grey 

lines), and the mathematical model predictions are shown with dashed black lines. 

 

Figure 6-13: The predicted medial rollback is validated against average fluoroscopic data for 

MB PS. The solid red line shows the average fluoroscopy of subjects (shown with thin grey 

lines), and the mathematical model predictions are shown with dashed black lines. 
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Figure 6-14: The predicted axial rotation is validated against average fluoroscopic data for 

MB PS. The solid red line shows the average fluoroscopy of subjects (shown with thin grey 

lines), and the mathematical model predictions are shown with dashed black lines. 

Table 6-2: The lateral and medial AP translation and axial rotation for the average 

fluoroscopy and the mathematical model as well as root-mean-square errors between model 

prediction and average fluoroscopy for MB PS group. 

  From Full extension to 120°  RMS 

  Model  Fluoro  FB 

LAP  -6.29 -6.45  0.57 

MAP  -2.35 -2.51  0.54 

Axial Rotation  4.22 4.53  1.13 
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Figure 6-15: The predicted lateral rollback is validated against average fluoroscopic data for 

medial pivot design. The solid red line shows the average fluoroscopy of subjects (shown with 

thin grey lines), and the mathematical model predictions are shown with dashed black lines. 

 

Figure 6-16: The predicted medial rollback is validated against average fluoroscopic data for 

medial pivot design. The solid red line shows the average fluoroscopy of subjects (shown with 

thin grey lines), and the mathematical model predictions are shown with dashed black lines. 



 

244 

 

 

Figure 6-17: The predicted axial rotation is validated against average fluoroscopic data for 

the medial pivot design. The solid red line shows the average fluoroscopy of subjects (shown 

with thin grey lines), and the mathematical model predictions are shown with dashed black 

lines. 

Table 6-3: The lateral and medial AP translation and axial rotation for the average 

fluoroscopy and the mathematical model as well as root-mean-square errors between model 

prediction and average fluoroscopy for medial pivot TKA. 

 
 

From Full extension to 120°  RMS 

 
 

Model  Fluoro  FB 

LAP  -3.0 -4.1  0.41 

MAP  -0.1 -0.6  0.30 

Axial Rotation  4.3 4.9  0.54 
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Chapter 7: Summary 

Through the course of this dissertation, several novel contributions have been 

made to an existing forward solution mathematical model to increase the 

functionality and accuracy of the software package. These contributions can 

advance our understanding of the mechanics of the human knee joint through 

creating a more realistic and physiological mathematical model of the knee.  

The muscle force prediction capabilities have been improved through the 

development of an advanced muscle wrapping algorithm. This muscle 

wrapping algorithm can accurately detect the geometries of the components 

and bones and can wrap around them. Hence, the changes in the muscle 

moment arms and lines of action can be modeled which provides a more 

accurate muscle force prediction.  

An inverse solution model was integrated into the FSM. The inverse model 

takes the predicted outcomes of the FSM and predict the joint forces based on 

these kinematic outcomes. The inverse model can be particularly important 

when the effects of the kinematics on the forces are of interest without the 

effects of other forces, for example when we want to compare the knee forces 

between a PCR TKA a PS TKA without having to include the cam/post force or 

PCL force on predicted kinetics.  

A settling algorithm was developed to eliminate the early flexion oscillations 

seen in the previous FSM. Not only did this settling algorithm successfully 

eliminate the oscillations, it also enabled simulations of other activities, where 

larger forces and torques applied at the joint can cause severe instability.  

The mathematical model was extensively expanded through incorporating the 

foot as a body and by adding more muscles, including several patients with 

different geometries and properties, and making the simulations more 
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clinically relevant. Previous studies have documented that the kinematics and 

kinetics of TKA are different for different subjects. The model was also capable 

of conducting analyses pertaining to different joint mechanics for various 

subjects.  

The model was advanced by incorporating several other daily activities, such 

as chair rise, lunge, stair descent, stair ascent, and gait. The previous model 

only included a DKB and squat to rise activity. The DKB activity has been of 

interest to investigate the kinematics pattern of TKA design throughout the 

whole range of motion of the knee. However, other activities are more prevalent 

in patients following a TKA procedure. Also, the joint moments and forces 

during these activities are of interest to orthopaedic companies for the design 

and evaluation of existing and new TKA.  

The mathematical model was expanded to include the analysis of revision TKA 

as well as primary TKA. Two types of revision TKA designs were incorporated 

into the FSM, a rotating bearing hinge design a fixed bearing hinge design. 

These types of TKAs are used for patients with severe damage to their knee, 

and therefore they are highly constrained designs. 

All these changes not only made the mathematical model a more versatile tool 

to assess the knee joint mechanics, but also improved the accuracy of the model 

significantly. Figure 7-1 document the previous validation that was performed 

on the FSM before all the current modification. This is the same validation 

technique that was performed on the kinetics validation pertaining to subject 

2, implanted with telemetric device. Figure 7-1 is comparable with Figure 6-6, 

which shows the same tibiofemoral contact force prediction for the same 

subjects. Significant improvement has been observed and document for all of 

the new modifications incorporated in the model. Further assessment revealed 

that in early flexion and late flexion, advancements have been made which can 

primarily be attributed to the settling and wrapping algorithms, respectively. 
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Figure 7-1: The same validation technique with the same patient was used in the previous 

FSM. The model tibiofemoral joint force prediction (red) was compared to the telemetric 

forces (green) [98]. 

Hundreds of simulations have been performed using the forward solution 

model throughout this dissertation. The effects of different implant features, 

surgical conditions, soft tissue properties, and component alignment were 

investigated through sensitivity analyses. These sensitivity analyses first 

revealed that the model is capable of detecting the changes and also is robust 

enough to perform under various loading conditions. Theses sensitivity 

analyses have led to a more in-depth evaluation pertaining to our 

understanding of human knee joint mechanics and can be of interest to 

orthopaedic community, both for implant developers and orthopaedic surgeons.  

The document results in our evaluations have revealed that ACL substituting 

designs can replace the functionality of the ACL to some extent and can 

generate mechanics that mimic the screw-home mechanism. Additionally, the 

mathematical model results revealed why normal-like kinematics, consistent 
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femoral rollback, and consistent external rotation are important factors. By 

increasing femoral rollback, the muscle moment arms increase and hence the 

muscle forces decrease. Also, in several simulations, anterior rollback was 

associated with increased patellofemoral contact force, which may suggest why 

so many patients following TKA procedure experience anterior knee pain.  

Furthermore, several sensitivity analyses have been conducted on implant 

positioning on the TKA outcomes. Patella alta revealed increase with regard 

to the quadriceps and patellofemoral contact forces regardless of the TKA type. 

It has been determined that, when the femoral component is placed in an 

internally rotated orientation relative to the bearing insert, it can induce more 

femoral external rotation, which was in agreement with fluoroscopic data.  

In summary, the novel advancements of the documented in this dissertation 

have made the FSM a more versatile and powerful tool for analyzing different 

subjects, implanted with different types of TKA, performing various activities. 

This model can be utilized to assess various surgical techniques and loading 

conditions. 

7.1 Assumptions and Limitations 

For the presented mathematical model, there were several assumptions and 

limitations. The mass of each body segment, i.e., foot, foreleg, thigh, etc., was 

calculated as a percentage of total body mass. These data were obtained from 

the literature for an average person [139] and hence the model does not, by 

default, differentiate between two subjects with different mass distributions in 

their body parts. The same applies to the moment of inertia of each body 

segment. The data were obtained from the literature.  

Muscles were modeled as a bundle of fibers. The total muscle force was 

distributed between fibers using constant values throughout the activities. 
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This is particularly of importance for the quadriceps muscle since the 

quadriceps is the main driver of knee flexion-extension. There are several 

studies assessing force distribution on quadriceps muscle fibers based on EMG 

data or physiological cross-sectional areas [195–198]. The force distribution 

between quadriceps fibers in this study is based on physiological cross-

sectional area studies [197,198]. 

The mathematical model is based on a reduction technique that only 

incorporated three major muscle groups at the knee joint: quadriceps, 

hamstring, and gastrocnemius muscle groups. It is common for knee 

mathematical models only to include the quadriceps and hamstring muscle 

groups [164,199]. The quadriceps muscle forces were controlled using a muscle 

controller, and the other two were specified forces.  

The bone geometries in this model are created using CT scan data and 

segmentation techniques. Therefore, soft tissue attachments on the bones were 

created based on average anatomy data available in the literature. In general, 

all mathematical models must make assumptions about ligament properties, 

such as ligament stiffness or slack lengths, as they cannot be directly measured 

for individual subjects. 

The developed settling algorithm is sensitive to the initial conditions. The 

settling algorithm was developed as a local optimizer to find small forces and 

torques as well as accurate component locations and orientations at the start 

of the activity. If the components are placed far from the optimized position, 

the settling algorithm cannot find the optimized solution. The soft tissue 

properties should be balanced for this situation, which requires a bit of training 

and familiarity with how the soft tissue work in the mathematical model.  

The integrated inverse solution is particularly sensitive to the tibial flexion 

profile. Excessive tibial flexion or a small amount of flexion yield unrealistic 
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joint forces. Hence, to use the inverse model in conjunction with the forward 

model, the tibial flexion must be selected carefully.  

7.2 Future Works 

The mathematics model described herein has become a very powerful tool to 

assess the mechanics of various TKA designs and different subjects performing 

various activities. The continuation of this model has the potential to yield a 

more realistic and user-friendly model to assess TKA functionality. 

First, the model can be improved by developing a muscle controller algorithm 

for other muscle groups, such as the hamstrings and gastrocnemius. These 

muscles are particularly important for investigating activities such as gait and 

stair climbing. In the current study, these muscle forces are specified based on 

force profiles reported in the literature. Using muscle controller for these 

muscles can provide insight into the forces for different subjects and different 

implant designs.  

Second, the structure of the ligaments can be improved as well. Similar to the 

muscle wrapping algorithm described herein for muscles, a wrapping 

algorithm for ligaments can improve the predicted ligament forces and 

therefore improve the mechanics of the knee joint. Additionally, the current 

model does not incorporate all the soft tissues around the knee joint. Adding 

more soft tissues, such as the posterior capsule, can improve the FSM 

prediction abilities. 

Third, the process of adding a new patient with new bone geometries is a 

tedious process in the current mathematical model. The attachment sites for 

each soft tissue, ligaments, and muscle must be selected manually by the user. 

An automated anatomical landmarking algorithm can make the model more 
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user-friendly. Using an anatomical landmarking method, the soft tissue origins 

and insertion can be extracted for new bone geometries in a couple of minutes.  

Lastly, in the current model, the user can change the alignment of the 

components to simulate different surgical techniques, and multiple sensitivity 

analyses have been performed using this model. However, developing a virtual 

surgery algorithm that can be used to perform different surgical procedures 

can improve the functionality of the knee model by making the model more 

user-friendly and standardizing the component placement for different 

subjects.  
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