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Abstract 

Knee osteoarthritis (OA) is one of the major causes of musculoskeletal impairment in 

adults. This disease is mainly characterised by progressive degeneration of the articular 

cartilage and, to date, there is no known cure for it. Initiation and progression of the 

OA pathology is associated with knee loading conditions. For younger, active patients 

with knee OA, common treatments include non-invasive options in order to manage 

symptoms before considering, as a last resort, the surgical options, in particular the 

gold standard treatment: knee replacement. Recently developed load-sharing implants 

could be considered as suitable options lying between the symptom management and 

invasive treatments. One such implant is comprised of femoral and tibial components, 

and removes excessive load through the knee joint by attachment to the medial side. 

This patient-specific implant would be suitable for early-onset knee osteoarthritis and 

can be used for younger active patients, as no major modification in the knee joint is 

required. This research aimed to study the influence of the implant on tibiofemoral 

joint contact mechanics and bone remodelling using numerical and experimental 

methods. To do so, Finite Element (FE) knee models and cadaver knee specimens were 

used. Initially, a FE model was used for conducting stress analysis in the cartilage, then 

to implement an adaptive bone remodelling method. Periprosthetic Bone Mineral 

Density (BMD) changes induced by this new implant were investigated in the femur and 

tibia for the first time. The surgical procedure as well as the effects of the implant on 

the joint space and contact pressure were also studied using cadaver specimens and 

accurate real-time pressure measurement sensors. A prototype of the implant was 

made based on a 3D model of the specimen reconstructed using MR images. Through 
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numerical and experimental investigations, it was deduced that this new implant can 

increase the joint space and effectively reduce the load going through the medial 

compartment, without affecting greatly the periprosthetic bone density. Specifically, 

after attachment of the implant, the maximum von Mises stress and contact pressure 

experienced by the femoral cartilage were reduced by 40% and 35%, respectively. Also, 

in the medial compartments of the femur and tibia, bone mineral density increased by 

approximately 3.4% and 4.1%, respectively, and the density for the fixation holes of 

both bones increased by around 2.2%. Moreover, according to the experimental 

contact pressure measurements, the implant reduced the load on the medial side by 

approximately 18% under all loading conditions. The implant was attached to the bone 

with a smaller incision than that used for total knee replacement, and without any bone 

resection or damage to soft tissue. During flexion and extension of the knee specimen, 

the implant did not cause any hindrance. According to the above points, this implant 

can be considered to be a minimally invasive treatment, which might slow down 

progression of knee OA without any significant adverse events and/or any detrimental 

influence on future surgical procedures. 
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Chapter 1                                                                              

Introduction 

 

1.1 Background 

Osteoarthritis (OA) is the main musculoskeletal cause of physical disability in older 

adults [1]. In osteoarthritis, the cartilage in the knee joint slowly wears at the 

tibiofemoral surface contact [2]. Degeneration of articular cartilage leads to bone-on-

bone rubbing, which makes it difficult for a person with OA to carry out daily activities 

and can also lead to a sedentary lifestyle. Osteoarthritis appears mostly in the knee and 

hip joints [3-5]. 

There is no known cure for knee osteoarthritis; however, there are various ways to 

control its symptoms. The most common treatments are conservative or non-invasive 

treatments, such as weight loss, exercise, physical therapy, and medications. Another 

type of therapy is surgery, which is very invasive. In the most common type of knee 

surgery, Total Knee Replacement (TKR) or Total Knee Arthroplasty (TKA), parts of the 

knee joint are replaced with artificial ones [6]. Mostly, TKA is recommended for end-

stage knee OA and patients 65 years or older and the replaced joints last on average 

for about 15 years; after that implants should be revised in a revision operation [7]. TKR 

is very expensive (between $20,600 - $29,100 in New Zealand) and the occurrence of 

the osteoarthritis is responsible for most of the joint replacements performed in New 

Zealand [8]. It should be noted that the revision operation is even more expensive, 

more difficult, and more complicated than the primary one [9, 10]. 



2 

 
 

In 2014/15, osteoarthritis affected 11% of adults in New Zealand [11]. In New Zealand, 

it is estimated that 25% of the population will be over 65 by the end of the 2030s [12]. 

In New Zealand, by 2026 the number of total knee replacements is predicted to increase 

by 183% according to some statistics which were published in 2014 [12]. Excess weight 

is one of the main contributors to many health issues, such as osteoarthritis. According 

to a health survey conducted in New Zealand in 2014/15, Pacific adults had the highest 

obesity rate (66.2%), followed by Māori adults where 46.5% were obese and this may 

lead to the prevalence of TKR for Māori in the future [11]. Research has shown that 

Māori are younger at the time of surgical procedure and have lower improvements 

after procedure when their pre-and postoperative scores were compared [13]. 

Among all patients who undergo knee replacement, the risk of implant failure is much 

higher in younger patients. For instance, a study showed that when patients under 50 

years underwent knee arthroplasty, risk of two-year revision due to aseptic loosening 

or infection was almost four times more than for those who were over 65 at the time 

of the surgery [14, 15]. Also, according to some studies, dissatisfaction rates after 

arthroplasty is higher in younger patients [16]. The question is, apart from dealing with 

the symptoms or undergoing invasive surgeries, is there anything that can be done for 

patients? In other words, are the available treatments enough for different patients 

with different conditions? 

 

1.2 Treatment gap 

Most patients with knee osteoarthritis undergo TKA eventually, and the main reason 

for use of other treatments is to postpone this last resort (an invasive TKA) [17]. 

Accordingly, some physicians and patients have perceived the lack of suitable 
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treatments between non-invasive and invasive treatments, particularly in the case of 

early-onset knee OA and younger patients [17, 18]. According to some surveys, not only 

do many health care professionals recognise the treatment gap for early-onset knee 

osteoarthritis, but also patients would prefer to postpone the invasive surgical options, 

such as knee arthroplasty, until their symptoms worsen, given the longevity of the 

implant and possible complications and limitations after surgery [19]. Even for patients, 

and particularly younger ones who are willing to undergo surgery, preference is for a 

method in which no bone resection is required [14, 20]. Apart from natural and 

probably inevitable factors, such as age and hereditable predisposition, it is believed 

that damage to the cartilage induced by repetitive loading, as well as an altered joint 

condition due to injuries, contribute to knee OA, particularly in younger individuals. For 

instance, one out of two individuals with a previous knee injury, such as meniscal 

damage or an Anterior Cruciate Ligament (ACL) rupture, develops knee osteoarthritis 

10 to 20 years following the injury. Accordingly, the occurrence of those injuries in 

younger adults may lead to osteoarthritis when they are in their 30s or 40s [21]. These 

injuries could arise in an accident or sport. For example, according to a study conducted 

by Roos [22], in women, 51% (mean age 31) developed knee OA after 12 years and in 

men, 41% (mean age 36) developed knee OA 14 years after an ACL injury in sport. So, 

with the loading condition in the knee joint as an influential factor for the development 

of knee osteoarthritis, there is cause to address this issue and examine ways of 

controlling the load distributions in the knee joint. 

Considering the above points regarding the treatment gap, some load-sharing implants 

[14, 23] have been developed recently in order to slow down the progression of the 

knee OA and postpone the invasive surgical options, by partially unloading the knee 
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and redistributing the load in the joint. These treatments allow patients with knee 

osteoarthritis, in particular younger ones, to have their normal lifestyle for a longer 

period of time before going through invasive surgeries and facing postoperative 

limitations. One of them is an extra-articular implant, which may fill the 

aforementioned gap between the conservative and invasive treatments [23]. 

 

1.3 Aim of the research 

After the invention and during the development process of any new implant, several 

studies should be conducted in order to investigate efficacy and influence of that 

implant on the knee joint. As a matter of fact, there are many different features to study 

for each new implant and all of them cannot be covered comprehensively in one 

research project. Therefore, this project aimed to investigate some critical aspects of a 

recently invented extra-articular knee implant for knee osteoarthritis. In other words, 

in this thesis, the effect of the implant on the contact mechanics of the tibiofemoral 

joint was numerically and experimentally investigated. Also, a cadaver study was 

carried out to study the influence of the implant on the joint space, and density changes 

in the tissues around the implant were investigated using a theoretical method.  

This patient-specific implant was recently invented by Kumar [23] and is still at the early 

stages of the development process, so the outcome of this research is fundamental for 

the future development of this implant and similar devices. 
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1.4 Thesis structure 

The structure of the thesis is as follows:  

In this first chapter a brief introduction to the problem is provided. In the next chapter 

a literature review is conducted, which includes a wide range of information regarding 

knee anatomy and knee implants as well as background of the research objectives. In 

Chapter 3, the concept of a recently invented knee implant, the design process and 

Finite Element Analysis (FEA) of a knee model without and with the implant is described. 

Chapter 4 is about investigating the influence of the implant on the bone density 

numerically, including studying periprosthetic Bone Mineral Density (BMD) changes as 

well as density variations at the fixation holes in the femur and tibia, and to determine 

whether any such BMD changes are likely to be damaging to the health of the knee. 

Chapter 5 aims to study the surgical procedure of the implant attachment and 

investigate the influence of this implant on the contact pressure in a cadaver knee joint 

under different loading scenarios. Conclusions and future work recommendations are 

contained in Chapter 6 (final chapter) of the thesis. 
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Chapter 2                                                                                             

Literature Review 

 

To study an implant for osteoarthritic knees, detailed knowledge of bone and knee 

biomechanics and their medical principles are required. Hence, in this section, the 

anatomy and kinematics of the knee and bone, as well as other topics concerning knee 

implant design, including materials, manufacturing, Finite Element Analysis (FEA), and 

bone remodelling are discussed in detail. Recent and relevant literature are also 

reviewed in this chapter. 

 

2.1 Background 

2.1.1 Knee anatomy 

The knee joint comprises bone, ligaments, cartilage, and meniscus. These parts are 

shown in Figure 2-1. The knee joint connects the thighbone (femur) and bones of the 

lower leg (tibia and fibula). The two ligaments on the outer surfaces are the Lateral 

Collateral Ligament (LCL) and Medial Collateral Ligament (MCL). The two ligaments 

inside the knee are the Posterior Cruciate Ligament (PCL) and Anterior Cruciate 

Ligament (ACL). The articular cartilage in the knee covers the end of the femur (distal 

femur), top of the tibia (proximal tibia), and back of the patella (kneecap) and allows 

smooth gliding of bones. Also, there are menisci (collagenous cushions) between the 

bones, which act as shock absorbers [24].  
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Figure 2-1. Anatomy of the knee joint. 

The knee joint mainly moves in one plane (sagittal plane) similar to a hinge. Therefore, 

ligaments play a crucial role as bone constraints and in keeping the knee healthy. 

Generally, collateral ligaments limit side-to-side movements and cruciate ligaments 

limit front-to-back movements. Correct performance of the ligaments leads to the 

correct and stable motion of bones on each other. Accordingly, in the case of any laxity 

in, or damage to, ligaments, painful arthritis can occur due to excessive and inaccurate 

movement of bones [24]. 

In the study of human movement (kinesiology), there are three cardinal planes: sagittal, 

coronal or frontal, and transverse, as demonstrated in Figure 2-2. All movements 

happen in these planes or a combination of them [25].  
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Figure 2-2. Cardinal planes of movement [26]. 

2.1.1.1 Femur, tibia, fibula, and patella 

Of the four bones at the knee, the femur, tibia, patella and fibula, the former three are 

the main functional bones. The distal end of the femur creates two condyles, which 

articulate with the patella and tibia. The tibia and condyles form the tibiofemoral joint; 

the patella and trochlear groove form the patellofemoral joint, as illustrated in Figure 

2-3 [27, 28].  

 
Figure 2-3. Schematic view of tibiofemoral and patellofemoral joints [28]. 

Fibula 
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Similarly, the proximal head of the tibia includes the medial and lateral condyles and 

intercondylar area that form a joint with the condyles of the femur. The fibula, which is 

next to the tibia, does not articulate with the femur and patella, and it does not play a 

direct role in load transmission [27]. The patella, the largest sesamoid (bony nodule 

developed in a tendon) in the human body, might have different shapes, but is 

commonly proximally curved and distally tapered. It is fully encompassed by the 

quadriceps femoris tendon and the posterior side of it, together with the femur 

(trochlear groove), forms the patellofemoral joint [27]. 

As shown in Figure 2-4, a long bone includes two main sections: diaphysis and epiphysis. 

The diaphysis is a cylindrical shell, which connects the distal and proximal ends of the 

bone, and the epiphysis is the area at both ends of the bone, which is filled by spongy 

bone (cancellous bone). The inner layer of the diaphysis is covered by the endosteum, 

in which bone growth, repair, and remodelling happen. The outer layer of the bone is 

covered by the periosteum, which contains blood vessels, nerves, and lymphatic 

vessels. This layer covers all parts of the bone, except areas that are covered by articular 

cartilage [29]. Bone remodelling, i.e. the dynamic change and adaptation made by bone 

due to changes in its environment, is explained briefly at the end of this chapter and 

extensively in Chapter 4. 

 

Figure 2-4. Bone structure. 



10 

 
 

There are four types of cells within bone tissue that are very important for bone 

function. These cells are osteocyte, osteoblast, osteogenic, and osteoclast [29]. 

Osteoblasts are found in the periosteum and endosteum and are responsible for 

developing new bone. The matrix surrounding the osteoblast calcifies, then it becomes 

the principle and most common cell of the bone (osteocyte). Osteocytes can 

communicate with each other through channels inside the bone matrix and receive 

nutrients. Osteogenic cells are found in the layers of the marrow and the periosteum. 

Based on their high mitotic activity, they differentiate and develop into osteoblasts. As 

mentioned earlier, bone has a dynamic nature and new tissue is continuously formed. 

The damaged or old bone is dissolved for repair or calcium release. Osteoclasts are 

responsible for bone breakdown or resorption. Old bone is constantly broken down by 

osteoclasts, whereas new bone is constantly formed by osteoblasts. In this way, there 

is a balance between bone formation and resorption processes [29]. The mentioned 

cells are shown in Figure 2-5. 

 

Figure 2-5. Four kinds of cell which are existed within the bone tissue [30]. 
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2.1.1.2 Articular cartilage 

Cartilage is avascular, i.e. all nutrients should diffuse through the cartilage matrix to 

reach the cartilage cells (chondrocytes). Therefore, the healing process of cartilaginous 

tissue is very slow. There are many types of cartilage tissue in the human body, but the 

type of cartilage found in the knee is fibrocartilage, which is tough because its matrix 

includes thick bundles of collagen fibers [29]. An intact femoral cartilage is shown in 

Figure 2-9a. 

According to clinical and experimental observations, cartilage does have a limited 

ability to heal, hence minor damage to articular cartilage could self-repair [31]. 

Moreover, lesions, which extend to the subchondral bone marrow may also heal 

clinically. Thus, to repair or regenerate cartilage, cells should arise from the adjacent 

synovial tissue, underlying subchondral bone or an endogenous source [31]. 

2.1.1.3 Menisci 

As shown in Figure 2-6, the menisci include two fibrocartilaginous c-shape pads that 

connect to the tibial plateau [32]. They are located between the condyles and tibia, and 

act as shock absorbers and load distributors. Their inner borders are concave and thin, 

whereas the outer borders are thick and convex. A very important point to note is: the 

peripheral regions are vascularized, while the inner regions are avascular. Accordingly, 

damage or tears to the outer meniscus normally heals, unlike tears at the inner areas 

[24, 27]. 
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Figure 2-6. Schematic view of the menisci [32]. 

2.1.1.4 Ligaments 

There are two types of ligament in the knee joint: extra-capsular and intra-capsular. 

The main extra-capsular ligaments are the Medial Collateral Ligament (MCL) and Lateral 

Collateral Ligament (LCL) (Figure 2-7). The main intra-articular ligaments are the 

Anterior Cruciate Ligament (ACL) and Posterior Cruciate Ligament (PCL) (Figure 2-6) 

[33]. The MCL starts from the medial epicondyle of the femur and extends to the medial 

condyle of the tibia. This ligament is attached to the meniscus, thus it generally 

damages in sports injuries. The LCL starts from the lateral epicondyle of the femur and 

extends to the lateral surface of the fibula, and the PCL connects the lateral surface of 

the medial condyle of the femur (intercondylar notch of the femur) to the posterior 

intercondylar area of the tibia [27]. The ACL connects the anterior intercondylar area 

of the tibia to the posterior section of the medial side of the lateral condyle of the femur 

[34]. 
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Figure 2-7. Ligaments in the knee joint. 

2.1.1.5 Joint capsule 

As shown in Figure 2-8, the joint capsule comprises the outer fibrous layer and inner 

synovial membrane. The capsule surrounds the condyles and intercondylar cavity on 

the posterior side. At the lower part, it joins with the margin of the tibia’s articular 

surface [27]. All surfaces of the articular cavity which are not covered by cartilage are 

lined by the synovial membrane. It attaches to the cartilage’s periphery and covers the 

femoral condyles, back surfaces of the patella and the tibia [27]. 

 
Figure 2-8. Schematic view of the knee joint capsule [35]. 
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2.1.1.6 Synovial fluid and membrane 

One of the most important functions of synovial fluid, which is found in all movable 

joints of the body, is lubricating the joint [27]. The synovial membrane is the main 

biologically active tissue of the knee joint. In some surgeries, such as total knee 

replacement, this membrane is damaged, although it regenerates and covers the whole 

joint again. This tissue has the important task of transferring any wear debris to the 

outside of the joint. Indeed, it filters these particles from the synovial fluid and drains 

them into the lymphatic vessels [36]. Synovial fluid and membrane are shown in a 

schematic view of the knee joint capsule in Figure 2-8. 

2.1.2 Knee osteoarthritis; causes and treatments 

As mentioned in the previous chapter, osteoarthritis (OA) is the most common type of 

arthritis and one of the main causes of musculoskeletal impairments in elderly people 

[1, 37]. The World Health Organization (WHO) reported that OA will be the fourth 

reason for disability by 2020 and that 33.6% of the population will be affected by this 

disease after the age of 65 [5]. Clinically, OA is defined as cartilage degeneration with 

inflammation, pain, and loss of joint function. An intact and degenerated femoral 

cartilage is shown in Figure 2-9a and b, respectively. 

 
Figure 2-9. Femoral cartilage: a) intact, b) degenerated. 
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There are different ways to classify OA, such as from radiographic or advanced imaging, 

symptoms (stiffness, swelling, and range of motion), and a combination of these. Based 

on the joint space narrowing, knee osteoarthritis is categorised into four grades [15]: 

1. Grade 0: Normal 

2. Grade 1: Mild (1–33% narrowed) 

3. Grade 2: Moderate (34–66% narrowed) 

4. Grade 3: Severe (67–100% narrowed) 

X-rays of normal (grade 0) and severe (grade 3) osteoarthritic knees are shown in Figure 

2-10a and b, respectively [38]. Decrease in the joint space due to OA is clearly shown in 

Figure 2-10b. 

 
Figure 2-10. X-ray of a) normal knee, b) severe osteoarthritic knee [38]. 

There are many risk factors for knee OA, such as altered mechanics of the knee joint, 

muscle impairments, injury, obesity, and physical activities. Although there is no known 

cure for knee OA, there are many therapies, which are mostly used to alleviate 

symptoms and restore function. The main non-invasive treatments include exercise, 

weight loss, self-management and education programmes, injections, medications, and 

physical therapy [15]. 

For treating OA, many efforts have been made to repair focal lesions in cartilage and 

the menisci, without addressing the underlying etiology. Therefore, it seems that those 
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studies have not been successful in halting the progression of OA because of the 

existence of an aberrant environment or biomechanical heterogeneity [2, 3, 39]. In fact, 

there is no nonsurgical treatment which has been shown to successfully attenuate the 

disease’s progression [39]. Most of the time, excessive load results in stress 

concentrations in certain areas, which lead to cartilage degeneration. Hence, before 

any attempt to repair or regenerate tissue, a first-line therapy would be to address the 

deleterious loading condition of the knee joint. In other words, abnormal loading and 

an uneven stress distribution can be considered to be one of the major reasons for 

osteoarthritis progression [5, 39-41]. There are many biomechanical interventions, 

which are designed to adjust lower limb and knee joint loading during the knee 

movement. For example, implementing valgus knee braces, shoe inserts or foot 

orthoses lead to improved physical function, reduced analgesic dosage, pain reduction, 

and possibly slowing down disease progression [15]. 

Besides the above-mentioned conservative treatments, there are many kinds of 

invasive therapies, such as Total Knee Arthroplasty (TKA), High Tibial Osteotomy (HTO), 

and Knee Joint Distraction (KJD) [15]. As shown in Figure 2-11, in a TKA procedure, 

surfaces of the distal femoral head, proximal tibial head, and internal side of the patella 

are resected and replaced with metallic and polymeric parts [42]. The fact is that almost 

all patients with knee osteoarthritis undergo TKA eventually, and the main reason for 

use of other methods, specifically in younger patients, is to postpone this last resort (an 

invasive TKA operation) [17]. It should be noted that TKA is largely recommended for 

elderly people (>65 years old); however, research shows that more than 40% of TKAs 

have been performed before this age [6, 15].  
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Figure 2-11. Schematic view of TKA components and procedure [43]. 

Based on the condition of the patient, Unicompartmental Knee Arthroplasty (UKA), 

which is less invasive than TKA, may be recommended. As shown in Figure 2-12, in UKA 

only the damaged compartment of the joint is replaced, which leads to the preservation 

of natural knee kinematics. Other advantages of this option compared to TKA include 

faster recovery and rehabilitation, lower morbidity, and less blood loss during surgery. 

However, higher risk of revision surgery and less longevity of the implant compared 

with primary TKA, as well as higher revision rates after TKA for patients who have 

previously had UKA, are some disadvantages of such partial knee replacement [15]. 

 
Figure 2-12. Schematic view of the UKA [44]. 
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In an osteotomy operation, a wedge of the femur or tibia is removed in order to balance 

the pressure distributions on the knee joint, correct joint malalignment and slow down 

OA progression [45]. A schematic view of the tibial osteotomy operation is shown in 

Figure 2-13. Depending on the particular issue with the knee, after removing the 

wedge, the gap could be closed (closing wedge osteotomy) or left opened and filled 

with some bone graft to help the healing process [45]. Osteotomy could be considered 

for patients with unicompartmental knee OA and joint malalignment; however, other 

factors, such as age, life style, and knee condition of the patient should also be taken 

into account [46]. 

 
Figure 2-13. Schematic view of the tibial osteotomy operation [47]. 

Like any other surgical procedure, osteotomy has some advantages and disadvantages. 

On the one hand, with this operation the knee anatomy is preserved, TKA might be 

postponed for many years, and younger patients can have an active lifestyle post-

operation. On the other hand, a longer, more painful, and more difficult recovery would 

be expected after the operation compared to the standard joint replacement recovery 

period [46]. 
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Another surgical procedure to treat joint diseases including arthropathies, such as 

osteoarthritis is knee joint distraction, in which an external fixation (Figure 2-14) is used 

to increase the joint space for 6-8 weeks [48]. By distracting the knee joint about 5 mm, 

cartilage degeneration is halted and intrinsic cartilaginous tissue repair may occur due 

to intermittent intra-articular fluid pressures inside the joint capsule [48, 49]. 

 

Figure 2-14. Schematic view of knee joint distraction [50]. 

This surgical procedure is a suitable option for young and middle-aged people and could 

delay a need for arthroplasty for several years. Also, similar to osteotomy, the natural 

anatomy of the knee joint is saved and there would be no restrictions in terms of 

activity after the frame removal. However, infections at the location of pins might 

develop due to the presence of an external fixator. The holes remaining in the bones 

would act as stress raisers during the healing process and might lead to bone fracture, 

although this is not a common issue [48, 49].  
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As mentioned in Chapter 1 (section 1.2) and according to the above-mentioned points, 

there is a gap between conservative and invasive therapies, particularly in the case of 

younger patients and those with early-onset knee OA; despite the many conservative 

treatments, many young patients suffer years of pain until they undergo a TKR 

operation [9, 10, 51]. 

A number of efforts have been made with the aim of introducing new techniques to fill 

the aforementioned gap between conservative and invasive therapies, such as a 

recently invented knee prosthesis by Kumar [23]. This patient-specific implant targets 

early-to-moderate grades of knee OA and might specifically be appropriate for younger 

patients [23]. The implant operates as a partially unloading device in order to slow down 

progression of OA, creating a suitable environment in which osteoarthritic lesions might 

be repaired and has been designed in such a way so as not to affect the natural anatomy 

of the knee. Moreover, it might be applied as an adjuvant treatment with other 

therapies. A schematic view of this implant is shown in Figure 2-15. Further details about 

this implant are explained in Chapter 3. 

 

Figure 2-15. Schematic view of the new load-sharing knee implant. 
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Another recently developed device is the KineSpring® (Moximed) implant, which acts 

as a joint-unloader for unicompartmental knee osteoarthritis [19, 52, 53]. The 

KineSpring (Figure 2-16) implant connects to the femur and tibia and utilises a 

mechanism similar to a shock absorber, and is capable of unloading 13 kg of the knee 

load [54].  

 
Figure 2-16. Schematic view of the KineSpring [55]. 

An in vitro study reported that all tested samples survived 10 million cycles of fatigue 

loading without any sign of plastic deformation or cracking [56]. The initial clinical 

studies for the KineSpring appeared promising. For instance, Miller et al. [37], after a 2-

year pilot study, reported that according to the preliminary evidence, KineSpring could 

positively affect knee OA progression by increasing the joint space, thus reducing pain 

and improving joint performance. However, some treated patients with this implant 

have been facing serious adverse events after treatment, such as metallosis (deposition 

of metal debris into tissue around the implant), synovitis (inflammation of synovial 

membrane), implant-failure (fracture of implant components), leading to implant-

removal and necessitating further therapies to solve the created issues [15, 17, 57, 58]. 

Furthermore, a case has been reported in which a patient mentioned the pain due to 

the device was far more than that experienced previously due to OA [58]. Further 
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studies need to be done to elucidate the influences of this implant on the natural 

motion of the knee joint. 

2.1.3 Implant materials 

A wide range of biocompatible materials has been used for hip and knee implants, such 

as ceramics, metals, and polymers. Various combinations of these have been used to 

achieve the optimum articulation with minimum wear [59, 60]. The most common 

implant materials are as follows: 

2.1.3.1 Cobalt-chrome alloy (CoCr) 

Cobalt-chrome alloy is biocompatible, corrosion resistant, hard, and tough. Cobalt-

chrome is one of the most popular alloys in the manufacturing of knee implants. 

However, it is not suitable for a small percentage of patients who have an allergy to 

specific metals, such as nickel. Tiny metal ions could be released into the human body 

from implants due to joint movement and the process of mechanical wear, and lead to 

an allergic reaction [59]. A cobalt-chrome knee implant is shown in Figure 2-17. 

 
Figure 2-17. A cobalt-chrome femoral knee implant [61]. 

2.1.3.2 Titanium and its alloys 

Titanium and its alloys are also biocompatible. Pure titanium can be implemented in 

implants where high strength is not important. For instance, a layer of porous (lattice 



23 

 
 

structure) titanium can be bonded to the inner surface of an implant and the bone can 

grow into it for stronger fixation. The lattice structure around the stem of the tibial 

component of knee implant is shown in Figure 2-18. The most common titanium alloy, 

which is used to produce knee implants is Ti-6Al-4V, which includes vanadium and 

aluminum in addition to titanium. Titanium alloys have excellent corrosion resistance 

and lower density in comparison with other metals used in knee implants. Also, the 

elastic moduli of these alloys are lower than for other implant metals; therefore the 

risk of bone resorption is lower [59]. A tibial tray knee implant is shown in Figure 2-18. 

 
Figure 2-18. A titanium tibial tray knee implant [62]. 

2.1.3.3 Polyethylene (PE) and ceramics 

Generally, a specific grade of polyethylene, namely Ultra-High Molecular Weight 

Polyethylene (UHMWPE), which is biocompatible and has significant wear resistance, 

is used in knee implants. This material allows the metal component to glide smoothly 

with minimum wear and friction, which leads to more longevity of the implant [59]. 

Another category of implant materials used are ceramic materials, which are not as 

common as metallic ones. Although they are very strong and specifically designed for 

implant applications, they can be vulnerable to fracture and breakage, due to their low 
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fracture toughness. A common combination of the mentioned materials for knee 

implants is metal on polyethylene [63-65]. A ceramic on polyethylene knee implant is 

shown in Figure 2-19. 

 

Figure 2-19. BIOLOX® ceramic knee implant components [66]. 

2.1.4 Manufacturing techniques for implants 

There are many techniques used to produce knee implants, such as machining, forging, 

and casting. However, with the recent trend in producing patient-specific implants, 

these manufacturing techniques are not the best available options. Producing patient-

specific implants could considerably improve the longevity and performance of the 

implant. In recent years, one of the most popular methods to produce knee implants 

has been additive manufacturing, which is also known as 3D-printing, particularly to 

produce patient-specific implants with complex geometries [67-69].  
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In 3D-printing, different materials, such as plastics or metals, are deposited in layers to 

manufacture an object [70]. Initially, this technique was used to create prototypes. 

However, recent developments and advancements have enabled 3D-printers to 

produce products that are comparable or even better than traditionally manufactured 

components. By using 3D-printing techniques, a wide range of materials can be used, 

and very complex designs can be produced in one step, without requiring extra major 

modifications [71]. A batch of hip stems produced in a single additive manufacturing 

process is depicted in Figure 2-20. Not only many individual components, but also of 

various sizes, can be observed in Figure 2-20 [72]. 

 
Figure 2-20. Hip implant stems produced by additive manufacturing [72]. 

Common types of metal additive manufacturing, which are normally used in the 

manufacture of implants are Selective Laser Melting (SLM) and Electron Beam Melting 

(EBM) processes. Both of these are based on powder bed fusion. In SLM, thin powder 

layers melt by laser and each layer fuses to the previous one, whereas in EBM, an 

electron beam is used for selectively melting the powder [73].  
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Almost all the common implant materials, such as stainless steel, titanium, and cobalt-

chrome alloys can be utilised in these methods. The main difference between EBM and 

SLM is the way that they melt the powder. As mentioned, a laser beam in SLM and 

electron beam in EBM are used to melt powders. Another difference is, in SLM inert gas 

is used inside the fabricating chamber whereas, in EBM, fabrication takes place inside 

a vacuum chamber [73]. 

2.1.5 Finite Element Analysis 

After initial design of any implant, and before prototyping, one of the major steps 

towards final design is the use of computer simulations. To do a precise Finite Element 

Analysis (FEA), the implant should be designed based on an anatomically accurate knee 

model. Such a model of the knee could be reconstructed from MRI or CT images, which 

can be time consuming and challenging; alternatively, it could be a model developed 

and validated by someone else, which are generally difficult to obtain as these models 

are mostly not publicly available. Then, the components of the knee model, material 

properties, loading and boundary conditions all depend on the type of the analysis 

being performed and the intended application. For example, a study into the kinematics 

or alternatively a stress analysis in a specific component of the joint may require two 

different models. In other words, the assumptions and simplifications made can play a 

major role and they are specified based on the aim of the project and nature of the 

computational model [74]. For example, Wang et al. [75] compared stress on knee 

cartilage during kneeling and standing using an FE knee model. In order to simulate the 

kneeling position, they used a model which included the patella and patellar tendon, 

which play a crucial role in that position. Their FE model in the kneeling position is 

shown in Figure 2-21 [75]. 
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Figure 2-21. FE knee model in the kneeling position [75]. 

They reported that the peak contact pressure and von Mises stress were higher in the 

kneeling position. Kubicek and Florian [76], on the other hand, studied stress-strain 

analysis of the knee joint in the fully extended knee position. Therefore, their model 

did not include the patella and patellar tendon, since they play only a minor role in this 

position. Their FE model in the standing position is shown in Figure 2-22 [76]. 

 

Figure 2-22. FE model in the standing position [76]. 
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They reported that the load was higher in the medial condyle and that the maximum 

contact pressure between femoral and tibial cartilage and meniscus was 2.25 MPa. A 

further important point to be made here is that, after any FE modelling, the results 

should be validated either with data acquired from the literature or from experimental 

results [74]. 

FEA can be used to simulate loading conditions of the knee and the implant in order to 

find strengths and weaknesses of the designed model, instead of through expensive 

trial-and-error experimentation. By using the results of FEA, an initial design can be 

modified and optimised before prototyping. FEA can also be used to investigate the 

state of the knee in the absence of any implant in order to validate a computational 

model with experiments. For example, Li et al. [77] studied the stress arising in a knee 

model reconstructed using MR images under various tibial axial loads (up to 1400 N) in 

order to investigate influence of different parameters on the stress in the cartilage. 

Peak von Mises stresses in different loading conditions are shown in Figure 2-23 [77]. 

 
Figure 2-23. Peak von Mises stresses estimated by various finite element models [77]. 
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They reported that variation of reconstructed cartilage thickness may lead to an 

approximately 10% difference in peak von Mises stress in the cartilage. Apart from 

cartilage thickness, there are other parameters, such as Poisson’s ratio and Young’s 

modulus, which can directly affect the stress and contact pressure in the cartilage. For 

example, Li et al. [77] reported that, by increasing the Poisson’s ratio from 0.05 to 0.49, 

the peak von Mises stress in the cartilage was reduced approximately by 50%. Wang et 

al. [75] conducted research on a standing knee model under different compressive 

loads using various elastic moduli and Poisson’s ratios. They reported that contact 

pressures in the cartilage for 300, 600, and 1000 N loads, were 1.87, 2.49, and 3.25 

MPa, respectively. They also reported that a larger elastic modulus led to greater von 

Mises stress and contact pressure; however, increasing the Poisson’s ratio resulted in 

greater contact pressure, but a smaller von Mises stress. A validated FE model can also 

be used to study the influence of an implant on stress or contact pressure distributions 

in the tibiofemoral joint. To do so, FEA should be conducted without and with the 

implant and results for both cases can be compared [78].  

Many research have been conducted on the biomechanics of the total knee 

replacement theoretically and experimentally. Carr and Goswami [79] published a 

comprehensive review article on models and biomechanics of knee implants. Different 

areas, such as stress analysis, contact mechanics, wear, and loosening of various TKA 

implants were covered in their review article. As an example of the types of study which 

are possible, in one of the studies considered in their article, the effect of various 

Young’s moduli of polyethylene on the contact area in metal on polyethylene TKA 

implants was investigated. As shown in Figure 2-24, increasing the elastic modulus led 

to a smaller contact area, and increasing the load led to a larger contact area [79]. 
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Figure 2-24. Influence of polyethylene Young’s modulus (E, MPa) on contact area in 

metal on polyethylene TKA implants [79]. 

In this thesis, FEA is extensively discussed in Chapter 3. 

2.1.6 Bone remodelling 

In the bone remodelling process, old bone matrix is resorbed, and the new bone is 

formed. Although this process generally happens during bone growth, in adult life bone 

remodelling involves resorption of old or damaged bone and replacing it with new 

bone. The bone remodelling process is schematically shown in Figure 2-25. 

 

 



31 

 
 

 
 

 
 

 
 

 
Figure 2-25. Bone remodelling process: a) old bone, b) bone resorption, c) bone 

formation, d) new bone [80]. 

Many causes, such as injury, exercise, and other heavy activities stimulate the bone 

remodelling process. However, even without any particular cause and only based on 

destroying and creating new bone, around five to ten percent of the whole skeleton is 

remodelled annually [29].  

a 

b 

c 

d 
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Regarding the crucial role of loading condition on bone remodelling, long missions in 

space can be used as tangible examples. In such missions, astronauts may lose about 

one to two percent of their bone mass per month. Seemingly, the cause is the lack of 

mechanical stress on the bones due to low gravitational forces. Lack of stress results in 

loss of mineral salt and collagen fibers and consequently decreases the bone strength. 

Indeed, the internal and external structures of a bone and accordingly the size and 

weight change based on the applied stress on the bone [29].  

The use of implants in the body leads to remodelling of the adjacent bone and a 

consequent change in the loading condition, a phenomenon known as stress shielding. 

This is mainly due to the higher stiffness of the implant, which decreases the level of 

load applied to the bone leading to possible resorption. The type of design, shape, and 

fixation of the implant may also result in bone density variations. The main material 

property that plays a very important role here is the elastic modulus of the implant. In 

other words, the difference between elastic modulus of implant material and 

surrounding bone can be influential on the amount of bone resorption. Other factors 

affecting stress shielding are patient-related parameters, such as gender, age, activity 

level, and bone quality [36]. A schematic view of the stress shielding around a hip 

implant is shown in Figure 2-26 [81]. 
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Figure 2-26. Schematic view of the stress shield area around a hip implant [81]. 

Apart from radiographs, mathematical methods as well as computer simulations can 

also be used to evaluate and predict the influence of implants on bone remodelling. 

This can be particularly useful for evaluating the effect of implants, as a bone 

remodelling computer simulation could reduce the risk of adverse effects by optimising 

the design before using the implant in the human body. Adaptive bone remodelling, 

which is based on the calculation of changes in strain energy density, has been used 

successfully for many years to simulate the influence of implants on bone density [82, 

83]. There are other numerical bone remodelling methods [84-88]. For example, the 

Komarova method [88] is one of those which is based on the interaction of osteoclast 

and osteoblast cells. Hambli [89] studied bone remodelling of the hip joint using 2D FEA 

in conjunction with the Komarova method. He simulated bone density of the proximal 

femur up to five years (Figure 2-27), starting with isotropic homogeneous material 

properties [89].  
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Figure 2-27. Predicted apparent bone density (g/cm3) variation in a 5-year simulation 

[89]. 

Although he did not validate the results with the experimental data, he reported that 

the achieved density distributions represent many architectural features of the human 

femoral head. Many studies have been performed on the bone remodelling of the hip 

joint [90-93]. For example, Levadnyi et al. [83] investigated bone remodelling of 

different hip implant designs using an adaptive bone remodelling method and reported 

that the short stem implants provide a better load transmission to the proximal region 

of the femur compared to those with long stems. They also reported that, in the case 

of hip resurfacing, bone density was very close to an intact femur. However, only a 

limited number of studies have been conducted on bone remodelling of the knee joint. 

For example, Quilez et al. [94] and Jia et al. [95] examined and reported the influence 

of different TKA implants on bone density of the tibia using adaptive bone remodelling 

methods. Quilez et al. [94] reported that for all designs, the bone mineral density 
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increased in the diaphysis (Figure 2-28a), while it decreased in the medullary channels 

and proximal epiphysis (Figure 2-28b). 

 

Figure 2-28. Bone mineral density variation in tibia: a) diaphysis, b) epiphysis [94]. 

Jia et al. [95] reported that short stem knee implants performed better, in terms of 

influence on bone remodelling, whereas long stems provided better stability in the 

bone. Other studies have also been conducted on bone remodelling in the tibia after 
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knee replacement [96, 97]. For example, Robalo [96] developed a 3D model of the tibia 

from CT images and modelled it as a porous material. He then used a bone remodelling 

technique based on topology optimisation and reported that using long stem implants 

(cemented and non-cemented) led to stress shielding in proximal tibia and as a 

consequence, a significant periprosthetic bone density reduction. He also reported 

bone hypertrophy around the stem’s tip due to stress concentration. Bone remodelling 

is discussed in detail in Chapter 4 in this thesis. 

2.1.7 Cadaveric experiments 

After design and analysis stages, and before animal or human trials, experiments and 

particularly cadaveric ones can be the next step in an evaluation process to study the 

influence of an implant on the joint [98]. Cadaveric knee joints without and with a TKR 

implant are shown in Figure 2-29a and b, respectively. For extra-articular implants in 

particular, the purpose of cadaveric experiments is to study the influence of the implant 

on the contact mechanics of the tibiofemoral joint as well as surgical considerations. 

 
Figure 2-29. A cadaveric knee joint: a) without implant, b) with implant. 

a b 
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Cheong [99] carried out some preliminary experiments on cadaver knees in order to 

study the overall performances of an extra-articular implant, such as range of motion, 

attachment method, and simplicity of implant insertion. After attachment of the implant 

by a knee surgeon, he reported that the implant did not appear to affect the soft tissue 

around the implant and the articular cartilage was not damaged [99]. In terms of motion, 

it was observed that the plates were able to slide over one another without any 

hindrance and that the implant does not affect the range of motion during flexion and 

extension. It was also reported that the articulating surfaces remained in contact even 

during complete flexion. Importantly, the articulating surfaces did not dislocate and they 

remained in contact during the knee movement [99]. 

One of the methods used in order to perceive the biomechanics and specifically contact 

pressure at the knee joint, is pressure-mapping sensing, such as with the use of a 

Tekscan® sensor (Tekscan, Inc., Boston, MA) [100, 101]. This is a very thin film pressure 

sensor which can be used for different applications including cadaveric specimens, and 

provides real-time measurements under quasi-static and dynamic loading conditions 

[98]. Tekscan sensors can be found in different sizes and shapes as well as encompassing 

different pressure ranges. One type of this sensor is specifically designed for knee joint 

experiments, Tekscan sensor model 4000 (Figure 2-30), which is used in this research 

and discussed in more detail in Chapter 5.  
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Figure 2-30. Schematic view of the Tekscan sensor model 4000 [102]. 

Thambyah [103] used a Tekscan sensor to compare the contact pressure in both 

compartments of the cadaver knee joint when larger forces are applied to one 

compartment. He reported that, although the applied force to both compartments was 

different, the average measured stresses were similar in both, due to different contact 

areas between condyle and tibial plateau in the medial and lateral compartments.  

In a study conducted by Wang et al. [104], a Tekscan sensor was used to compare the 

contact area of healthy, injured and repaired joints. It was observed that an intact knee, 

injured knee i.e. meniscectomy, and a repaired knee with a bone plug meniscal 

replacement can have maximum contact areas of 546 ± 132 mm2, 192 ± 122 mm2, and 

398 ± 148 mm2, respectively. A schematic view of their experimental setup is shown in 

Figure 2-31. 
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Figure 2-31. Schematic view of experimental setup used by Wang et al. [104]. 

Tekscan sensors can also be used to compare different TKA implants, in terms of 

maximum stress and its location as well as the contact area. Such information would be 

very useful in order to optimise implant design. For instance, in TKA implants, the range 

of contact stress and contact area for the tibiofemoral joint measured by Tekscan 

sensors are 5–50 MPa and 200–800 mm2, respectively, and for the patellofemoral joint 

they are 5–25 MPa and 5–250 mm2, respectively [105, 106]. Luyckx et al. [106] used an 

experimental setup as shown in Figure 2-32 in order to measure contact area and 

contact pressure in the patellofemoral joint using a Tekscan sensor. 

 

Figure 2-32. Experimental setup used to measure contact area and contact stress in 

the patellofemoral joint [106]. 
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Another type of sensor, which can be used to measure interfacial stress and contact area 

is Fujifilm (FF) pressure-sensitive film. Unlike the Tekscan sensor, it is a single-use and 

inexpensive film which has been used to investigate in vitro contact mechanics under 

static loading and does not provide real-time measurements [98].  

Cadaveric experiments and contact pressure measurements are discussed in Chapter 5 

of this thesis. 

 

2.2 Research gap 

As mentioned in Chapter 1 (section 1.2), there is a treatment gap between non-invasive 

and invasive treatments for knee OA and one of the recently invented implants to bridge 

this gap is a load-sharing implant, which attaches to the medial side of the knee in order 

to partially unload the joint [23].  

According to the literature and to the best of the author’s knowledge, no FEA on this 

implant has been conducted using an anatomically accurate FE model. Also, no cadaver 

study has been carried out on this implant using an accurate contact pressure 

measurement on a specimen with all ligaments intact. Therefore, this study aimed to 

numerically and experimentally investigate the influence of the implant on the contact 

mechanics of the knee joint. In addition, FEA in conjunction with adaptive bone 

remodelling was conducted to study the effect of the implant on the BMD of the femur 

and tibia. Also, the attachment procedure as well as surgical considerations were 

investigated using cadaver specimen. According to these points, objectives of the 

research were defined. 
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2.3 Objectives of the research 

The following are the main objectives to be addressed in this research: 

1. To investigate how an extra-articular load-sharing implant would affect the load 

distributions in the tibiofemoral joint using an anatomically accurate finite 

element knee model. 

2. To study the influence of this implant on the bone mineral density of the 

femoral and tibial heads.  

3. To perform cadaveric experiments in order to perceive surgical considerations 

as well as the influence of the implant on the contact pressure of the 

tibiofemoral joint. 

These objectives are addressed in Chapter 3, Chapter 4, and Chapter 5, respectively. 
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Chapter 3                                                                                                      

Stress Analysis of the Tibiofemoral Joint and Implant 

 

3.1 Introduction 

In this chapter, the concept of a recently invented knee implant [23], design procedure, 

and FEA of the implant are explained. As mentioned in Chapter 1 (section 1.3), the aim 

of this research was to evaluate a few aspects of this novel extra-articular load-sharing 

knee implant. The implant was developed to attach to bone in such a way such that 

there is no need to resect either the distal femur or the proximal tibia. In other words, 

the implant is supposed to support the articulation of the joint and keep the original 

joint anatomy intact, including the ligaments. As mentioned before, in other 

treatments, such as TKA, surgeons remove the tibiofemoral joint and cap the ends of 

the bones with metallic parts, which leads to an unnatural replication of the anatomy 

of the natural knee. As a matter of fact, arthroplasty leads to an elimination of any 

chance of cartilage healing, because the cartilage is removed during the surgery [99]. 

However, the novel implant was designed in order to off-load the knee joint and 

provide a conducive environment in order to slow down OA progression and even 

promote cartilage repair.  

A Finite Element Analysis (FEA) was used to investigate stress distributions in the 

cartilage and implant, due to the fact that joint stress is one of the known risk factors 

contributing to the development and progression of knee OA [40]. As mentioned, 

reducing the stress in the osteoarthritic region could slow down progression of the 

disease. Therefore, in this chapter, efficacy of the implant, in terms of stress and 
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contact pressure reduction in the femoral cartilage, particularly in the medial 

compartment is studied. 

 

3.2 Methodology 

3.2.1 Implant design and the knee model 

The extra-articular implant discussed in this study was designed based on the inventor’s 

concept to remove the excessive load in the medial compartment, because that side 

bears 60-80% of the load applied on the knee during gait [23, 107]. As shown in Figure 

3-1, the main components of the implant are: a femoral plate which attaches to the 

medial side of the femur, and a tibial plate which attaches to the medial side of the 

tibia. These plates act as a load transmission medium between the distal femur and 

proximal tibia. The transmitted load distributes over the articulating surfaces between 

the plates, where the plate surfaces slide over each other.  

Design was not a primary focus of this thesis. The implant was designed based on the 

initial invented concept design [23]. This is a patient-specific implant, so the design can 

be modified to fit the geometry of the patient’s bone. According to the initial concept 

design, the suggested thickness for the implant is 4-6 mm, and for this thesis 4 mm was 

selected in order to avoid any soft tissue irritation caused by the thickness of the 

implant [23]. 
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Figure 3-1. 3D model of the implant: a) external side, b) internal side. 

As shown in Figure 3-1, several holes were also incorporated into both parts of the 

implant to reduce overall weight and to help prevent the possibility of bone or tissue 

necrosis around the implant [108]. These holes can be used to attach the implant to the 

joint using screws. A larger hole in the femoral plate was also incorporated in order to 

accommodate the Medial Collateral Ligament (MCL).  

Finding an anatomically accurate knee model was challenging, as most of them are not 

publicly available. Therefore, the first model used for FEA was just a simple model 

(Figure 3-2a) including femur and tibia provided by the Auckland Bioengineering 

Institute at the University of Auckland. Soft tissues were generated by SolidWorks® 

(Dassault Systemes) in both compartments to act as cartilage and menisci and load 

transmitting medium (Figure 3-2b). The implant was then attached to the medial side 

of the model (Figure 3-2c) and a simplified FEA was conducted using the 

Abaqus®/standard (Simulia) FEA software suite. For this model, material properties for 

all components were defined as isotropic linear elastic material [76]. Also, instead of 

having cortical and trabecular bone, hard tissue was considered as cortical bone only in 

this simplified analysis [109]. 

a b 
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Figure 3-2. The first knee model used in this research: a) bones, b) bones and soft 

tissue, c) bones, soft tissue and implant. 

A proper knee model is an anatomically accurate model including femur, tibia, cartilage 

and ligaments, and should be modifiable using a CAD package, which was not the case 

for the first model (Figure 3-2a). The final knee model that was used for this study was 

developed by Wangerin [110], and is publicly available in the biomedical repository at 

Simtk.org as shown in Figure 3-3. 

 
Figure 3-3. Wangerin model imported into Abaqus. 

The Wangerin model is a modified version of one of the anatomically accurate publicly 

available knee models, from the Open Knee project [111]. The original CAD model of 

the Open Knee project is shown in Figure 3-4. 

a b c 
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Figure 3-4. The original CAD model of the Open Knee project. 

The main problem with the Wangerin model is the fact that it is available as an input 

file and, after importing to Abaqus, it is converted to an orphan mesh model; a mesh 

with no associated geometry (Figure 3-3), which cannot be modified in Abaqus, in terms 

of mesh type and size. Also, the whole model is recognized as one part and none of the 

components can be edited. Therefore, in order to create a modifiable model, the 

Wangerin model was first exported as a STL file and converted to an IGES file using 

SolidWorks. Thereafter, components were separated using SolidWorks and the model 

was rebuilt in Abaqus by importing IGES files.  

Appendix A includes the input file for the new FEA model without the implant. The new 

knee model was imported into SolidWorks in order to design the implant. The curvature 

and contact surface profiles of the implant were designed to closely follow the 

curvature of the bone surfaces and edges as shown in Figure 3-1a and b. In order to 

build a 3D model of the implant, initially a plane was generated on the surface of the 

bone based on a 3D sketch, then a copy of that plane was created in parallel with the 

first one and the implant was then created using the loft command in SolidWorks.  
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As mentioned in Chapter 2 (section 2.1.3), one of the most widely used materials for 

knee and hip implants is titanium alloy (Ti-6Al-4V), which was also selected for finite 

element analysis of this implant [51, 112]. Other types of materials are also used for 

implants, such as cobalt-chrome alloy. However, for this study, titanium was selected, 

as its Young’s modulus is lower than that of cobalt-chrome, which reduces the possibility 

of bone resorption [113]. The optimum material selection for the implant is not part of 

the scope of this research.  

As mentioned previously, this implant can easily be designed fitting the surfaces of MRI-

scanned or CT-scanned reconstructed models, thus it can be considered to be a patient-

specific implant. A prototype of the implant was produced by additive manufacturing 

(selective laser sintering), which may well be the best method of manufacture for this 

implant. Other manufacturing techniques, which could be used to produce this implant 

include machining, investment casting, and forging [68, 69]. The assembled implant 

attached to the 3D-printed bones is illustrated in Figure 3-5. 

 
Figure 3-5. A prototype of the implant at the medial side of the knee. 
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3.2.2 Finite element analysis of the knee model 

A static FEA was conducted in Abaqus for the extended knee position, before and after 

attaching the implant, in order to study the influence of the implant on the stress 

distribution at the tibiofemoral joint. In other words, model results were compared with 

those for the case of no-implant, in order to study the efficacy of the implant: stress and 

contact pressure distributions of femoral cartilage were investigated in the model 

without and with the implant. Given that the analysis was conducted in standing position 

and the applied load is 400 N, cartilage deformation was assumed insignificant, so it was 

not investigated in the study reported in this chapter. 

 

3.2.2.1 Material properties 

A homogeneous linear elastic material model was developed for cortical bone with a 

Poisson’s ratio of 0.33 and a Young’s modulus of 17 GPa as well as for cancellous bone 

with a Young’s modulus of 0.4 GPa and a Poisson’s ratio of 0.33 [114]. The cartilage was 

assumed to be an isotropic elastic material with a Poisson’s ratio of 0.45 and a Young’s 

modulus of 10 MPa, as per the studies reported in [75, 114, 115]. The meniscus was 

modeled as a transversely isotropic, linear elastic material based on the collagen fiber 

directions of menisci [116]. Material orientations were assigned to the menisci as shown 

in Figure 3-6. Axis 1 represents circumferential fibers, axis 2 represents axial fibers and 

axis 3 represents radial fibers.  

For the menisci, the Young’s moduli in the circumferential (Eθ), radial (ER), and axial (EZ) 

directions were 125, 27.5, and 27.5 MPa, respectively [114]. The Poisson’s ratios for 

menisci were 0.1 (𝜈𝜈θR), 0.1 (𝜈𝜈θZ), and 0.33 (𝜈𝜈RZ), and the shear moduli (GθR and GθZ) 

were 2.0 MPa [114]. All ligaments were assumed to be hyperelastic and their stress-
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strain relationship were obtained from Mesfar and Shirazi-Adl [117]. Mooney-Rivlin 

hyperelastic model constants were automatically calculated by Abaqus using input 

uniaxial tensile test data [75, 118]. For the implant material, a linear elastic model was 

developed for titanium with a Poisson’s ratio of 0.3 and a Young’s modulus of 110 GPa 

[112, 113]. 

               

Figure 3-6. Menisci material orientation.  

3.2.2.2 Mesh  

According to a study by Wan et al. [119], use of the 10-node quadratic tetrahedral 

element (i.e. C3D10 element type) is a proper element choice for the calculation of 

mechanical response and stress in this model. The finite element knee model used in 

this study is shown in Figure 3-7. The implant is attached to the medial side between the 

MCL and bone. Most of the soft tissues including MCL, ACL, PCL, femoral and tibial 

cartilages, and menisci can clearly be seen in Figure 3-7. 
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Figure 3-7. Posterior view of the finite element knee model including the implant. 

The number of elements for each part of the model is listed in Table 3-1. A mesh 

sensitivity analysis with different mesh densities was also conducted; this showed that 

finer meshes with more elements than that listed in Table 3-1 increases the computation 

time significantly without improving the accuracy of the results. 

Table 3-1. Number of elements for the knee model 

Component 
Number of 
elements 

Femur 63604 
Tibia 54584 
Femoral cartilage 132345 
Tibial cartilage 44034 
Menisci 30328 
ACL 38604 
PCL 48794 
MCL 72908 
LCL 21094 
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3.2.2.3 Loading and boundary conditions 

As shown in Figure 3-8, the cross-sectional area of the femur was measured in 

SolidWorks and, based on that, a distributed force of 400 N (half of the body weight) 

was applied on top of the femur [120].  

 
Figure 3-8. Cross-sectional area measurement of the femur in SolidWorks. 

As shown in Figure 3-9, all degrees of freedom at the base of the tibia were constrained 

and, for the femur, transverse movements along the Y and Z axes were constrained.  

 
Figure 3-9. Boundary conditions of the FE knee model. 
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The detailed mechanism by which the implant is fixed to the bone, e.g. with pins, screws, 

etc., is not a primary focus of the present study. (As this is a novel implant, appropriate 

optimal fixation techniques will be developed for it at a later stage.) In order to keep the 

present model simple, both plates were tied to the bones (when surfaces or elements 

tie to each other, they connect together firmly to avoid any separation or sliding, and 

move together during deformation). The tie constraint mimics a firm attachment due to 

bone ingrowth into a lattice structure of the implant; however, screws would also be 

required, but these are not considered in this chapter, as here the focus is on a 

comparison study between the models without and with the implant. Such a lattice 

structure is shown in Figure 3-10, for the femoral part of a TKR implant [121]. 

 

Figure 3-10. Femoral component of a knee implant [121]. 

 
3.3 Results  

Results for von Mises stress distributions on the cartilage (both the medial and lateral 

compartments) are illustrated in Figure 3-11a (without implant) and Figure 3-11b (with 

implant). As observed in Figure 3-11a, the maximum von Mises stresses in the medial 

and lateral compartments, in the absence of the implant, were 1.44e+00 MPa and 9.88e-
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01 MPa, respectively. After unloading the knee with the implant, the maximum stresses 

at the medial side decreased to 8.58e-01 MPa and at the lateral side increased to 

1.02e+00 MPa as shown in Figure 3-11b. (See [77, 122], for example, for more on the 

extensive use of the von Mises stress as a metric in FE knee models involving articular 

cartilage.) 

 
Figure 3-11. Stress distributions within femoral cartilage, a) without implant, b) with 

implant. 

Contact pressure distributions on the surfaces of the femoral cartilage before and after 

attachment of the implant are depicted in Figure 3-12a and b, respectively. According to 

these pressure contours, the peak pressures without the implant at the medial and 

lateral sides were 2.36e+00 MPa and 2.48e+00 MPa, respectively. The peak pressures in 

the knee with implant at the medial and lateral compartments were 1.60e+00 MPa and 

2.72e+00 MPa, respectively.  
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Figure 3-12. Distributions of contact pressure on the surface of the femoral cartilage, 

a) without implant, b) with implant. 

From an osteoarthritis point of view, studying stress and contact pressure in the 

cartilage and particularly the femoral cartilage is of prime importance, however, it is also 

instructive to examine the stress and contact pressure in other soft tissues, such as 

menisci. 

Von Mises stress distributions on the menisci without and with the implant are shown 

in Figure 3-13a and b, respectively. The maximum von Mises stresses at the medial and 

lateral meniscus, in the model without the implant, were 4.82e+00 MPa and 

8.97e+00 MPa, respectively. However, after attaching the implant, the maximum 

stresses at the medial meniscus decreased to 2.32e+00 MPa and at the lateral meniscus 

increased to 1.02e+01 MPa. Before and after introducing the implant, peak stress was 

observed in the lateral meniscus near the intercondylar eminence. 
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Figure 3-13. Stress distributions within menisci, a) without implant, b) with implant. 

Contact pressure distributions on the top surfaces of the menisci before and after 

attachment of the implant are shown in Figure 3-14a and b, respectively.  

 
Figure 3-14. Distributions of contact pressure on the surface of the menisci, a) without 

implant, b) with implant. 
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As shown in Figure 3-14, the peak pressures without the implant at the medial and 

lateral meniscus were 3.50e+00 MPa and 6.03e+00 MPa, respectively. The peak 

pressures in the knee with implant at the medial and lateral meniscus were 

3.02e+00 MPa and 6.33e+00 MPa, respectively. 

Von Mises stress distributions in the femoral and tibial components of the implant are 

shown in Figure 3-15. The maximum stress observed was approximately 9.58e+01 MPa 

at the contact surfaces between the two plates on the anterior side.  

 
Figure 3-15. Von Mises stress distributions of femoral and tibial implant-plates. 

Results of this study were compared to the results of research conducted by Wang et al. 

[75] and Thambyah [103] for validation, and are discussed in the next section. 

 

3.4 Discussion  

The primary aim in any OA therapy, apart from reducing present pain, is preventing the 

progression of OA. Studies have confirmed the influence of mechanical unloading on 

prevention of osteoarthritis advancement [5]. Moreover, unloading osteoarthritic knee 
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joints alleviates pain and provides a proper condition for tissue repair. The clinical 

benefits of cartilage repair were seen to remain in most patients even after a five-year 

follow-up [2]. Steadman et al. [3] studied the influence of unloading braces on knee OA, 

and reported that these braces were effective for treatment of unicompartmental knee 

OA.  

By comparing the results of the extended knee position model of the current study, 

before and after attaching the implant, the von Mises stresses in the femoral cartilage 

were clearly seen to decline in the medial compartment. Indeed, the maximum stress 

was reduced by 40% in the medial side, while stress in the lateral side increased slightly. 

Further, the maximum contact pressures on the distal femoral surface declined by 35% 

at the medial side, while contact pressure in the lateral side was slightly increased. 

Clearly, because of attaching the implant to the medial side, unloading the joint was 

observed in this compartment, for both von Mises stress and contact pressure. 

Accordingly, this implant could be considered as a potential useful treatment for 

unicompartmental knee OA. 

Similar to the cartilage, the von Mises stress and contact pressure were seen to decrease 

in the medial meniscus after introducing the implant, while they increased slightly in the 

lateral meniscus. The von Mises stress and contact pressure in the medial meniscus 

declined by around 52% and 14%, respectively.  

As mentioned, the peak stress was observed in the lateral meniscus and near the 

intercondylar eminence. The reason for this is that the 3D model of menisci was not 

reconstructed precisely, particularly near the eminence, as the soft tissue reconstruction 

from the MR images is challenging. In fact, in a real human knee joint, menisci are thicker 
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at the edge of the tibial plateau and they get thinner towards the intercondylar 

eminence as shown in Figure 2-6 in Chapter 2, however, in the Wangerin model, they 

were thicker around the eminence and this led to higher stress. 

As mentioned, after implementing the implant the maximum stress and contact 

pressure in the lateral compartment were slightly higher compared to the model 

without implant. It appears that after attaching the implant to the medial side, the femur 

was slightly abducted towards the lateral compartment. In other words, the whole 

unloading process involves removing any excessive load from the medial side, by 

attaching the implant on that side, leading to a slight femur abduction. Further 

experimentation is required to study the effect of this abduction on the other 

compartment and on the knee kinematics. 

Wang et al. [75] conducted research on a standing knee model under different 

compressive loads using various Poisson’s ratios. The maximum von Mises stress was 

reported to be just under 1.5e+00 MPa, for a 400 N applied load and a Poisson ratio of 

0.45 for cartilage. This stress is very close to the observed maximum stress 

(1.44e+00 MPa) at the femoral cartilage in the current model without implant, 

intimating the reliability of the results obtained in the current study.  

To further check the accuracy of the results, model contact pressures were compared 

with findings in the research conducted by Thambyah [103] on a cadaver knee joint. In 

that research, the experimental setup was designed in such a way that a major part of 

the load was applied to the medial compartment, similar to the current study. Although 

the stress on the medial side was higher, the contact pressures in the medial and lateral 
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compartments showed no significant differences, as was observed in this study, again 

pointing to the reliability of the current results. 

It is worth mentioning that the design of the implant was not optimised in this research, 

and stress concentrations occurred at the interface between the femoral and tibial 

plates as shown in Figure 3-15. Although this issue might be eliminated by modifying the 

design, at this stage the existing stress is not of any real concern, as it is a localised 

concentrated stress and far less than the yield strength of titanium (~900 MPa) [123]. In 

fact, there could be other sources of failure due to the tribological properties of the 

implant, which need more experimental investigation; these should be studied on the 

produced parts after finalising development of the implant’s design.  

 

3.5 Conclusion 

In this chapter, the effect of a novel extra-articular implant on stress and contact 

pressure distributions in femoral cartilage and menisci was investigated using FEA. The 

main results are as follows: 

• After attaching the implant to the medial side of the knee, the peak von Mises 

stress within femoral cartilage and peak contact pressures over the femoral 

cartilage surface were reduced by 40% and 35%, respectively. 

 
• After attachment of the implant, the peak von Mises stress in menisci declined 

by around 52% and peak contact pressure over the menisci surface decreased by 

around 14%. 
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• After introducing the implant to the medial side of the knee joint, the maximum 

stress and contact pressure were slightly increased at the lateral compartment 

due to the slight abduction of the femur. 

 
• A static FEA of the extended knee position of the model showed that the 

maximum observed stress in both implant plates (femoral and tibial) was about 

96 MPa, which is far below the yield strength of titanium (~900 MPa). Thus, no 

failure of the implant is expected due to plastic yielding; however, there is a 

possibility of failure due to other mechanisms, such as wear. 

According to the above findings, this new implant could effectively reduce the load in 

the medial compartment of the knee joint, which means that it may lead to slowing 

down progression of knee OA.  

A question which arises then is: would unloading the knee joint lead to any unwanted 

issues, for example influencing bone remodelling which could cause harmful changes in 

bone density? This question is discussed extensively in the next chapter.  
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Chapter 4                                                                                                   

Bone Remodelling 

 

4.1 Introduction 

In the previous chapter, a Finite Element (FE) model of the knee was developed, without 

and with the implant, and it was shown that the implant could decrease the contact 

pressure and stress in the medial cartilage considerably. On one hand, load reduction in 

the cartilage may lead to a slowing down of OA progression in the knee; on the other 

hand, bone is a mechanosensitive tissue, and changing the loading condition in the joint 

will affect the bone density.  

In fact, joint unloading due to the attachment of this implant will affect bone 

remodelling in the tibiofemoral joint. Accordingly, in this chapter, the influence of this 

novel implant on bone remodelling of the knee joint is investigated. The aim of the 

chapter is to study periprosthetic Bone Mineral Density (BMD) changes as well as density 

variations at the fixation holes in the femur and tibia, and to determine whether any 

such BMD changes are likely to be damaging to the health of the knee. 

Bone is a dynamic tissue and as a supporting frame and regulator of mineral 

homeostasis, needs to remodel continuously. During a balanced bone remodelling in 

cortical and trabecular bone, formation and resorption of bone occur equally [124]. One 

of the main purposes of bone remodelling is to provide the capability for the skeleton 

to conform to its mechanical conditions. This capability decreases the risk of damage, 

such as fracture caused by cyclic mechanical loading [125]. 
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Bone undergoes considerable structural and compositional changes induced by 

physiological and mechanical conditions over a lifetime [125]. Bone remodelling caused 

by mechanotransduction comprises four major phases: (i) perception of the applied load 

to bone by sensor cells (osteocytes); (ii) conversion of the mechanical signals into 

biochemical signals; (iii) receiving the signals by bone forming (osteoblast) and resorbing 

(osteoclast) cells; (iv) response from the aforementioned cells and a consequent bone 

adaptation process [125]. These steps are illustrated schematically in Figure 4-1. 

 
Figure 4-1. The process of cellular response to a mechanical stimulus. 

According to the mechanostat theory, one of the important factors that should be taken 

into account in bone remodelling is the range of strain induced by the magnitude and 

distribution of the load [126]. Based on this theory, there is an equilibrium range of 

strain (homeostasis or dead zone) in which no bone remodelling occurs. As indicated in 

Figure 4-2, strains above this range result in an adaptive bone forming response, 

whereas strains below this range result in bone resorption [125, 127]. 
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Figure 4-2. Bone dynamics at different strain ranges based on the mechanostat theory. 

As mentioned, bone remodelling is affected by the mechanical environment and, in the 

case of considerable changes to this environment, bone structure can change 

significantly as well [127]. For instance, stress shielding caused by different implants, 

such as knee and hip implants, leads to a localised bone resorption around the implant 

and possible consequent aseptic loosening and other issues [128]. The stress shielding 

phenomenon could be even more critical in the case of unloading implants such as 

KineSpring and intra-capsular knee prostheses [23, 53]. Because of this and associated 

issues, a considerable number of studies have been conducted in order to 

experimentally and numerically study the effect of various types of implant, such as hip, 

knee, and shoulder on bone remodelling and bone density distributions [92, 129-131]. 

Some of the relevant studies on bone remodelling are explained in Chapter 2 (2.1.6) as 

well as in the discussion section of this chapter. 

 

4.2 Materials and methods 

4.2.1 Finite element model of the knee 

The knee model used in this chapter was based on a model developed by the Auckland 

Bioengineering Institute in FEBio®. The knee joint of a 29 year old male, whose height 

and weight was 176 cm and 76 kg, respectively, was scanned in a previous study in the 
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supine position using non-weight bearing MRI [132]. The participant was physically 

active with no knee pain, no sign of tibiofemoral and patellofemoral cartilage lesions, 

and no history of knee surgery. MRI was conducted at Stanford University Hospital using 

a GE Signal 0.5T SP/i MR scanner (GE Medical Systems, Milwaukee, WI) [132]. Bone 

reconstruction was conducted using the Musculoskeletal Atlas Project (MAP)-Client 

workflow at the Auckland Bioengineering Institute [133, 134]. This workflow uses 

statistical shape models of hard and soft tissues in order to combine segmented MR 

images of several subjects and generate subject specific bone and cartilage models 

[134]. A simplified flowchart of the MAP-Client workflow is shown in Figure 4-3. 

Segmentation of 
bone & cartilage

Mesh generation

PCA on bone meshes 
(24 subjects)

Variables
- Demographic
- Cartilage thickness

Mesh 
reconstruction

Subject specific model
 

Figure 4-3. Flowchart of the MAP-Client workflow from segmented MR images to FE 

model. (PCA: Principal Component Analysis.) 
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One of the remarkable advantages of the MAP-Client workflow is that, by using this 

method, full-length femur, tibia and even fibula can be reconstructed by only 

segmenting the distal femoral and proximal tibial heads (see white areas in Figure 4-4), 

instead of scanning and segmenting the whole leg, which can be a very costly, time 

consuming and tedious procedure. 

 
Figure 4-4. Reconstructed bones using the MAP-Client workflow, a) anterior view, b) 

posterior view. 

Articular cartilage was reconstructed by calculating the cartilage thickness: this is the 

Euclidean distance between the closest points on the cartilage surface and subchondral 

layers on the high-resolution MRI images. Polynomial curve-fitting was implemented to 

fit the bone and cartilage meshes based on the segmented images [134, 135]. 

Ultimately, the full knee model was generated in the FEBio finite element software. In 

order to carry out the bone remodelling, STL files of all components of the knee model 

were generated using Meshmixer® and imported into the Abaqus FE software.  
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Loading conditions were applied to the bone to replicate the conditions that exist in the 

hip joint during gait. For this purpose, three sets of loadings representing three different 

stages of walking were implemented, as shown in Figure 4-5. According to the literature, 

implementing these loading conditions leads to a realistic bone density distribution [82, 

136]. 

 
Figure 4-5. The Loading condition applied at the femoral head and greater trochanters, 

representing conditions at different phases of the gait cycle: a) mid-stance 

(compression 1 and tension 1), b) heel-off (compression 2 and tension 2), and c) heel 

strike (compression 3 and tension 3). 

Loading conditions for the hip joint in the mid-stance are shown in Figure 4-5a and the 

loading conditions at the hip joint during heel-off and heel strike are shown in Figure 

4-5b and c, respectively. The compression loads applied on the proximal femoral head 

are characterising the contact between the femur and acetabulum and the tension loads 

on the greater trochanter are representing the muscle forces. The intensity of the 

applied loads on the greater trochanter and femoral head was taken from a study 

conducted by Jacobs et al. [82].  
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Specific regions were selected on the proximal femur based on the experimental and 

numerical studies conducted by Greenwald and Haynes [137], and Gubaua et al. [136], 

respectively; the distributed loads were then applied to these regions. The directions of 

the loads applied on the greater trochanter were defined based on Bagge’s research 

[138]. The loading conditions are detailed in Table 4-1. The magnitudes quoted are the 

resultant forces applied and distributed along the regions on the femoral head and 

greater trochanters.  

Table 4-1. Detail of the applied loading conditions at the hip joint. 

Type of force Magnitude (N) Direction 

Compression 1 1158 [82] Pressure (normal to the surface) 
Compression 2 2317 [82] Pressure (normal to the surface) 
Compression 3 1548 [82] Pressure (normal to the surface) 
Tension 1 351 [82, 138] 27.53 ; 29.30 ; 59.65 [138] 
Tension 2 703 [82, 138] -5.93 ; 2.85 ; 39.29 [138] 
Tension 3 468 [82, 138] 23.28 ; -27.93 ; 62.17 [138] 

 

A Dirichlet boundary condition was applied to the distal side of the tibial diaphysis in 

order to constrain any movement of the whole model as shown in Figure 4-6. For the 

greater trochanter, the coordinate system is orientated such that the X-axis is in the 

lateral-medial direction, Y-axis in the anterior-posterior direction and the Z-axis in the 

distal-proximal direction.  

 
Figure 4-6. A Dirichlet boundary condition at the base of the tibia component. 
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In numerical bone remodelling, the checkerboard issue is often seen, which is where a 

discontinuity of density distribution in elements near the regions of load applications is 

seen [139]. This phenomenon is illustrated in Figure 4-7 [82]. 

 

Figure 4-7. Checkerboard pattern in a bone remodelling simulation of the proximal 

femur [82]. 

In this research, the quadratic C3D10 element was used to address the checkerboard 

phenomenon [140-142]. There are other methods which can be used to address this 

issue, such as smoothing [143] and node-based approaches instead of element-based 

ones [144]. However, they have some limitations; for example, the node-based 

approach generally requires much more computational time compared to the element-

based one, and the smoothing technique cannot be applied for every single step [143, 

144]. The number of elements used for each part is listed in Table 4-2. Due to factors 

such as geometry, different element sizes were used for different parts of the model. 
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Table 4-2. Number of elements for components of the FE model. 

Part 
Number of 
elements 

Femur 322396 
Tibia 182447 
Femoral cartilage 386588 
Tibial cartilage 149639 
Menisci 57916 
Ligaments 248843 
Implant 443290 
Screws 142352 

 

The FE knee model is partially shown in Figure 4-10 and the full model is shown in Figure 

4-14. As mentioned previously, the load was applied to the proximal femur, which is the 

main difference between the models used in this chapter and the previous chapter. The 

design procedure of the implant is similar to that in Chapter 3, the only difference being 

the consideration of an additional component, the simplified screws (Figure 4-8), in 

order to attach the implant to the bone. Based on the hole size of the implant, the 

diameter and length of the screws were taken to be 5 and 25 mm, respectively. 

 

Figure 4-8. Schematic view of the screw. 

The implant was attached to the knee model using screws (black colour shown in Figure 

4-10) and tie constraint. All screws were also tied to the holes in the femur and tibia. As 

mentioned in the previous chapter, the tie constraint mimics a firm fixation induced by 

bone ingrowth into a porous structure. So, in this case, the basis is a porous screw, an 



70 

 
 

example of which is shown in Figure 4-9, and it is assumed that the function of its thread 

is to keep the screw firmly in place until the bone ingrowth occurs [145]. Accordingly, a 

simplified screw without a thread is used here, and in conjunction with the tie constraint 

represents fixation with bone ingrowth, which was applied from the beginning of the 

simulation. 

 

Figure 4-9. Titanium porous screw [145]. 

As shown in Figure 4-10, to attach the implant to the knee joint, three screws were 

considered for each bone similar to the Atlas knee system [14]. For both femoral and 

tibial components, one screw was used on the anterior side, one on the posterior side, 

and one in the middle, as shown in Figure 4-10. 

 
Figure 4-10. FE model of the knee joint with implant. 
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The cartilage was defined as an isotropic elastic material with Poisson’s ratio 0.45 and 

Young’s modulus 10 MPa [75]. The ligaments were assumed to be linear elastic isotropic 

materials with Young’s modulus 400 MPa and Poisson’s ratio 0.45 [76]. According to the 

fiber directions in the menisci, they were considered to be transversely isotropic linear 

elastic, with Poisson’s ratios of 0.1 (νθR), 0.1 (νθZ), and 0.33 (νRZ), Young’s moduli in the 

circumferential (Eθ), radial (ER), and axial (EZ) directions of 125, 27.5, and 27.5 MPa, 

respectively, and shear moduli (GθR and GθZ) of 2 MPa [114, 115, 146]. A schematic view 

of collagen fiber directions in menisci is shown in Figure 4-11. The implant and screws 

were made of Ti-6Al-4V with a Young’s modulus and Poisson’s ratio of 110 GPa and 0.3, 

respectively [112, 113].  

 

Figure 4-11. Schematic view of meniscus [116]. 

Bone remodelling simulations were run on an x64 operating system cluster with 24 cores 

Intel Xeon 2.60 GHz CPU and 128 GB RAM. The total CPU time using 22 processors 

required for the simulation of bone remodelling for five years postoperatively was 

around 90 days.  
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4.2.2 Bone remodelling 

The method used in this chapter was based on a subroutine developed at the Federal 

University of Paraná for the hip joint. According to Jacobs et al. [82] and based on the 

Stanford method which was briefly explained in Chapter 2 (section 2.1.6), bone 

remodelling can be calculated as a function of the mechanical stimulus, so-called the 

daily stress stimulus (𝜓𝜓𝑡𝑡) based on the Strain Energy Density (SED) caused by transmitted 

load through the bone. Continuum level mechanical stimulus can be formulated as: 

𝜓𝜓𝑡𝑡 = �∑ 𝑛𝑛𝑖𝑖𝜎𝜎�𝑡𝑡𝑖𝑖
𝑚𝑚𝑁𝑁

𝑖𝑖 �
1
𝑚𝑚          (1) 

where 𝑚𝑚 is an empirical constant, 𝑛𝑛𝑖𝑖  is the number of cycles of load 𝑖𝑖 per day, and 𝜎𝜎�𝑡𝑡 is 

the effective stress defined as [83]: 

𝜎𝜎�𝑡𝑡 = 𝜎𝜎�(𝜌𝜌)

� 𝜌𝜌𝜌𝜌𝑡𝑡
�
2          (2) 

where 𝜌𝜌 is the apparent density, 𝜌𝜌𝑡𝑡 is the maximum density of cortical bone, and 𝜎𝜎�(𝜌𝜌) 

is the apparent stress [82]: 

𝜎𝜎�(𝜌𝜌) = �2𝐸𝐸(𝜌𝜌)𝑈𝑈(𝜌𝜌)          (3) 

where 𝐸𝐸(𝜌𝜌) is the Young’s modulus and 𝑈𝑈(𝜌𝜌) represents the strain energy density. Both 

Young’s modulus and Poisson’s ratio are dependent on the apparent density: 𝐸𝐸 = 𝐷𝐷𝜌𝜌𝑛𝑛 

[94], where D and n are constants defined as follows [94]: 

     If ρ <= 1.2 g/cm³    E(ρ) = 2014 ρ2.5 (MPa), ν1 = 0.25       (4) 

     If ρ >   1.2 g/cm³    E(ρ) = 1763 ρ3.2 (MPa), ν1 = 0.3 
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Using Hooke’s law, the shear stress, and the stress-strain relations [147], the SED can be 

formulated as: 

𝑈𝑈(𝜌𝜌)  = 1+ν
2𝐸𝐸

 ��𝜎𝜎𝑥𝑥𝑥𝑥2 +  𝜎𝜎𝑦𝑦𝑦𝑦2 + 𝜎𝜎𝑧𝑧𝑧𝑧2 ) + 2(𝜎𝜎𝑥𝑥𝑥𝑥2 + 𝜎𝜎𝑦𝑦𝑦𝑦2 + 𝜎𝜎𝑧𝑧𝑧𝑧2 � −
ν

1+ν
�𝜎𝜎𝑥𝑥𝑥𝑥 + 𝜎𝜎𝑦𝑦𝑦𝑦 + 𝜎𝜎𝑧𝑧𝑧𝑧�

2
�    (5) 

where ν is the Poisson’s ratio and 𝜎𝜎𝑖𝑖𝑖𝑖 are the components of the Cauchy stress. The 

remodelling rate is associated with the bone resorption and formation rate, 𝑟̇𝑟. The bone 

remodelling process discussed earlier in connection with Figure 4-2 can be broken down 

into different zones as shown in Figure 4-12. 𝜓𝜓𝑡𝑡∗ represents the reference stimulus and, 

within the range of 2𝑤𝑤 about this, no net bone mass change occurs. For this reason, the 

𝜓𝜓𝑡𝑡 
∗ ± 𝑤𝑤 area is called a dead zone or lazy zone [148], mentioned earlier in the 

introduction to this chapter.  

 
Figure 4-12. The dead zone in the process of the bone remodelling. 

As shown in Figure 4-12, when the mechanical stimulus is smaller than 𝜓𝜓𝑡𝑡∗ − 𝑤𝑤, bone is 

resorbing and when the mechanical stimulus is greater than 𝜓𝜓𝑡𝑡∗ + 𝑤𝑤, bone is forming. 

According to the above points, the formation rate can be defined as [148]: 

𝑟̇𝑟 = �
 𝑐𝑐𝑓𝑓(𝜓𝜓𝑡𝑡 − 𝜓𝜓𝑡𝑡∗ − 𝑤𝑤)                                         𝑖𝑖𝑖𝑖 𝜓𝜓𝑡𝑡 > 𝜓𝜓𝑡𝑡∗ + 𝑤𝑤 
0                                                  𝑖𝑖𝑖𝑖 𝜓𝜓𝑡𝑡∗ − 𝑤𝑤 < 𝜓𝜓𝑡𝑡 < 𝜓𝜓𝑡𝑡∗ + 𝑤𝑤
−𝑐𝑐𝑟𝑟(𝜓𝜓𝑡𝑡∗ − 𝑤𝑤 − 𝜓𝜓𝑡𝑡)                                      𝑖𝑖𝑖𝑖 𝜓𝜓𝑡𝑡 < 𝜓𝜓𝑡𝑡∗ − 𝑤𝑤

       (6) 
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where 𝑐𝑐𝑓𝑓 and 𝑐𝑐𝑟𝑟 are rate parameters (see Figure 4-12).  

The density change rate (𝜌̇𝜌) can be calculated through [83]: 

𝜌̇𝜌 = 𝑆𝑆𝑣𝑣𝑟̇𝑟𝜌𝜌𝑡𝑡          (7) 

where 𝑆𝑆𝑣𝑣 is the specific bone surface area, which can be correlated with the bone 

density [149]. Values for the various parameters mentioned above as used in this study 

are listed in Table 4-3. 

Table 4-3. Parameter values used for the numerical bone remodelling [83]. 

Parameter Value 

𝜌𝜌𝑡𝑡 2e-6 kg/mm3 
𝑛𝑛 3000 
𝜓𝜓𝑡𝑡∗ 50 MPa 
𝑐𝑐𝑓𝑓 2.0e-5 mm/day 
𝑐𝑐𝑟𝑟 2.0e-5 mm/day 
Δt 7 days [150] 
𝑚𝑚 4 

 

Using a user-defined subroutine in Abaqus, the above algorithm was initially 

implemented for the knee model without the implant in order to achieve a 

heterogeneous density of the bone after 300 days, because according to the literature, 

a realistic bone density distribution can be achieved after 300 days [93]. For the model 

without the implant, the remodelling process was started with a density value of 1e-06 

kg/mm³ in order to achieve a density distribution which qualitatively represents the 

bone morphology [82, 90, 92, 93, 151]. Bone density was then extracted from this model 

(using Matlab® routines) and assigned to the model with the implant in which the 

geometry of the bones are slightly different due to the implant fixation holes. The bone 

remodelling algorithm was then implemented again for five years in order to simulate 

the postoperative bone density [152]. The complete process is illustrated in Figure 4-13. 
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Figure 4-13. Flowchart of the bone remodelling process. 
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The steps involved in the bone remodelling simulation as used in this study and as 

discussed above are illustrated graphically in Figure 4-14. 

 
Figure 4-14. The steps involved in the bone remodelling process: a) MRI scanning 

[132], b) knee model in FEBio, c) knee model without implant in Abaqus, d) knee model 

with implant in Abaqus, e) heterogeneous density distribution after bone remodelling 

simulation, f) bone mineral density five years postoperative. 

 

4.3 Results 

Computer simulations were conducted in order to determine the influence of the extra-

articular implant on bone remodelling of the distal femur and proximal tibia. A Region 

of Interest (ROI) must be chosen as the focus of study of BMD changes, mainly because 

attachment of an implant will not affect the density distribution in the whole model, but 

only in specific regions, mostly around the implant. Also, the complete affected area 

around the implant can be divided into smaller ROIs to help perceive which regions are 
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affected more. For example, Gruen zones were considered as ROIs around the hip 

implant shown in Figure 4-15 [153]. 

 

Figure 4-15. Gruen zones used to evaluate hip periprosthetic bone remodelling [153]. 

Regarding ROI selection for the knee joint, Tuncer et al. [154] studied bone mineral 

density of the knee joint post-unicompartmental knee arthroplasty and selected for ROIs 

the femoral parts in the medial condyle as well as underneath the tibial part in the 

medial compartment. Here, with periprosthetic bone resorption the primary source of 

concern, the ROI was chosen to be the tissue surrounding the implant [155], i.e. in the 

medial compartments as shown in Figure 4-16.  

According to the above points, four different element sets were considered and defined 

in the medial compartment of the femur and tibia (ROI 1 and ROI 3) as well as holes (ROI 

2 and ROI 4), which were considered for the elements surrounding the holes. ROI 2 and 

ROI 4 include separate non-connecting regions for the femur and tibia, respectively. ROI 
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1 and ROI 3 include elements inside the black bounded rectangle (see Figure 4-16), from 

the anterior to the posterior side of femur and tibia, respectively, because three screws 

for each implant were located on the anterior, middle, and posterior sides of the femur 

and tibia. 

As mentioned before, a different FE knee model was used in this chapter to that used in 

the previous chapter, so before studying the influence of the implant on BMD, the effect 

of the implant on stress of the femoral cartilage was investigated in order to perceive 

how similar/different the results are compared to what was achieved in the previous 

chapter. Also, the loading condition in the knee is directly correlated with BMD, so if the 

unloading percentage were not considerable, there would be little motivation in 

studying bone density after attachment of the implant. To this end, average von Mises 

stresses on the surface of the femoral cartilage for the medial condyle were calculated 

before and after attaching the implant. It was observed that the average von Mises 

stress on the medial femoral cartilage was reduced by 36.5% due to the implant, which 

is relatively close to what was achieved using a different model in the previous chapter.  

 
Figure 4-16. a) ROI for the study of bone remodelling in the implanted model, b) BMD 

of the joint without the implant, c) BMD of the joint five years postoperative. 
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A cross-sectional view for illustration of BMD of the model without implant is shown in 

Figure 4-16b and the density distributions of the knee model five years postoperative 

are shown in Figure 4-16c. The density distributions depicted in Figure 4-16b and c only 

show the final step of the simulation, while annual density changes five years 

postoperative are shown in Figure 4-17. It should be noted that Figure 4-16b and c, and 

Figure 4-17 show only one cross section of each model, whereas BMD changes were 

calculated for the complete 3D regions of interest. 

 

Figure 4-17. Graphical bone density changes five years postoperative, a) initial density, 

b) 1st year, c) 2nd year, d) 3rd year, e) 4th year, f) 5th year. 

The BMD changes during the process for the ROIs are plotted in Figure 4-18a and b. This 

relative variation determines the difference between the initial and postoperative 

density values and 0% means density changes right after attachment of the implant. 

During the five year postoperative period, BMD for the ROI 1 and 2 increased by around 

3.4% and 2.3%, respectively, and BMD for the ROI 3 and 4 increased by approximately 

4.1% and 2.2%, respectively. For all regions, bone mineral density stabilised during the 

five years postoperative period.  
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Figure 4-18. BMD variation vs. time five years postoperative: a) femur, b) tibia. 

 

4.4 Discussion 

Doblaré and Garcia [93] conducted bone remodelling simulations of the proximal femur 

based on the Stanford model for different time intervals and reported that a realistic 

distribution was achieved after 300 days. Therefore, to provide the baseline bone 

mineral density to be used as the initial density for the model with implant (Figure 4-14e 

and Figure 4-16b), the simulation was also performed for 300 days in this study. 

An average BMD of the femoral head (denoted ROI 5) and the tibial head (denoted ROI 

6) of the model without the implant were compared with the experimental results of a 

study conducted by Sievänen et al. [156], in order to examine the difference between 

numerical and experimental results. The regions of interest in the current study and the 

experimental study are shown in Figure 4-19a and b, respectively. 
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Figure 4-19. a) ROIs to study BMD in the model without implant, b) an experimental 

study on BMD of the knee joint [156]. 

In the current study, the average BMD for ROI 5 and ROI 6 were 1.73 and 1.71 g/cm3, 

respectively. Sievänen et al. [156] measured the BMD of similar ROI for 15 participants 

and their reported mean values for the femur and tibia were 1.29 and 1.13 g/cm3, 

respectively. However, there was a spread of data in the latter study with standard 

deviations of 0.20 and 0.19, and maximum values of 1.64 and 1.46 g/cm3, for femur and 

tibia respectively, reasonably close to the computational results of the current study. It 

was observed that the difference between the average BMD for ROI 6 and the 

experimental value was higher than that for ROI 5, and development of the FE model in 

terms of loading and boundary conditions would be expected to lead to more accurate 

results. 

The BMD of the medial condyle (ROI 1) is lower than that of the medial compartment of 

the tibia (ROI 3) due to there being relatively more trabecular bone in the condyle than 

in the tibia, whereas the densities around the fixation holes (ROI 2 and ROI 4) are similar, 

because the holes are mainly surrounded by cortical bone in both femur and tibia. As 

mentioned, the BMD variation stabilised in all regions three years after operation, which 

can also be observed in Figure 4-17. Petersen et al. [157] measured the BMD changes in 
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the distal femur after knee arthroplasty and reported that changes were stabilised two 

years after operation, while Van Lenthe et al. [130] numerically investigated the density 

changes in the distal femur after knee replacement and reported that there is a 

difference between numerical results and postoperative radiographs, in terms of 

reaching BMD equilibrium. As mentioned in Chapter 2, there are more advanced and 

complex bone remodelling methods based on cell interactions, which would be 

expected to improve the accuracy of the results [84-88]. 

Petersen et al. [157] reported 36% variations in BMD behind the anterior flange of the 

femoral implant and 22% variations proximal to the fixation pegs, after total knee 

replacement. The current study shows that attachment of the current implant led to 

variations in BMD in all ROIs of less than 5%, suggesting that this implant will not result 

in significantly adverse BMD changes in the knee joint.  

It was observed that, regardless of the greater than 30% stress reduction in the cartilage, 

BMD in the ROIs was not changed significantly after attaching the implant. It should be 

noted that each ROI includes both trabecular and compact bone and, as shown in Figure 

4-16b and c, the density in some regions decreased while in other regions increased. 

 

4.5 Conclusions 

In this chapter, Bone Mineral Density (BMD) of the knee joint was investigated after 

attaching the extra-articular implant. BMD of the knee joint was simulated by applying 

a gait loading condition in the hip joint. The heterogeneous density distributions of the 

knee joint without implant were assigned as an initial density to the model with implant 

and BMD was simulated five years after attaching the implant. The von Mises stress in 

the medial femoral cartilage was seen to reduce by 36.5%; however, BMD in the medial 
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condyle and medial compartment of the tibia increased by approximately 3.4% and 

4.1%, respectively, and the density in bone surrounding fixation holes of both femur and 

tibia increased by around 2.2%. Also, the density changes in all regions of interest 

stabilised three years postoperatively. Accordingly, BMD was not changed significantly 

after attaching the implant to the femur and tibia. 

In Chapters 3 and 4, FEA was implemented in order to understand how this new implant 

would change the loading conditions in the tibiofemoral joint, and how that change 

would influence periprosthetic bone density. After these numerical and theoretical 

investigations, in the next chapter, the performance of this implant will be evaluated 

experimentally through a cadaver study. 
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Chapter 5                                                                                       

Cadaver Study 

 

A cadaver study was conducted under Ethics Application 17/52 approved by the 

Auckland University of Technology Ethics Committee (AUTEC). 

5.1 Introduction 

In Chapters 3 and 4, numerical and theoretical methods were used in order to perceive 

the effects of the novel implant on the biomechanics of the tibiofemoral joint; however, 

a crucial part of assessing any new product is to make use of prototypes and carry out 

physical experiments. In other words, although computer simulations can considerably 

reduce the cost of the evaluation process of orthopaedic devices, even a well-developed 

computer simulation can only estimate the contact pressure at the knee joint after 

implantation of a new prosthesis. Further, surgical considerations and questions cannot 

be adequately addressed using computational models. 

According to the above points, this chapter aims to study the surgical procedure of the 

implant attachment and investigate the influence of this implant on the contact pressure 

in a cadaver knee joint under different loading scenarios. The latter is particularly 

important in order to perceive if this implant can effectively reduce the load going 

through the medial side in a realistic situation, considering that this is a patient-specific 

implant and was designed for a specific knee joint. 
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5.2 Materials and methods 

5.2.1 Implant design and manufacturing 

Knee joint specimens for this study were dissected from the left legs of two donated 

bodies from the Faculty of Medical and Health Sciences of the University of Auckland 

under the Human Tissue Act 2008. Donors had no recorded history of knee pain or 

surgery. Specifications of donated bodies are listed in Table 5-1. 

Table 5-1. Specifications of donated bodies. 

Specimen No. 1 2 

Gender Male Male 
Age 64 92 
Height (cm) 155 183 
Weight (kg) 88 80 

 
Before making any incisions and whilst the knee specimen was intact, MR images were 

acquired with a Siemens® 3T MAGNETOM® Skyra (Siemens Medical Systems, Erlangen, 

Germany) scanner located in the Centre for Advanced Magnetic Resonance Imaging at 

the University of Auckland. The knee specimen was imaged using a 15 channel 

transmit/receive knee coil as shown in Figure 5-1. The imaging was carried out in order 

to develop a 3D model of the knee joint and to design the implant using that model.  

 
Figure 5-1. Embalmed leg in a knee coil. 
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Data acquisition included regions at least 10 cm above and below the tibial plateau. 

Different sequences of imaging were acquired in order to facilitate accurate 

segmentation of tissue. Imaging of each sequence took approximately 5 minutes and 

imaging parameters of the sequences are as follows: 

• T1 3D vibe Gradient echo sequence: Matrix 320 x 320, Field of view 200 x 200 

mm, Slice thickness 0.6 mm, TE 3.79, TR 10.8, Flip angle 10, 1 average. 

 
• T1 3D vibe Gradient echo sequence with fat sat: Matrix 320 x 320, Field of view 

200 x 200 mm, Slice thickness 0.6 mm, TE 5.39, TR 10.8, Flip angle 10, 1 average. 

 
• T2 3D Gradient echo sequence: Matrix 320 x 320, Field of view 200 x 200, Slice 

thickness 0.6 mm, TE 5, TR 14.1, Flip angle 25, 1 average. 

The 3D T1, T1 with fat saturation, and T2- weighted images sequences were acquired 

using identical matrix and resolution as this facilitated segmentation by allowing 

superimposition of the datasets. The 0.6 mm almost-isotropic resolution facilitated 

accurate segmentation of the complex structures, essential for 3D modelling of the knee 

and precise manufacture of the implant to attach to the cadaver. The anatomy was 

manually segmented using Amira® software (FEI Visualization Sciences Group, 

Burlington, MA, USA). Segmentation was based on the image grayscale intensity of the 

three imaging datasets (Figure 5-2), and a priori knowledge of knee structure.  
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Figure 5-2. Acquired MRI sequences: a) T1 3D, b) T1 3D with fat saturation, c) T2 3D. 

Segmentation of one scanned slice in Amira is shown in Figure 5-3a, and a 3D model of 

the segmented femur and tibia in Amira, comprised of segmentation of all slices, is 

shown in Figure 5-3b. 

 
Figure 5-3. a) Segmented femur and tibia on one scanned slice in Amira, b) 3D 

representation of segmented femur and tibia in Amira. 

Taking advantage of the aforementioned MRI sequences, and switching between them 

during the segmentation process, the bones were segmented precisely. A semi-

transparent surface rendering of the tibia and fibula using Amira is shown in Figure 5-4a. 
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Figure 5-4. a) 3D surface rendered model (Amira software), b) bones before 

smoothing, c) smoothed bones using Meshmixer, d) knee bones with the implant.  

After segmentation, STL files of the model were exported (Figure 5-4b) and smoothed 

using Meshmixer software (Figure 5-4c). The smoothing grade can be adjusted in 

software; however, for this model the default grade of the shape preserving smoothing 

type was used. The smoothed model was then imported to SolidWorks in order to design 

the implant to precisely fit the medial side of the model (Figure 5-4d). This allowed for 

compatibility between the implant and joint in terms of conformity and curvature of the 

femoral and tibial heads on the medial side. This is particularly helpful for accurate 

placement and fit of the implant on the patient’s femur and tibia.  

This implant is a patient-specific implant, so the best available manufacturing technique 

for this purpose would be additive manufacturing, in particular Electron Beam Melting 

(EBM) [121]. In the Selective Laser Melting (SLM) parts, pores can be observed which 

decrease ductility considerably, limiting SLM use in medical applications [158]. Also, 

additional heat treatment is necessary for the SLM parts [158]. For this study, CNC 

machining was used, due to the lack of access to an EBM machine. Manufacturing the 

implant using CNC machining was challenging due to the complexity of the implant 
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geometry and the availability of only a 3-axes machine. Therefore, the process planning 

was time consuming and, ultimately, a tale form piece (as shown in Figure 5-5) was 

added to the design in order to be used as a reference surface, which is crucial, because 

both sides of the implant should be machined. This extra tale was also used to clamp the 

work-piece firmly during the machining process. 

 
Figure 5-5. CAD file of the femoral implant in FeatureCAM® software. 

After the process planning, a CAD file of the implant was imported into FeatureCAM® 

software (Autodesk, Inc.) as shown in Figure 5-5 in order to generate the G-code for CNC 

machining. The work-piece was cut from a bulk stainless steel part (Figure 5-6a) using 

wire-cutting; the femoral work-piece is shown in Figure 5-6b. 

 
Figure 5-6. a) Bulk stainless steel part after wire-cut, b) wire-cut femoral work-piece. 

After clamping the work-piece, the G-code was sent to the CNC machine controller as 

shown in Figure 5-7. 
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Figure 5-7. Controller of the CNC machine during the femoral part machining. 

The external side of the implant was machined first (Figure 5-8a). The internal side of 

the implant before and during the machining process are shown in Figure 5-8b and c, 

respectively. Machining times for the femoral and tibial components were 

approximately 17 and 13 hours, respectively. 

 
Figure 5-8. Machining process for the femoral part: a) machining of the external side, 

b) internal side before machining, c) machining of the internal side. 
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After machining each part (Figure 5-9), the wire-cutting machine was used to cut off the 

surplus piece of the implant. 

 
Figure 5-9. Clamped femoral part in the wire-cutting machine. 

A final prototype of the implant is shown in Figure 5-10. 

 
Figure 5-10. A prototype of the implant manufactured by CNC machining. (Upper part 

is the femoral component of the implant, and lower one is the tibial component.) 

5.2.2 Cadaver experiments 

The complete leg was embalmed before specimen preparation. For the embalming 

process, 7 L Dodge® (Dodge Co., Cambridge, MA) anatomical arterial fluid along with 1 

L Plasdopake, a tracer dye, which allows the embalmer to see evidence of distribution, 

were used. Hot water (3 L) was added to drive the embalming fluid to the tissue [159, 
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160]. The knee joint was then isolated from near the middle of the femur to the middle 

of the tibia as shown in Figure 5-11. 

 
Figure 5-11. Embalmed specimen No. 1. 

Cadaver experiments in this study were divided into two parts: (i) investigating the 

implant attachment procedure from a surgical point of view (without using any special 

tools), contact of the femoral and tibial parts at different flexion angles, and the effect 

of the implant on the joint space in the medial side using X-ray imaging, (ii) comparing 

the contact pressure in the tibiofemoral joint before and after attaching the implant in 

the fully extended knee position. The researcher performed the experiments with the 

help of a knee surgeon to make sure that the surgical considerations were taken into 

account. 

5.2.2.1 Surgical procedure 

Specimen No. 1 had small joint osteophytes which were irrelevant for this part of the 

study. Surgery was performed by a knee surgeon in order to determine the limitations, 

requirements and any specific surgical considerations for the future development of the 

implant or related tools. Initially, AP and lateral X-ray of the specimen was taken, an 

incision was made on the medial side of the knee joint to expose the Medial Collateral 

Ligament (MCL). After exposure of the ligament, the implant was attached to the femur 
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and tibia using screws without damaging the MCL. After attaching the implant, X-rays 

were taken again in order to determine the difference in the joint space induced by the 

implant. A surgeon then examined the contact of the femoral and tibial components at 

different flexion angles.  

5.2.2.2 Contact pressure measurement 

For this section, specimen No. 2 was used. Initially, the experiments were conducted on 

the specimen without dissecting the soft tissue. Loading scenarios were applied using 

an Instron machine with a 10 kN load cell in the fully extended knee position. Assuming 

80 kg as average body weight, three loading forces from one to two times body weight 

were used for the experiments. Depending on the activity and joint angle, the knee joint 

can undergo much higher pressures but, for this study, only the mentioned loads were 

applied to the joint; experiments were conducted using a specific setup only to compare 

the contact pressure in the knee joint before and after attaching the implant and not 

necessarily to exactly mimic the large range of real-life loading conditions, as this needs 

a more advanced test rig and could be done at the later stages of implant development. 

Each load was applied three times and the average was reported for each test condition. 

The knee joint was mounted on the machine using fixtures (Figure 5-12). These fixtures 

were designed and manufactured specifically for this study. The contact pressure in the 

tibiofemoral joint was measured using a Tekscan® pressure mapping sensor model 

4000-1500 (Tekscan, Inc., Boston, MA), which can measure up to 10 MPa pressure. As 

mentioned in Chapter 2 (section 2.1.7), this is a standard sensor, which was specifically 

designed by Tekscan for studying contact mechanics in the knee joint. A photo of the 

sensor used in this study and its specifications are shown in Figure 5-13 and Table 5-2, 

respectively. 



94 

 
 

 
Figure 5-12. Fixture for the femur (left) and tibia (right). 

As shown in Figure 5-13, intersections of conductive paths, which are covered by a 

pressure-sensitive ink, form a sensing matrix. This sensor is very thin (0.1 mm) and 

flexible, and so can be used in the narrow joint space, in which the bone surface is not 

flat. Specifications of the sensor are listed in Table 5-2. 

 
Figure 5-13. Tekscan pressure mapping sensor 4000 and a magnified sensing matrix, 

used for the experiments. 



95 

 
 

Table 5-2. Tekscan pressure mapping sensor 4000 specifications [102]. 

MW 
(mm) 

MH 
(mm) 

Columns Rows Total 
No. of 

Sensels 

Sensel 
Spatial 

Resolution 
CW 

(mm) 
CS 

(mm) Qty. RW 
(mm) 

RS 
(mm) Qty. 

27.9 33.0 0.8 1.3 22 1.0 1.3 26 572 
[sensel/cm2] 

62.0 

 
Care was taken during placement of the sensor in the joint to avoid damaging or 

wrinkling the sensor, and to ensure a correct fitting of the sensor on the soft tissue. In 

order to fit the sensor properly, most of the tabs around the sensing area need to be 

trimmed before insertion. Positioning and fixing the sensor in the joint is crucial to 

accurately record and compare the pressures obtained from experiments without and 

with the implant. The experimental setup is shown in Figure 5-14.  

 
Figure 5-14. An experiment conducted on the specimen before dissection. 

Although the soft tissue surrounding the joint was beneficial in terms of keeping the 

joint moist in between the experiments, it led to some difficulties due to lack of enough 

space for proper insertion of the sensor and consequently the damaging of several 
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sensors during insertion, as shown in Figure 5-15a-c. Sometimes, damage was not 

visually detectable during an experiment, as this damage arose inside the joint, usually 

when the sensor area was pinched or subjected to a very concentrated pressure over a 

small area (Figure 5-15d). Damage also took the form of wrinkles. As a result, some 

pressure data would be missing from the damaged area (which might be a critical area 

for determination of the contact pressure through the knee).  

 
Figure 5-15. Damaged sensors during insertion into the joint space, a) small holes on 

the sensor area, b) torn sensor area, c) torn printed circuit, d) internal damage to the 

sensor area. 

According to the above issues, ultimately all of the soft tissues except for the menisci, 

and cruciate and collateral ligaments were removed as shown in Figure 5-21b (the 

complete dissection process, from the embalmed leg all the way to the final specimen, 

is summarised in Appendix B). In order to have an accurate understanding of how the 

implant influences the contact pressure in both compartments, the applied load should 

be fully transmitted through the sensor. After inserting the sensor into the joint space, 

it was observed that the sensor could not cover the whole contact area of the cartilage 

and menisci, so the menisci were removed. The sensor was connected to the handle (as 

shown in Figure 5-18a) to begin measurements once all preparations were complete. 

Experiments were performed with two different set-ups: without and with the implant. 

Prior to the experiments, the sensor was preconditioned in order to improve 

repeatability, by loading and unloading five cycles up to 110 % of the maximum load.  
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Because the knee joint was a cadaver specimen, instead of using specific surgical grade 

screws, ordinary wood screws (length 25 mm, diameter 5 mm) were used to attach the 

implant to bone. As mentioned, no ligament is sacrificed in this method and the 

attachment point of the MCL to the femur was considered during the design procedure 

of the implant.  

During the experiments, raw data was collected and the calibration process was 

conducted based on the collected data after the experiments. Generally, the calibration 

process can also be performed before the experiments, but because the sensors are 

fragile and a number were damaged, calibration was conducted after doing the 

experiments without damaging the sensor. It should be noted that, one calibration file 

cannot be used for multiple sensors and it has to be generated for each sensor 

separately even if they are of the same type. The sensitivity level should be the same for 

the calibration process and the experiments. To adjust the sensitivity, the sensor was 

placed in the experimental setup and loaded up to 90% of the maximal intended 

experimental load. The saturation level was then adjusted in such a way as not to see 

oversaturation (purple colour). Three different sensitivity levels are demonstrated in 

Figure 5-16a-c with S19 (sensitivity level adjusted in the I-ScanTM software) being an 

optimum sensitivity based on the maximum load.  

 
Figure 5-16. Examples of the pressure contours at different sensitivity levels: a) low 

sensitivity (S17), b) optimal sensitivity (S19), c) oversaturation (S21) 
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To calibrate the sensor, initially the average raw pressure of the collected data during 

experiments was measured for all loading conditions. To ensure an accurate calibration 

over the whole loading range, a multipoint calibration was performed due to the non-

linear correlation between the applied load and the measured raw data from the sensor. 

Therefore, a 3-point calibration was conducted using three average raw values 

previously collected during the experiments [98]. I-ScanTM software was then used to 

create a calibration curve as shown in Figure 5-17.  

 
Figure 5-17. Calibration curve generated by the I-Scan software. 

The calibration was performed using the setup shown in Figure 5-18a, in which 

polyethylene simulates the cartilage surface and a rubber layer ensures uniform 

pressure distributions on the sensor [98]. An alignment tool at the bottom of the 

experimental setup was introduced in order to balance the axial load at both sides of 

the sensor. Pressure distributions under a 1600 N load during the calibration process are 

shown in Figure 5-18b. 
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Figure 5-18. a) Sensor calibration setup, b) graphic representation of pressure 

distributions during the calibration process. 

 

5.3 Results 

5.3.1 Surgical procedure 

After making an incision (Figure 5-19a), exposing the MCL (Figure 5-19b) and attachment 

of the implant, the knee joint was examined at different flexion angles as shown in Figure 

5-19c – e. Finally, the incision was closed as shown in Figure 5-19f. 
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Figure 5-19. a) Incision made in the medial side of the specimen, b) exposed MCL, c) 

joint at 0°, d) joint at ~30°, e) joint at ~60°, f) closed incision after attachment of the 

implant. 

An AP X-ray of the knee joint conducted when the specimen was intact is shown in Figure 

5-20a. AP and lateral X-rays of the joint after introducing the implant are shown in Figure 

5-20b and c, respectively. 

 
Figure 5-20. X-ray of the knee joint: a) AP without implant, b) AP with implant, c) 

lateral with implant.  

5.3.2 Contact pressure 

As previously described, cadaver experiments were performed under different loading 

scenarios and results were recorded using a pressure mapping sensor. As shown in 



101 

 
 

Figure 5-21a, the top and bottom of the pressure map show the anterior and posterior 

sides of the joint, respectively. After conducting the initial experiments, the implant was 

introduced to the joint. Joint space should be increased before attachment of the 

implant in order for the implant to perform properly, i.e. remove through the implant 

some of the load that would otherwise pass through the knee joint. To do so, the knee 

joint would be subjected to valgus strain during a real surgery; however, doing so during 

the experiment could lead to a different experimental setup and consequent error. 

Therefore, the implant was attached to the specimen, while the joint was still mounted 

on the Instron machine.  

 
Figure 5-21. a) Direction of the sensor in the joint during experiments, b) medial view 

of the specimen without implant, c) experimental setup with implant.  

Pressure distributions under each loading condition for the experiments without and 

with the implant are shown in Figure 5-22a-f. The orientation of the sensor in the joint 

is shown in Figure 5-21a, i.e. the right and left sides of each image in Figure 5-22 show 

the pressure distributions in the medial and lateral compartment, respectively. 
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Figure 5-22. Contact pressure distributions in the knee joint under different loads, a) 

800 N without implant, b) 800 N with implant, c) 1200 N without implant, d) 1200 N 

with implant, e) 1600 N without implant, f) 1600 N with implant. 

Dodge restorative was applied to the specimen in between the experiments to keep the 

tissue moist. 

 

5.4 Discussion 

5.4.1 Surgical procedure 

As shown in Figure 5-19a, the incision made to attach the implant is smaller than the 

typical incision required for a standard joint replacement. It should be considered that 

the actual incision during surgery could well be smaller than what was made during the 

experiments, as a good exposure of the implant was required in this study in order to 

take photographs during the experiments. As mentioned previously, one of the 

advantages of this implant is that the anatomy of the joint is not disrupted during the 
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procedure. Indeed, as shown in Figure 5-19, the MCL was not sacrificed or damaged, nor 

were the bones modified, thus the implant can be easily removed if required. This is a 

patient-specific implant and its thickness would be different for each patient. In the case 

where there is an insufficient gap between the MCL and bones, a thin layer of the bone 

surface would be removed in order to prevent stretching of the MCL. However, further 

studies need to be performed to investigate the possibility of knee laxity upon removal 

of the implant.  

The joint moved smoothly during flexion and extension without any resistance due to 

the implant. In the fully extended position of the knee joint, a distributed load was 

observed between the articulating surface of the femoral and tibial components (Figure 

5-19c), while at other angles a more concentrated load was observed (Figure 5-19d and 

e). Given the fact that point loads at metal-on-metal contacts could lead to wear, and 

metal debris and complications such as metallosis, it should be emphasised here that 

this implant is a prototype; optimal material selection for this implant is being 

investigated in a separate project. The contact points between components for the final 

design is likely to be a metal (Ti-6Al-4V or CoCr) on polymer (Ultra High Molecular Weight 

Polyethylene), similar to that in common TKA implants. 

X-ray of the knee joint was conducted to determine the impact of the implant on the 

joint space. As shown in Figure 5-20, the gap between femur and tibia increased after 

introducing the implant. For this experiment, a slight valgus deflection was manually 

created and the implant was then attached to the joint; a tool or specialised equipment 

will be developed for actual surgery, to create a measurable deflection based on 

preoperative radiographs. The X-rays also clearly showed the position of the femoral 

and tibial implant components on the bone and on each other (Figure 5-20b and c). Both 
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parts of the implant were positioned on each other as expected and no gap was 

observed between them in either the AP view or lateral view. 

This method has some benefits compared to other surgical treatments. For instance, a 

HTO is not suitable if there is unicompartmental knee OA without deformity, and 

compared to the proposed implant in this study, HTO is a relatively invasive option [161]. 

In comparison with TKA, the surgery required for the implant introduced here can be 

categorised as a minimally invasive operation. In other words, unlike in the case of TKA, 

such surgery does not require to resect bone from the surfaces of the distal femur and 

proximal tibia [162]. Accordingly, the patient’s recovery should be quicker and less 

painful. It should also be noted that this implant is not considered to be a permanent 

implant such as TKR. Thus, the risk of implant surgery is minimised, and younger patients 

should be more willing to undergo the surgery as soon as osteoarthritis is detected. In 

other words, a surgical option for early-onset knee osteoarthritis might well be 

suggested more often by surgeons, if the operation was reversible and the patient could 

recover relatively quickly [39]. Indeed, instead of using various types of conservative 

methods to postpone invasive surgical therapies, the implant considered here partially 

unloads the knee, before degeneration worsens, and allows for the possibility for 

cartilaginous tissue to be repaired [2, 17]. 

The reason for the above suggestion from most orthopaedic surgeons for patients with 

early-onset OA is that they believe this kind of implant, or any other viable treatment 

for the mentioned gap, might be suitable for patients who are young or not yet willing 

to undergo invasive surgical therapy [163]. It would also help the patient to avoid 

sedentary lifestyle morbidity and encourage them back to a normal life and exercise, 

which would lead to a decrease in the possibility of obesity and depression [163]. 
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Moreover, by reducing the post-operation expenses and limiting the related costs of 

invasive surgeries and revisions, this novel implant could help produce savings for the 

healthcare system [56, 163]. 

5.4.2 Contact pressure 

Measured forces in the medial and lateral compartments of the knee joint are shown in 

Figure 5-23a and b, respectively. The implant was attached to the medial side, so it had 

a greater effect on this side, in terms of reducing the force. As mentioned, the implant 

was attached to the specimen while it was mounted on the machine without creating a 

valgus deflection; otherwise more load reduction would have been observed.  

 
Figure 5-23. Force in the knee compartment without and with implant: a) medial, b) 

lateral. 
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The percentage load reductions in the medial and lateral compartments after 

attachment of the implant are shown in Figure 5-24. It was observed that under different 

loading conditions, the implant reduced the load going through the medial side by 

approximately 18%, which is relatively close to the unloading amount of the KineSpring 

implant [54]. Increasing the applied load on the specimen from 800 N to 1600 N caused 

the percentage of load reduction in the lateral side to decrease approximately from 12% 

to 4%. This implies that increasing the load led to abduction of the joint and the 

transmission of a higher percentage of the applied load through the lateral side. 

According to the mentioned results, the implant was effectively reducing the load going 

through the medial side. 

 
Figure 5-24. Load reductions in both compartments after attachment of the implant. 

The experimental results were compared with similar studies: Pressure distributions 

were compared with cadaver research conducted by Fojtik [164] on the influence of 

Lateral Meniscus Posterior Root Avulsions (LMPRA) and Meniscofemoral Ligament 

(MFL) deficiency on contact mechanics of the tibiofemoral joint. She compared pressure 

contours of an intact knee joint, a joint with LMPRA, and a knee joint with LMPRA and 

deficient MFL. Pressure contour patterns were similar for the two aforementioned 
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conditions. Pressure contour patterns in experiments performed by Fojtik [164] (Figure 

5-25) are similar to what was observed in the present study (Figure 5-22). Similarly, 

higher peak contact pressure in the lateral compartment was observed in both studies, 

due to a smaller contact area on this side as compared to the medial side. 

 

Figure 5-25. Measured contact pressure in the knee joint under 1000 N by Tekscan 

sensor [164]. 

Peak contact pressure on the medial side was also compared with what was reported in 

a cadaver study conducted by Wang et al. [104]. They used a dynamic knee simulator in 

order to simulate the gait cycle and measure the contact pressure in the knee joint for 

different conditions, i.e. intact knee joint and meniscectomy. Due to the menisci 

removal in the present study, the meniscectomy condition was selected for comparing 

results. The input of the dynamic knee simulator and peak contact pressure reported by 

Wang et al. [104] are shown in Figure 5-26a and b, respectively.  

Applied loads for the present study were 800, 1200, and 1600 N, and they were applied 

at zero degree flexion. In the research conducted by Wang et al. [104], these loads were 

applied on the joint at different angles during the gait cycle. For instance, 1200 N (green 

dash-line in Figure 5-26a) was applied on the knee joint six times during one gait cycle 

(red points). The percentage of the gait cycle was read from the input graph for all six 

times and the equivalent peak pressure for each percentage was read from Figure 5-26b 
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(green points). The mean value and standard deviation for the six peak pressure values 

were around 4.3 (black dash-line in Figure 5-26b) and 0.25 MPa, respectively. It should 

be noted that the peak pressure does not significantly differ for any given load at various 

percentages of the gait cycle, and the X-axis of the peak pressure graph does not start 

from zero (Figure 5-26b). Also, the least flexion angle occurs at around 40% of the gait 

cycle [104], the 800, 1200, and 1600 N were applied at 24%, 34%, and 38% of the gait 

cycle, respectively, and the equivalent pressures were 3.2, 4.3, and 5.4 MPa, 

respectively. For the same loads in the present study, measured peak contact pressures 

were 3.7, 4.6, and 5.5 MPa, respectively, relatively close to what was reported by Wang 

et al. [104]. 

 
Figure 5-26. a) Input of the knee simulator, b) measured peak contact pressure in the 

medial side by Tekscan sensor [104]. 
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5.5 Conclusions 

A novel extra-articular load-sharing implant for osteoarthritic knees was experimentally 

investigated in the study reported in this chapter. The implant was initially attached to 

the medial side of a cadaver knee joint and examined at different flexion angles without 

modifying the bones or sacrificing and/or damaging the MCL. It was observed that after 

attachment of the implant, the joint moves smoothly without any resistance caused by 

the implant. According to AP and lateral X-rays before and after introducing the implant, 

joint space in the medial compartment increased and both parts of the implant were 

positioned properly on each other. 

Contact pressure in the tibiofemoral joint was also studied under different loading 

conditions. It was observed that applied forces on both compartments decreased after 

attaching the implant; however, the force going through the medial side was decreased 

more than that of the lateral side, because the implant was attached to the medial side. 

Peak contact pressures were higher in the lateral side, because of the smaller contact 

area in the lateral compartment as compared to that in the medial side.  

It was also observed that, after attachment of the implant and under different loading 

conditions, the load was reduced by approximately 18% in the medial side. On the other 

hand, by increasing the applied load on the joint from 800 N to 1600 N, the percentage 

load reduction decreased from 12% to 4% in the lateral side, due to abduction of the 

knee joint. Furthermore, the studied implant is minimally invasive and it is not 

considered to be a permanent implant. Thus, patients would be encouraged to undergo 

surgery with this implant when the disease is at an early stage. 
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The results of the study show that this implant can effectively increase the joint space 

on the medial side and reduce the load going through that side without modifying, 

sacrificing or damaging any of the hard or soft tissues, indicating the promise of this 

implant for treatment of knee osteoarthritis. 
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Chapter 6                                                                                    

Conclusions and Future Work 

 

6.1 Conclusions 

A new load-sharing patient-specific implant for knee osteoarthritis was studied in this 

project using numerical methods as well as experiments. The research aimed to 

investigate efficacy of this implant using different approaches, and to provide a better 

understanding for its future development. The particular aspects of the implant which 

were examined based on the three objectives of the thesis (Chapter 2 section 2.3), 

including knee and cartilage stress, bone remodelling, surgical procedures and knee 

contact pressures, and approaches used, were all new to this implant, which had not 

previously undergone thorough research and investigation. Those objectives were 

investigated in Chapters 3, 4, and 5, respectively, and the procedure and findings are 

summarised as follows. 

In Chapter 3, Finite Element Analysis (FEA) was performed for an extended knee 

position, using an anatomically accurate tibiofemoral knee model which included the 

novel implant. Von Mises stress and contact pressure distributions on the medial and 

lateral compartments were investigated as well as stress distributions throughout the 

implant parts. Comparison of FEA results for models without and with the implant 

showed that the maximum von Mises stress and contact pressure experienced by the 

femoral cartilage were reduced by 40% and 35%, respectively, after introducing the 

implant. Despite the use of a different FE model in Chapter 4, the stress reductions in 

the cartilage after introducing the implant were relatively close to what was observed 
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in Chapter 3. Furthermore, after attaching the implant, the femur was slightly abducted 

and more stress and pressure were perceived in the lateral compartment as compared 

to in the model without implant. The maximum von Mises stress in the implant (96 MPa) 

was far lower than the yield strength of Ti-6Al-4V (~900MPa), the selected material for 

the implant in the FE model. 

The influence of the extra-articular implant on bone remodelling of the knee joint using 

adaptive bone remodelling was investigated for the first time. Initially, a finite element 

model of the knee joint was created and a user-defined material subroutine was 

developed to simulate a heterogeneous Bone Mineral Density (BMD) of the knee joint. 

The heterogeneous density was then assigned to the knee model with the implant in 

order to investigate how the implant would affect BMD of the knee joint, in a period of 

five years postoperatively. It was observed that in the medial compartments of the 

femur and tibia, bone mineral density increased by approximately 3.4% and 4.1%, 

respectively, and the density for the fixation holes of both bones increased by around 

2.2%. From these results, it is concluded that implanting of this load-sharing device does 

not result in significantly adverse BMD changes in the femur and tibia.  

The effects of these implants on contact mechanics of the joint were evaluated through 

cadaver experiments. Cadaver knee specimens were used to study the surgical 

procedure for attachment of the new load-sharing implant, and to determine the 

contact pressures in the joint without and with the implant. Contact pressure in the 

tibiofemoral joint was measured using pressure mapping sensors, and radiographs were 

conducted to investigate the influence of the implant on the joint space. A precise 

pressure measurement technique and radiographs had not been used before to study 

this implant. The implant was designed from a 3D model of the specimen reconstructed 
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by segmenting MR images of the knee joint, and it was manufactured by CNC machining. 

It was observed that attachment of the implant does not affect the anatomy of the knee 

joint, and the specimen with the implant could move smoothly. Radiographs showed 

that the implant led to an increase in the joint space on the medial side. According to 

the contact pressure measurements, the implant reduced the load on the medial side 

by approximately 18% under all loading conditions. 

According to the theoretical and experimental investigations conducted in this research, 

this load-sharing knee implant shows promise as a treatment for early-onset knee 

osteoarthritis, through its creation of a conducive loading environment in the knee joint, 

without sacrificing or damaging any of the hard or soft tissues. 

 

6.2 Future work 

In this research, only some specific aspects of this new implant were studied, while many 

more aspects required for a more complete understanding have yet to be addressed. 

These should be explored in the future, and include the following: 

• The 3D model of the implant used in the current project was designed based on 

the initial invented concept design [23]. There is scope for more thorough design 

optimisation, in terms of different features of the implant, such as dimensions, 

number of holes, lattice structure for bone ingrowth, and detailed geometry. 

 
• Ti-6Al-4V was considered as the implant material for FEA, and stainless steel was 

used for the prototype used in the experiments. Material selection was not part 

of this research. Other materials, such as cobalt chrome and ceramics should be 

investigated numerically and experimentally as possible implant component 
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materials. Also, the combination of different materials, such as metal on metal 

and metal on polyethylene, particularly for their performance in areas of 

material contact, requires further study. 

 
• Further Quasi-static analyses, and also dynamic analyses, of the implant can be 

carried out numerically and experimentally in order to better understand the 

influence of the implant on the detailed biomechanics of the knee joint at 

different flexion angles and loading conditions, bone remodelling, longevity, 

failure modes, and stress distributions in the implant. To do this numerically, 

development of a more anatomically accurate FE knee model including 

patellofemoral joint would be required. 

 
• Investigating the influence of quantity, size, and location of the fixation screws 

on bone mineral density of the femur and tibia postoperatively, and the 

performance of various fixators in fixing properly the implant for a long period 

of time, e.g. 1-10 years. 

 
• CNC machining was used to produce a prototype for the experiments in this 

project; however, other manufacturing techniques, such as additive 

manufacturing, in particular electron beam melting should be explored in the 

future. 

 
• Standardising the attachment procedure as well as the development of 

specialised equipment and tools for precise implant positioning and joint space 

adjustment intraoperatively are crucial factors in terms of better outcome and 

reproducibility of the procedure. 
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• The final stage of investigating the implant involves animal studies, for example 

with sheep, human trials and clinical studies. Such in vivo studies would allow 

researchers to perceive how this implant would affect progression of knee OA 

and cartilage repair. Other aspects of this implant, such as bone ingrowth into 

implant and porous screws, complications after surgery, implant loosening and 

bone resorption, longevity of the implant, adverse events after implant removal, 

cost of the procedure, and patient recovery and satisfaction, could also be 

studied using human trials. 
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Appendix A: Main Parts of the Input File Used in Chapter 3 

This appendix includes main part of the input file of the model without implant, which 

was regenerated based on the Wangerin model. 

*Heading 
** Job name: without-implant-knee-model 
** Generated by: Abaqus/CAE 6.14-1 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=LCL 
*Nset, nset=Set-3, generate 
     1,  34801,      1 
*Elset, elset=Set-3, generate 
     1,  21094,      1 
** Section: Section-4-LCL-1_PM1 
*Solid Section, elset=Set-3, material=LIGAMENT 
, 
*End Part 
**   
*Part, name=Part-8 
*Nset, nset="Femur core G", generate 
     1,  93218,      1 
*Elset, elset="Femur core G", generate 
     1,  63604,      1 
*Nset, nset="Femur shell G", generate 
     1,  93218,      1 
*Elset, elset="Femur shell G", generate 
     1,  63604,      1 
*Elset, elset="_femoral attach_S2", internal 
   383,  1882, 17615, 22623, 25551, 26019, 27204, 29252, 29293, 29459, 29568, 29751, 30386, 30414, 30565, 30809 
 30853, 36013, 42639, 47136 
*Elset, elset="_femoral attach_S3", internal 
  4431,  5364,  5587,  5825,  7348, 14662, 16092, 18396, 18820, 19066, 19103, 19109, 19508, 20202, 20681, 20987 
 21058, 21060, 21152, 21247, 22069, 22115, 22473, 22563, 22593, 22656, 22701, 22919, 22941, 23010, 23359, 23415 
 23703, 23730, 24046, 24052, 24180, 24230, 24285, 24335, 24353, 24358, 24384, 24407, 24475, 24597, 24636, 24799 
 24865, 24933, 25000, 25105, 25141, 25258, 25330, 25385, 25426, 25430, 25484, 25563, 25580, 25703, 25720, 25745 
 25747, 25785, 25919, 25952, 26010, 26158, 26201, 26325, 26349, 26380, 26390, 26451, 26465, 26482, 26574, 26688 
 26714, 26723, 26725, 26743, 26744, 26751, 26762, 26763, 26770, 26833, 26854, 26860, 26874, 26882, 26889, 26900 
 26949, 26975, 27047, 27092, 27093, 27094, 27199, 27212, 27222, 27275, 27277, 27284, 27305, 27334, 27335, 27368 
 27415, 27425, 27427, 27466, 27484, 27489, 27496, 27528, 27537, 27539, 27548, 27556, 27590, 27626, 27642, 27645 
 27678, 27680, 27688, 27700, 27720, 27736, 27737, 27739, 27783, 27807, 27813, 27848, 27870, 27871, 27873, 27910 
 27974, 27995, 28081, 28143, 28190, 28199, 28282, 28295, 28396, 28441, 28445, 28449, 28476, 28482, 28498, 28503 
 28574, 28600, 28610, 28662, 28678, 28727, 28740, 28742, 28745, 28780, 28793, 28813, 28855, 28860, 28864, 28893 
 28942, 28943, 28951, 28956, 28971, 29034, 29087, 29118, 29161, 29167, 29206, 29223, 29224, 29230, 29246, 29267 
 29286, 29342, 29355, 29363, 29379, 29382, 29398, 29412, 29413, 29419, 29470, 29550, 29599, 29653, 29675, 29676 
 29745, 29769, 29770, 29773, 29779, 29782, 29793, 29819, 29821, 29839, 29843, 29850, 29857, 29858, 29868, 29886 
 29887, 29901, 29904, 29909, 29913, 29916, 29929, 29930, 29942, 29971, 29986, 29987, 29989, 29997, 30009, 30017 
 30024, 30025, 30026, 30042, 30045, 30050, 30053, 30056, 30062, 30067, 30073, 30084, 30085, 30089, 30113, 30122 
 30130, 30132, 30137, 30163, 30168, 30174, 30179, 30187, 30188, 30190, 30196, 30199, 30202, 30206, 30217, 30225 
 30230, 30232, 30233, 30240, 30255, 30261, 30265, 30266, 30268, 30277, 30283, 30289, 30294, 30305, 30307, 30315 
 30318, 30320, 30322, 30323, 30324, 30325, 30329, 30334, 30359, 30372, 30391, 30395, 30404, 30416, 30420, 30425 
 30435, 30438, 30441, 30446, 30447, 30449, 30456, 30462, 30464, 30470, 30471, 30506, 30515, 30517, 30524, 30528 
 30530, 30544, 30547, 30553, 30555, 30560, 30568, 30575, 30583, 30585, 30587, 30593, 30596, 30597, 30598, 30604 
 30605, 30670, 30716, 30802, 30816, 30846, 30867, 30870, 30923, 30969, 31080, 31127, 31130, 31371, 31553, 31623 
 31637, 31699, 31729, 31808, 31888, 33241, 33918, 33920, 34028, 34035, 34475, 35630, 36008, 36441, 37474, 38143 
 40150, 41469, 41719, 43271, 48431, 53134, 54445, 55769, 55780, 62259 
*Elset, elset="_femoral attach_S4", internal 
  6614,  7666,  7957, 20318, 21299, 24658, 25660, 27353, 27661, 27732, 28411, 28454, 28756, 28928, 29895, 29918 
 29984, 30046, 30107, 30189, 30284, 30293, 30358, 30516, 30574, 31807, 31890, 34031, 40012, 40132, 42608, 43923 
 45071, 48926, 49037, 49120, 49569, 54497 
*Elset, elset="_femoral attach_S1", internal 
  7762, 14209, 15953, 17284, 28135, 28240, 29019, 29486, 29915, 30016, 30518, 30566, 31377, 32025, 32077, 32949 
 38745, 39051, 40151, 42970, 43179, 47094, 48927, 49567, 53129, 54444, 55198 
*Surface, type=ELEMENT, name="femoral attach" 
"_femoral attach_S2", S2 
"_femoral attach_S3", S3 
"_femoral attach_S4", S4 
"_femoral attach_S1", S1 
*Elset, elset="_Femur surface_S1", internal 
   169,   185,   854,  1283,  2452,  4036,  5410,  5489,  5854,  6433,  6692,  6730,  6983,  7056,  7091,  7263 



135 

 
 

  7310,  7409,  7713,  8028,  8031,  8085,  8128,  8149,  8291,  8319,  8814,  9029,  9050,  9116,  9139,  9563 
  9796, 10119, 10331, 10691, 11022, 11447, 11450, 11702, 12578, 13834, 14604, 14821, 14829, 14914, 14950, 15159 
 15252, 15339, 15693, 15883, 15887, 15893, 16027, 16144, 16163, 16406, 16631, 16681, 16705, 16710, 16790, 17043 
 17153, 17171, 17181, 17204, 17210, 17347, 17412, 17449, 17517, 17547, 17809, 17948, 18120, 18190, 18257, 18342 
 18440, 18631, 18784, 18838, 18870, 18896, 19087, 19376, 19527, 19532, 19571, 19722, 19770, 19806, 19927, 19974 
 20523, 20672, 21190, 21401, 21440, 21445, 21456, 21694, 21774, 21796, 21818, 21856, 21890, 22019, 22097, 22223 
 22271, 22357, 22401, 22404, 22410, 22499, 22514, 22717, 22901, 22909, 23000, 23011, 23143, 23145, 23175, 23273 
 23556, 23641, 23651, 23662, 23764, 23930, 24041, 24049, 24278, 24577, 24601, 24909, 25206, 25276, 25555, 25687 
 25820, 26049, 26062, 26083, 26106, 26500, 26645, 26806, 26823, 26827, 26841, 27113, 28988, 29021, 29169, 29309 
 30039, 30440, 30630, 30887, 30919, 30922, 30927, 30931, 30961, 31071, 31103, 31125, 31143, 31234, 31293, 31322 
 31399, 31477, 31514, 31545, 31617, 31853, 31887, 32057, 32304, 32649, 32775, 32922, 33127, 33150, 33683, 33880 
 34089, 34139, 34177, 34252, 34359, 34365, 35294, 35349, 35376, 35724, 36078, 36275, 36388, 36701, 36873, 36912 
 37214, 37232, 37317, 37426, 37852, 38386, 38484, 38581, 38701, 38762, 38965, 39245, 39801, 40095, 40527, 40792 
 41007, 41382, 41410, 41432, 41450, 41990, 42056, 42399, 42553, 42563, 42616, 42901, 43182, 43234, 43637, 43897 
 44071, 44195, 44612, 45191, 45230, 45803, 46187, 46266, 46589, 47550, 48845, 48902, 49075, 49196, 49869, 50172 
 50668, 50900, 51072, 51099, 51399, 51907, 51987, 52598, 52603, 53278, 53342, 53346, 53381, 53455, 53470, 53924 
 54637, 55948, 55951, 56147, 56716, 56720, 57130, 60400, 60880, 60891, 60897, 60992, 62548, 63544 
*Elset, elset="_Femur surface_S4", internal 
   252,   857,   902,  2124,  2992,  3225,  5280,  5532,  5757,  5920,  6459,  6466,  6581,  6956,  7061,  7247 
  7268,  7462,  7682,  7812,  7856,  7972,  8074,  8197,  8433,  8494,  8526,  8547,  8562,  8596,  8615,  8710 
  9000,  9058,  9101,  9115,  9123,  9351,  9388,  9485,  9499,  9747,  9945, 10133, 10288, 10447, 10482, 10524 
 10703, 10781, 10961, 11093, 11104, 11184, 11204, 11307, 11322, 11334, 11341, 11390, 11510, 11765, 11968, 12047 
 12342, 13011, 14463, 14475, 14677, 14788, 14931, 15140, 15333, 15399, 15466, 15502, 15516, 15579, 15755, 15785 
 15788, 15808, 15853, 15879, 15911, 15969, 16138, 16149, 16175, 16353, 16477, 16501, 16624, 16765, 16849, 17084 
 17127, 17238, 17393, 17638, 17655, 17687, 17721, 17754, 17796, 17808, 17812, 17817, 17874, 18052, 18165, 18201 
 18246, 18395, 18508, 18568, 18576, 18585, 18767, 18839, 19106, 19239, 19269, 19541, 19766, 19880, 19971, 20007 
 20361, 20474, 20534, 20549, 20617, 20658, 20928, 21012, 21078, 21103, 21133, 21296, 21390, 21654, 21878, 22006 
 22266, 22413, 22506, 22781, 22871, 23057, 23213, 23247, 23253, 23715, 23800, 23805, 23959, 24007, 24032, 24039 
 24117, 24280, 24294, 24295, 24570, 24777, 24897, 24927, 25232, 25268, 25300, 25342, 25539, 25683, 25769, 26294 
 26412, 26414, 26453, 26608, 26674, 26764, 27382, 27945, 28039, 28422, 28451, 28483, 28797, 29041, 29196, 29235 
 29559, 29580, 29787, 29820, 29932, 30010, 30012, 30070, 30379, 30668, 30903, 31030, 31187, 31198, 31442, 31473 
 31478, 31533, 31774, 31955, 32048, 32050, 32103, 32264, 32988, 33032, 33152, 33606, 33869, 34047, 34390, 34425 
 34491, 34512, 34548, 34818, 35054, 35149, 35187, 35360, 35471, 35646, 35708, 35782, 36162, 36223, 36298, 36696 
 36729, 36984, 37139, 37490, 37575, 37682, 38226, 38541, 38604, 39179, 39794, 40048, 40441, 40453, 41044, 41052 
 41191, 41289, 41582, 41675, 41816, 41856, 42031, 42082, 42152, 42767, 42816, 43025, 43198, 43297, 43500, 43829 
 43830, 44115, 44153, 44343, 44717, 44761, 45140, 45236, 45530, 45754, 45765, 46275, 46538, 47710, 47718, 47974 
 48203, 48237, 48300, 48739, 49092, 49347, 49690, 49921, 50390, 50459, 50992, 51444, 51548, 51559, 52117, 52737 
 52809, 52881, 53699, 53817, 54579, 54737, 55293, 55567, 55855, 56004, 56628, 56858, 56863, 59065, 59551, 62193 
 62539, 62724, 62838 
*Elset, elset="_Femur surface_S2", internal 
   343,   934,  1187,  1346,  1426,  2918,  3511,  5177,  5184,  5240,  5253,  5403,  5703,  5723,  5930,  5951 
  6026,  6452,  6468,  6714,  6755,  6950,  7064,  7087,  7227,  7266,  7353,  7398,  7401,  7443,  7476,  7547 
  7689,  7781,  7829,  7863,  7935,  8045,  8082,  8238,  8275,  8735,  8800,  8814,  8896,  8903,  8931,  9520 
  9594,  9908, 10019, 10086, 10171, 10292, 10476, 10571, 10807, 10842, 10972, 10987, 11209, 11243, 11818, 13628 
 14510, 14659, 14748, 14778, 14782, 14807, 14818, 14892, 14917, 14929, 14951, 14985, 15036, 15071, 15216, 15233 
 15325, 15373, 15489, 15794, 15801, 15860, 15885, 16028, 16133, 16171, 16176, 16254, 16409, 16449, 16451, 16580 
 16612, 16632, 16635, 16667, 16694, 16704, 16713, 16779, 16794, 16925, 16938, 17017, 17044, 17183, 17190, 17225 
 17280, 17336, 17340, 17373, 17443, 17524, 17534, 17546, 17588, 17648, 17652, 17677, 17690, 17704, 17720, 17843 
 17924, 17926, 17958, 18217, 18229, 18499, 18572, 18605, 18612, 18635, 18703, 18762, 18780, 18840, 18878, 18880 
 19404, 19415, 19442, 19476, 19586, 19753, 20089, 20142, 20368, 20411, 20420, 20459, 20490, 20509, 20560, 20661 
 20705, 20730, 20932, 20940, 20970, 21051, 21055, 21059, 21107, 21118, 21206, 21328, 21428, 21482, 21503, 21577 
 21615, 21773, 21858, 21878, 21963, 22023, 22127, 22138, 22206, 22389, 22520, 22579, 22604, 22629, 22715, 22854 
 23048, 23076, 23133, 23145, 23212, 23411, 23488, 23498, 23525, 23529, 23597, 23663, 23831, 23858, 23889, 23904 
 24015, 24378, 24534, 24648, 24656, 24699, 24797, 24908, 24976, 25115, 25510, 25519, 25684, 25847, 25868, 26036 
 26535, 26585, 26610, 26611, 26679, 26800, 26805, 26817, 27993, 28129, 28411, 28810, 28934, 29220, 29388, 29418 
 29543, 29815, 30808, 30873, 30882, 30892, 30902, 30921, 31010, 31149, 31255, 31363, 31375, 31509, 31522, 31523 
 31532, 31544, 31549, 31965, 32025, 32297, 33126, 34490, 34564, 35047, 35406, 35492, 35648, 36088, 40670, 41220 
 42031, 42527, 48373, 52247 
*Surface, type=ELEMENT, name="Femur surface" 
"_Femur surface_S3", S3 
"_Femur surface_S1", S1 
"_Femur surface_S4", S4 
"_Femur surface_S2", S2 
** Section: bone core 
*Solid Section, elset="femur core", material="BONE trabecular" 
, 
** Section: bone shell 
*Solid Section, elset="femur shell", material="BONE cortical" 
, 
*End Part 
**   
*Part, name=Part-9 
*Elset, elset="_Tibia surface_S4", internal 
   358,   385,   390,   425,   648,  1375,  1630,  1650,  1757,  2013,  2390,  2473,  2544,  3023,  3203,  3280 
  3886,  4026,  4124,  4149,  4176,  4234,  4310,  4363,  4439,  4479,  4636,  4663,  4802,  4826,  4828,  4845 
  4852,  5062,  5072,  5080,  5106,  5147,  5151,  5339,  5370,  5374,  5375,  5394,  5480,  5525,  5555,  5743 
  5752,  5769,  5777,  5828,  6144,  6191,  6317,  6336,  6337,  6342,  6358,  6479,  6522,  6621,  6682,  6722 
  6755,  6756,  6783,  6979,  7022,  7206,  7211,  7228,  7234,  7304,  7354,  7376,  7629,  7663,  7665,  7730 
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  7852,  8007,  8014,  8055,  8073,  8077,  8110,  8285,  8370,  8412,  8485,  8495,  8512,  8524,  8709,  8828 
  9040,  9248,  9307,  9496,  9518,  9557,  9673,  9676,  9799,  9863,  9929,  9941,  9949,  9967, 10151, 10258 
 10309, 10435, 10495, 10603, 10651, 10689, 10709, 10795, 10843, 10873, 11121, 11145, 11167, 11169, 11337, 11368 
 11400, 11407, 11431, 11442, 11459, 11726, 11743, 11768, 11779, 11898, 11942, 11996, 12251, 12425, 12548, 12649 
 12716, 12730, 12777, 12883, 12924, 12929, 12952, 13022, 13057, 13128, 13131, 13132, 13152, 13181, 13187, 13230 
 13292, 13578, 13614, 13735, 13756, 13937, 13938, 14083, 14298, 14302, 14422, 14494, 15043, 15360, 15503, 15622 
 15770, 15833, 15889, 15901, 15932, 15963, 15977, 16076, 16801, 16817, 16888, 17062, 17327, 17504, 17578, 17645 
 17687, 17783, 17935, 17997, 18006, 18009, 18024, 18066, 18151, 18200, 18242, 18273, 18304, 18310, 18321, 18481 
 18514, 18517, 18797, 18819, 18821, 18848, 18984, 19000, 19180, 19181, 19252, 19283, 19304, 19483, 19534, 19541 
 19577, 19623, 19684, 19737, 19858, 20035, 20175, 20198, 20205, 20299, 20397, 20461, 20488, 20531, 20540, 20599 
 20676, 20783, 20910, 20915, 21077, 21098, 21220, 21383, 21522, 21657, 21782, 21783, 21984, 22339, 22670, 23040 
 23140, 23801, 23895, 24426, 24785, 24880, 25079, 25414, 25475, 25520, 25730, 25888, 26156, 26508, 26736, 26753 
 26861, 26884, 27211, 27232, 27950, 28057, 28230, 28409, 28557, 29024, 29196, 29736, 29826, 30042, 30240, 31142 
 31597, 31779, 31881, 32025, 32245, 33297, 34007, 34375, 34510, 35089, 35436 
*Elset, elset="_Tibia surface_S1", internal 
  1267,  1441,  1643,  2201,  2444,  2667,  2677,  2877,  3886,  3936,  4000,  4039,  4066,  4176,  4264,  4295 
  4322,  4361,  4458,  4567,  4598,  4683,  4706,  4752,  4780,  4783,  4839,  4991,  5031,  5040,  5043,  5047 
  5050,  5086,  5095,  5105,  5124,  5131,  5164,  5325,  5361,  5433,  5438,  5498,  5510,  5673,  5679,  5700 
  5750,  5751,  5757,  5791,  5803,  5809,  6002,  6070,  6142,  6161,  6229,  6282,  6328,  6388,  6396,  6420 
  6454,  6458,  6518,  6561,  6619,  6642,  6643,  6649,  6653,  6698,  6728,  6729,  6730,  6747,  6821,  6841 
  6956,  6959,  6960,  6987,  7005,  7020,  7045,  7079,  7211,  7303,  7346,  7369,  7375,  7383,  7392,  7397 
  7443,  7457,  7505,  7579,  7609,  7618,  7649,  7723,  7797,  7838,  7896,  7917,  8073,  8078,  8079,  8122 
  8164,  8202,  8215,  8248,  8283,  8494,  8498,  8579,  8592,  8905,  8937,  8970,  9107,  9147,  9220,  9276 
  9343,  9502,  9530,  9536,  9555,  9658,  9701,  9732,  9830,  9908,  9914, 10085, 10267, 10321, 10386, 10413 
 10525, 10530, 10533, 10862, 11055, 11133, 11217, 11229, 11258, 11418, 11488, 11491, 11788, 11827, 11845, 11856 
 11882, 11885, 11898, 12053, 12218, 12245, 12706, 12906, 13053, 13131, 13151, 13168, 13189, 13229, 13257, 13394 
 13570, 13776, 13929, 14071, 14077, 14132, 14399, 14621, 14671, 14844, 15081, 15471, 15681, 15825, 15942, 15959 
 15981, 16006, 16244, 16644, 16749, 17080, 17168, 17252, 17474, 17591, 17668, 17685, 17729, 17815, 17865, 17943 
 18014, 18070, 18107, 18139, 18170, 18192, 18211, 18388, 18475, 18496, 18545, 18661, 18754, 18762, 18768, 18809 
 18826, 18866, 18929, 18934, 18979, 18993, 18995, 18999, 19090, 19122, 19142, 19388, 19393, 19410, 19446, 19463 
 19479, 19613, 19617, 19639, 19640, 19708, 19759, 19818, 19828, 19959, 20052, 20089, 20320, 20322, 20563, 20863 
 20925, 21070, 21213, 21242, 21293, 21304, 21307, 21407, 21722, 21764, 21886, 22187, 22401, 22407, 22437, 22484 
 22699, 22713, 22752, 23469, 23544, 23790, 23815, 23899, 23907, 24232, 24665, 24679, 24698, 24858, 25069, 25126 
 25538, 25565, 25611, 25645, 25702, 25983, 26250, 26294, 26319, 26365, 26377, 26478, 26536, 26537, 26628, 26764 
 27052, 27074, 27076, 27168, 27299, 27362, 27473, 27500, 27682, 27885, 28180, 28209, 28352, 28354, 28362, 28476 
 28598, 28647, 28717, 28740, 28898, 28920, 29228, 29230, 29811, 29831, 30123, 30234, 30739, 30826, 30832, 30859 
 31076, 31691, 31787, 31828, 32556, 32663, 32758, 32821, 32995, 33602, 33888, 33959, 34449, 34808, 34968, 34973 
 35390, 35403, 36338, 36430, 36541 
*Elset, elset="_Tibia surface_S2", internal 
   149,   710,   735,  1347,  1412,  1566,  1830,  2073,  2780,  2794,  2857,  3166,  3826,  3899,  3907,  3962 
  3980,  3991,  4175,  4180,  4183,  4204,  4208,  4241,  4250,  4259,  4262,  4308,  4356,  4420,  4425,  4440 
  4443,  4476,  4502,  4520,  4551,  4651,  4666,  4681,  4737,  4813,  4815,  4888,  4903,  4939,  4966,  4982 
  5028,  5070,  5072,  5096,  5099,  5137,  5157,  5169,  5179,  5180,  5223,  5322,  5375,  5397,  5468,  5521 
  5532,  5576,  5579,  5585,  5683,  5699,  5728,  5743,  5760,  5806,  5840,  5869,  5890,  5891,  5902,  5976 
  6042,  6104,  6123,  6180,  6252,  6314,  6320,  6367,  6404,  6423,  6552,  6600,  6654,  6716,  6740,  6749 
  6794,  6850,  6876,  6880,  6925,  6931,  6961,  7002,  7069,  7072,  7104,  7107,  7115,  7124,  7153,  7177 
  7295,  7308,  7316,  7323,  7374,  7386,  7387,  7395,  7431,  7585,  7606,  7607,  7636,  7682,  7742,  7745 
  7847,  7866,  7871,  7878,  7890,  8069,  8084,  8100,  8231,  8339,  8373,  8396,  8404,  8521,  8575,  8578 
  8587,  8661,  8666,  8672,  8677,  8794,  8907,  8914,  8916,  9033,  9042,  9054,  9128,  9146,  9208,  9264 
  9295,  9310,  9313,  9315,  9324,  9347,  9355,  9413,  9537,  9616,  9660,  9663,  9677,  9693,  9699,  9711 
  9959, 10001, 10076, 10246, 10264, 10291, 10302, 10306, 10504, 10511, 10523, 10525, 10530, 10549, 10620, 10674 
 10826, 10840, 10852, 10859, 10878, 11116, 11359, 11361, 11372, 11375, 11427, 11434, 11513, 11548, 11573, 11595 
 11626, 11706, 11768, 11852, 11869, 11873, 11927, 12028, 12040, 12067, 12069, 12486, 12490, 12495, 12539, 12619 
 12634, 12709, 12711, 12713, 12835, 12925, 12943, 13011, 13036, 13095, 13130, 13140, 13145, 13151, 13160, 13671 
 13877, 13967, 14016, 14018, 14040, 14085, 14294, 14310, 14317, 14499, 14511, 14514, 14610, 14641, 14727, 15247 
 15585, 15649, 15741, 15832, 15871, 15900, 15932, 15933, 15946, 15960, 16497, 16650, 16833, 17510, 17566, 17611 
 17646, 17707, 17741, 17752, 17941, 17945, 17961, 17976, 18025, 18033, 18096, 18127, 18146, 18210, 18278, 18299 
 18351, 18394, 18414, 18470, 18487, 18493, 18501, 18596, 18619, 18630, 18647, 18707, 18716, 18753, 18769, 18833 
 18838, 18853, 18950, 18998, 19094, 19130, 19156, 19160, 19193, 19199, 19206, 19207, 19229, 19310, 19434, 19458 
 19479, 19484, 19532, 19603, 19614, 19618, 19674, 19688, 19727, 19797, 19801, 19829, 19846, 19864, 19948, 19960 
 19975, 20012, 20193, 20201, 20252, 20280, 20376, 20437, 20503, 20538, 20555, 20626, 20674, 20715, 20725, 20837 
 21019, 21439, 21554, 23572, 23581, 24849, 25526, 25590, 27283, 27659, 29082 
*Surface, type=ELEMENT, name="Tibia surface" 
"_Tibia surface_S4", S4 
"_Tibia surface_S3", S3 
"_Tibia surface_S2", S2 
"_Tibia surface_S1", S1 
*Elset, elset="_tibial attach_S4", internal 
  2203,  3135,  4216,  5724, 10564, 11584, 11923, 13652, 13737, 14432, 14472, 15327, 16206, 16336, 16450, 16632 
 16927, 22719, 23462, 24077, 27193, 27463, 27867, 31283, 31509, 32633 
*Elset, elset="_tibial attach_S1", internal 
  3984,  9420, 11442, 12486, 13392, 14467, 14713, 14724, 14727, 16398, 16579, 16905, 19078, 22663, 29890, 30365 
 31506, 31523, 32134, 33268, 35988 
*Elset, elset="_tibial attach_S3", internal 
  4217,  4405,  6253,  6867,  6890,  7336,  7417,  7748,  9114,  9127,  9390,  9393,  9492,  9494,  9679,  9708 
 10319, 10548, 10553, 10588, 10619, 10912, 11183, 11456, 11507, 11574, 11635, 11655, 12064, 12415, 12452, 12519 
 12687, 12704, 12742, 12787, 13076, 13078, 13167, 13371, 13492, 13535, 13576, 13607, 13639, 13721, 13755, 13829 
 13853, 13862, 13866, 13895, 14154, 14255, 14323, 14331, 14355, 14357, 14371, 14377, 14398, 14402, 14423, 14429 
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 14641, 14715, 14738, 14747, 14768, 14816, 14826, 14834, 14866, 14870, 14875, 14883, 14906, 14917, 14918, 14919 
 14920, 14925, 14929, 14957, 14975, 14989, 14999, 15019, 15037, 15064, 15092, 15093, 15098, 15112, 15155, 15167 
 15170, 15189, 15195, 15205, 15218, 15248, 15272, 15305, 15353, 15366, 15373, 15378, 15383, 15389, 15399, 15406 
 15446, 15448, 15468, 15480, 15507, 15516, 15525, 15530, 15633, 15699, 15702, 15707, 15712, 15714, 15733, 15980 
 15983, 16042, 16073, 16075, 16077, 16107, 16114, 16123, 16125, 16131, 16136, 16160, 16168, 16172, 16182, 16184 
 16186, 16192, 16197, 16199, 16210, 16219, 16246, 16250, 16255, 16262, 16265, 16275, 16276, 16282, 16284, 16299 
 16301, 16302, 16305, 16310, 16311, 16329, 16332, 16334, 16340, 16343, 16349, 16350, 16359, 16363, 16364, 16379 
 16380, 16387, 16389, 16399, 16403, 16406, 16411, 16412, 16413, 16417, 16418, 16419, 16421, 16432, 16449, 16458 
 16461, 16468, 16469, 16471, 16477, 16478, 16480, 16492, 16496, 16504, 16517, 16525, 16529, 16530, 16531, 16549 
 16557, 16563, 16565, 16570, 16578, 16580, 16586, 16597, 16606, 16618, 16620, 16625, 16627, 16630, 16636, 16645 
 16676, 16699, 16700, 16702, 16716, 16721, 16725, 16735, 16746, 16747, 16750, 16754, 16768, 16783, 16786, 16790 
 16791, 16793, 16808, 16809, 16814, 16847, 16849, 16856, 16859, 16882, 16891, 16906, 16917, 16925, 16950, 16951 
 16952, 16962, 16968, 16970, 16976, 16979, 17030, 17037, 17175, 17229, 17483, 18214, 18222, 18387, 18435, 18451 
 18461, 19151, 21789, 21876, 22092, 22280, 22281, 22351, 22791, 24025, 24174, 24472, 28111, 29553, 34067 
*Elset, elset="_tibial attach_S2", internal 
 12325, 13170, 14560, 15068, 15140, 15244, 15347, 15390, 16109, 16113, 16221, 16272, 16327, 16465, 24182 
*Surface, type=ELEMENT, name="tibial attach" 
"_tibial attach_S4", S4 
"_tibial attach_S1", S1 
"_tibial attach_S2", S2 
"_tibial attach_S3", S3 
** Section: bone core 
*Solid Section, elset="tibia core", material="BONE trabecular" 
, 
** Section: bone shell 
*Solid Section, elset="tibia shell", material="BONE cortical" 
, 
*End Part 
**   
*Part, name=acl 
*Nset, nset=Set-3, generate 
     1,  58478,      1 
*Elset, elset=Set-3, generate 
     1,  38604,      1 
** Section: Section-1-ACL-1_PM1 
*Solid Section, elset=Set-3, material=LIGAMENT 
, 
*End Part 
**   
*Part, name="f cartilage" 
*Nset, nset=Set-3, generate 
      1,  207223,       1 
*Elset, elset=Set-3, generate 
      1,  132345,       1 
** Section: Section-2-FCART-1_PM1 
*Solid Section, elset=Set-3, material="ARTICULAR CARTILAGE" 
, 
*End Part 
**   
*Part, name=mcl 
*Nset, nset=Set-3, generate 
      1,  110269,       1 
*Elset, elset=Set-3, generate 
     1,  72908,      1 
** Section: Section-7-MCL-1_PM1 
*Solid Section, elset=Set-3, material=LIGAMENT 
, 
*End Part 
**   
*Part, name="meniscus L" 
*Nset, nset=Set-3, generate 
     1,  24242,      1 
*Elset, elset=Set-3, generate 
     1,  14754,      1 
*Nset, nset="menisci lateral edge" 
    36,    56,    76,    96,   116,   136,   156,   175,   194,   213,   234,   252,   273,   293,   312,   331 
   349,   359,   379,   410,   430,   450,   476,   496,   516,   536,   556,   559,   581,   603,   624,   645 
   659,   678,   688,   707,   727,   741,   761,   780,   800,   890,   925,   964,  1004,  1047,  1086,  1118 
  1155,  1197,  1242,  1267,  1294,  1319,  1342,  1366,  1389,  1403,  1423,  1455,  1474,  1494,  1525,  1548 
  1570,  1591,  1612,  1618,  1641,  1664,  1689,  1717,  1745,  1791,  1817,  1859,  1904,  1935,  1985,  2032 
  2082,  3893,  4795,  6003,  6404,  6805,  7530,  9947, 10497, 10759, 11251, 11372, 12146, 14333, 14722, 14777 
 15424, 15500, 15504, 15592, 15850, 16193, 16279, 16809, 16973, 17421, 17427, 17485, 18013, 18051, 18080, 18488 
 18536, 18614, 19122, 19135, 19351, 19486, 19580, 19888, 19942, 20134, 20294, 20296, 20493, 20620, 21129, 21260 
 21425, 21434, 21717, 21870, 21880, 22027, 22105, 22339, 22518, 22568, 22569, 22714, 22742, 22770, 22893, 22925 
 22943, 22952, 23102, 23191, 23226, 23322, 23445, 23488, 23562, 23594, 23705, 23717, 23851, 23993, 24134, 24190 
 24211, 
*Elset, elset="menisci lateral edge" 
    57,   274,   579,   693,   815,  1045,  1913,  2192,  2285,  2480,  2530,  2575,  2760,  2814,  3570,  3752 
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  3758,  3770,  3771,  3976,  4084,  4121,  4122,  4188,  4312,  4494,  4552,  4836,  4937,  5171,  5196,  5201 
  5259,  5571,  5588,  5606,  5879,  5909,  5947,  6337,  6351,  6476,  6609,  6718,  6817,  7022,  7091,  7305 
  7319,  7496,  7497,  7658,  7671,  7793,  7890,  7910,  7917,  8037,  8042,  8308,  8470,  8643,  8856,  8863 
  8887,  8921,  9034,  9170,  9276,  9508,  9519,  9660,  9765, 10111, 10304, 10364, 10365, 10552, 10599, 10655 
 10818, 10870, 10901, 10926, 10928, 11153, 11210, 11404, 11482, 11685, 11752, 11945, 12047, 12090, 12235, 12324 
 12349, 12540, 12609, 12612, 12634, 12651, 13008, 13192, 13419, 13608, 13609, 13691, 13736, 13749, 13755, 14033 
 14326, 14448, 14452, 14671, 14744 
*Elset, elset=_Surf-1_S4, internal 
    57,   136,   220,   560,   595,   787,   832,  1045,  1110,  1191,  1203,  1844,  2135,  2751,  2782,  2935 
  2952,  3096,  3181,  3681,  3746,  4084,  4102,  4188,  4232,  4420,  4454,  4494,  4739,  4754,  4928,  4960 
  5574,  5587,  5588,  5616,  6056,  6064,  6374,  6439,  6539,  6609,  6714,  6747,  6817,  6955,  7032,  7305 
  7496,  7700,  7721,  7729,  7748,  7813,  7932,  8059,  8229,  8345,  8349,  8368,  8528,  8898,  9065,  9199 
  9262,  9598,  9621,  9836,  9985, 10001, 10041, 10069, 10140, 10153, 10241, 10242, 10261, 10263, 10267, 10331 
 10404, 10438, 10535, 10552, 10563, 10599, 10681, 10684, 10686, 10901, 11036, 11194, 11229, 11231, 11249, 11567 
 11685, 11945, 11976, 12100, 12235, 12277, 12324, 12385, 12652, 12703, 13039, 13082, 13103, 13419, 13625, 13693 
 13843, 13992, 14002, 14341, 14540 
*Elset, elset=_Surf-1_S1, internal 
    23,   598,   815,  1785,  1786,  1877,  2275,  2516,  2811,  2821,  2951,  3092,  3231,  3302,  3350,  3494 
  3498,  3570,  3770,  3929,  3934,  4312,  4726,  4937,  4970,  5259,  5617,  5820,  6013,  6151,  6219,  6453 
  6659,  6718,  7014,  7443,  7788,  8130,  8155,  8252,  8358,  9142,  9276,  9366,  9387,  9518,  9765,  9868 
  9984, 10111, 10187, 10246, 10365, 10411, 10439, 10520, 10525, 11210, 11224, 11418, 11604, 12364, 12609, 12651 
 13008, 13586, 13881, 14033, 14500, 14547 
*Elset, elset=_Surf-1_S2, internal 
    54,  1620,  2172,  2748,  3307,  3346,  3452,  3752,  4006,  4014,  4379,  4548,  4552,  4724,  4814,  4836 
  4945,  5251,  5608,  5825,  5981,  5987,  6438,  7090,  7268,  7774,  8013,  8159,  8525,  8656,  8672,  8805 
  9506,  9508,  9512,  9519,  9526,  9660,  9683,  9880, 10154, 10157, 10184, 10201, 10304, 10364, 10378, 10655 
 10800, 10818, 10858, 10952, 11008, 11404, 11427, 11514, 11689, 11943, 12269, 13116, 13422, 13454, 13473, 13476 
 13558, 13838, 14027, 14326, 14355 
*Surface, type=ELEMENT, name=Surf-1 
_Surf-1_S3, S3 
_Surf-1_S4, S4 
_Surf-1_S2, S2 
_Surf-1_S1, S1 
*End Part 
**   
*Part, name="meniscus m" 
*Nset, nset=Set-3, generate 
     1,  24780,      1 
*Elset, elset=Set-3, generate 
     1,  15574,      1 
*Nset, nset=Set-4 
    37,    52,    72,    92,   104,   125,   144,   169,   192,   225,   252,   277,   298,   319,   342,   352 
   373,   400,   421,   442,   462,   482,   502,   522,   542,   562,   581,   601,   620,   641,   662,   682 
   701,   721,   741,   761,   784,   806,   826,  1207,  1228,  1249,  1275,  1284,  1307,  1339,  1360,  1382 
  1402,  1422,  1443,  1465,  1488,  1515,  1543,  1574,  1607,  1640,  1675,  1707,  1738,  1770,  1802,  1834 
  1866,  1893,  1916,  9993, 11434, 12224, 13728, 14557, 15148, 15700, 16190, 16846, 17287, 17666, 17743, 17840 
 18361, 18424, 18876, 19293, 19504, 19693, 19758, 19907, 20395, 20441, 20904, 20973, 21061, 21218, 21238, 21360 
 21570, 21585, 21588, 21615, 21796, 21807, 21890, 22048, 22080, 22082, 22105, 22273, 22278, 22336, 22457, 22474 
 22490, 22557, 22794, 22820, 22894, 22974, 23041, 23168, 23213, 23401, 23735, 23875, 24109, 24190, 24313, 24343 
 24402, 24405, 24514, 24590, 24778 
*Elset, elset=Set-4 
  1805,  2342,  2635,  3263,  3784,  4089,  4386,  4617,  4962,  5171,  5172,  5373,  5408,  5480,  5540,  5766 
  5815,  6104,  6458,  6650,  6788,  6840,  6954,  7367,  7413,  7420,  7822,  7892,  7954,  8092,  8116,  8238 
  8484,  8495,  8496,  8523,  8603,  8759,  8763,  8879,  9043,  9086,  9091,  9101,  9302,  9314,  9397,  9555 
  9578,  9586,  9689, 10086, 10178, 10271, 10419, 10538, 10695, 10767, 11012, 11649, 11651, 12009, 12548, 12551 
 12698, 12711, 13128, 13201, 13352, 13363, 13661, 14000, 14314, 14422, 14424, 14748, 14954, 15442 
*Elset, elset=_Surf-1_S2, internal 
   259,  1610,  1805,  2440,  2480,  2722,  3103,  3465,  3568,  3644,  3767,  3793,  3864,  3867,  4073,  4238 
  4470,  4489,  4501,  4514,  4811,  4849,  4859,  5263,  5373,  5480,  5557,  5612,  5623,  5695,  5815,  5894 
  5959,  5986,  6065,  6075,  6128,  6233,  6248,  6290,  6323,  6757,  6788,  6812,  6954,  7065,  7200,  7232 
  7449,  7470,  7648,  8080,  8127,  8160,  8484,  8794,  8879,  9110,  9460,  9689,  9815,  9987, 10194, 10330 
 10550, 10556, 10824, 11238, 11436, 11532, 11677, 12055, 12920, 13054, 13160, 13439, 13585, 13676, 13866, 14090 
 14125, 14314, 14331, 14422, 14473, 14476, 14702, 14740, 14748, 15313, 15370 
*Elset, elset=_Surf-1_S4, internal 
   167,   303,   541,   796,  1657,  1865,  1887,  2182,  2578,  2596,  2635,  2828,  3561,  3776,  3968,  3970 
  4284,  4378,  5108,  5171,  5408,  5568,  5595,  5948,  6267,  6431,  6582,  6755,  6966,  7018,  7069,  7170 
  7183,  7367,  7420,  7484,  7571,  7658,  7727,  7883,  8340,  8437,  8523,  8899,  8952,  9045,  9211,  9388 
  9444,  9561,  9586,  9725,  9825,  9946,  9962, 10072, 10271, 10402, 10419, 10438, 10732, 10891, 11759, 11769 
 11897, 12185, 12494, 12623, 12698, 12852, 13147, 13241, 13292, 13479, 13574, 13661, 13869, 13953, 13998, 14044 
 14109, 14193, 14227, 14371, 14554, 15026, 15049, 15051, 15127, 15338, 15483, 15501, 15512 
*Elset, elset=_Surf-1_S3, internal 
    33,   168,   635,   759,  1332,  1895,  2035,  2190,  2399,  2435,  2449,  2450,  2484,  2491,  2493,  2626 
  2639,  2645,  2647,  2654,  2664,  2681,  2707,  2713,  2716,  2729,  2790,  2831,  2912,  2914,  3105,  3179 
  3189,  3194,  3220,  3263,  3297,  3325,  3328,  3350,  3360,  3445,  3555,  3558,  3566,  3572,  3575,  3578 
  3640,  3646,  3716,  3763,  3770,  3784,  3788,  3790,  3841,  3848,  3851,  3853,  3855,  3859,  3870,  3929 
  3941,  3971,  3975,  4028,  4078,  4084,  4089,  4154,  4159,  4169,  4173,  4177,  4180,  4183,  4237,  4386 
  4389,  4439,  4448,  4479,  4481,  4490,  4521,  4586,  4592,  4600,  4614,  4617,  4643,  4706,  4767,  4774 
  4790,  4795,  4816,  4823,  4833,  4838,  4839,  4862,  4864,  4942,  4962,  4963,  5140,  5161,  5175,  5180 



139 

 
 

  5189,  5210,  5216,  5234,  5265,  5268,  5273,  5343,  5385,  5545,  5569,  5575,  5578,  5579,  5587,  5592 
  5596,  5599,  5601,  5619,  5626,  5631,  5709,  5714,  5766,  5835,  5904,  5923,  5930,  5939,  5947,  5955 
  5956,  5957,  5960,  5964,  5969,  5983,  5996,  6003,  6062,  6064,  6082,  6087,  6104,  6108,  6124,  6127 
  6156,  6247,  6259,  6262,  6280,  6291,  6306,  6311,  6313,  6321,  6329,  6330,  6370,  6378,  6379,  6383 
  6385,  6419,  6439,  6441,  6454,  6458,  6492,  6540,  6562,  6570,  6595,  6601,  6626,  6632,  6639,  6642 
  6645,  6668,  6698,  6750,  6751,  6778,  6779,  6791,  6801,  6809,  6840,  6865,  6866,  6879,  6911,  6924 
  6931,  6935,  6939,  6945,  6961,  6994,  7034,  7051,  7059,  7072,  7078,  7088,  7120,  7166,  7181,  7189 
  7191,  7192,  7221,  7226,  7231,  7235,  7245,  7259,  7268,  7283,  7284,  7317,  7375,  7377,  7406,  7414 
  7441,  7446,  7448,  7461,  7462,  7490,  7493,  7500,  7504,  7505,  7520,  7522,  7549,  7560,  7565,  7567 
  7576,  7577,  7600,  7605,  7627,  7640,  7650,  7652,  7656,  7659,  7683,  7684,  7692,  7755,  7760,  7761 
  7765,  7779,  7792,  7797,  7798,  7799,  7811,  7819,  7822,  7827,  7833,  7837,  7841,  7856,  7859,  7861 
  7863,  7866,  7871,  7877,  7881,  7898,  7947,  7949,  7950,  7954,  7959,  7966,  8043,  8045,  8047,  8058 
  8074,  8077,  8079,  8081,  8092,  8101,  8110,  8119,  8125,  8151,  8154,  8155,  8159,  8165,  8180,  8197 
  8199,  8204,  8236,  8238,  8310,  8323,  8324,  8327,  8329,  8333,  8335,  8337,  8341,  8345,  8348,  8349 
  8358,  8368,  8369,  8371,  8375,  8381,  8382,  8387,  8412,  8431,  8451,  8465,  8466,  8476,  8480,  8481 
  8495,  8496,  8497,  8498,  8500,  8509,  8520,  8550,  8567,  8587,  8595,  8599,  8604,  8606,  8610,  8613 
  8624,  8631,  8637,  8648,  8690,  8692,  8733,  8775,  8782,  8786,  8793,  8802,  8858,  8859,  8860,  8869 
  8875,  8887,  8896,  8912,  8918,  8927,  8929,  8947,  8969,  9000,  9035,  9043,  9053,  9054,  9101,  9114 
  9115,  9117,  9119,  9123,  9129,  9149,  9164,  9174,  9175,  9179,  9193,  9195,  9209,  9212,  9297,  9302 
  9314,  9332,  9342,  9359,  9382,  9385,  9387,  9389,  9390,  9394,  9397,  9399,  9406,  9420,  9425,  9435 
  9436,  9439,  9442,  9449,  9455,  9465,  9475,  9523,  9555,  9568,  9584,  9594,  9606,  9651,  9653,  9655 
  9656,  9662,  9664,  9672,  9691,  9695,  9705,  9717,  9724,  9727,  9741,  9758,  9847,  9874,  9923,  9925 
  9928,  9933,  9934,  9936,  9959,  9971,  9972,  9975,  9980,  9993, 10002, 10005, 10012, 10013, 10017, 10030 
 10031, 10082, 10086, 10088, 10089, 10110, 10124, 10174, 10178, 10181, 10182, 10198, 10200, 10202, 10203, 10212 
 10230, 10239, 10251, 10253, 10255, 10264, 10276, 10282, 10284, 10308, 10328, 10373, 10380, 10381, 10385, 10387 
 10390, 10393, 10397, 10411, 10418, 10430, 10440, 10485, 10487, 10490, 10501, 10521, 10536, 10538, 10540, 10542 
 10551, 10553, 10557, 10568, 10570, 10576, 10578, 10579, 10582, 10586, 10591, 10610, 10611, 10612, 10618, 10625 
 10695, 10696, 10697, 10703, 10767, 10768, 10778, 10795, 10805, 10816, 10830, 10835, 10839, 10851, 10854, 10859 
 10866, 10870, 10872, 10881, 10886, 10902, 10909, 10912, 10915, 10917, 10922, 10923, 10926, 10930, 10975, 10989 
 11012, 11017, 11018, 11023, 11026, 11078, 11085, 11103, 11105, 11111, 11114, 11155, 11163, 11168, 11197, 11198 
 11207, 11215, 11222, 11224, 11228, 11231, 11239, 11243, 11253, 11260, 11277, 11286, 11291, 11293, 11400, 11407 
 11422, 11426, 11430, 11481, 11484, 11490, 11501, 11519, 11521, 11522, 11526, 11531, 11536, 11542, 11544, 11547 
 11551, 11555, 11567, 11579, 11599, 11603, 11643, 11648, 11649, 11651, 11663, 11673, 11680, 11681, 11709, 11712 
 11765, 11785, 11788, 11792, 11801, 11804, 11815, 11844, 11852, 11854, 11876, 11916, 11934, 11938, 11943, 11959 
 12002, 12005, 12009, 12019, 12112, 12137, 12157, 12160, 12204, 12205, 12222, 12259, 12261, 12265, 12267, 12272 
 12285, 12290, 12315, 12349, 12448, 12457, 12472, 12474, 12477, 12478, 12485, 12497, 12543, 12546, 12547, 12550 
 12551, 12584, 12586, 12588, 12595, 12596, 12599, 12600, 12603, 12605, 12612, 12629, 12684, 12700, 12708, 12711 
 12794, 12813, 12815, 12820, 12823, 12827, 12869, 12895, 12921, 12924, 12934, 12936, 12940, 12947, 12951, 13026 
 13028, 13049, 13056, 13104, 13105, 13109, 13110, 13113, 13131, 13134, 13143, 13198, 13201, 13202, 13210, 13212 
 13227, 13228, 13254, 13265, 13276, 13281, 13298, 13304, 13315, 13333, 13352, 13359, 13364, 13383, 13446, 13450 
 13452, 13460, 13465, 13476, 13480, 13484, 13488, 13491, 13492, 13530, 13534, 13564, 13565, 13566, 13571, 13588 
 13593, 13600, 13616, 13628, 13675, 13682, 13692, 13717, 13779, 13788, 13807, 13815, 13817, 13847, 13871, 13903 
 13905, 13912, 13927, 13932, 13934, 13937, 14000, 14009, 14016, 14093, 14113, 14120, 14161, 14179, 14222, 14228 
 14232, 14250, 14264, 14271, 14297, 14324, 14328, 14329, 14334, 14337, 14419, 14424, 14457, 14462, 14544, 14550 
 14569, 14578, 14589, 14601, 14609, 14614, 14620, 14669, 14678, 14747, 14749, 14765, 14777, 14954, 14975, 15009 
 15014, 15069, 15079, 15101, 15104, 15105, 15118, 15119, 15165, 15201, 15202, 15228, 15230, 15309, 15319, 15424 
 15453, 15457, 15500, 15550, 15551 
*Elset, elset=_Surf-1_S1, internal 
   423,  1496,  1889,  2411,  3454,  3461,  3580,  3680,  3760,  3777,  3792,  3796,  4003,  4017,  4079,  4200 
  4299,  4306,  4603,  4640,  4642,  4717,  4861,  4978,  5200,  5207,  5256,  5381,  5544,  5611,  5622,  5934 
  5968,  6237,  6286,  6308,  6334,  6604,  6650,  6967,  7056,  7382,  7730,  7890,  8116,  8130,  8192,  8390 
  8539,  8540,  8700,  8764,  9095,  9097,  9585,  9686, 10575, 10903, 11156, 11174, 11255, 11911, 11987, 12026 
 12162, 12479, 12791, 12796, 13128, 13155, 13335, 13363, 13378, 13562, 13845, 14761, 14858, 14956, 15005, 15047 
 15236, 15419, 15442 
*Surface, type=ELEMENT, name=Surf-1 
_Surf-1_S2, S2 
_Surf-1_S4, S4 
_Surf-1_S3, S3 
_Surf-1_S1, S1 
*End Part 
**   
*Part, name=pcl 
*Nset, nset=Set-3, generate 
     1,  74120,      1 
*Elset, elset=Set-3, generate 
     1,  48794,      1 
** Section: Section-12-PCL-1_PM1 
*Solid Section, elset=Set-3, material=LIGAMENT 
, 
*End Part 
**   
*Part, name="t cartilage-L" 
*Nset, nset=Set-3, generate 
     1,  33201,      1 
*Elset, elset=Set-3, generate 
     1,  19852,      1 
** Section: Section-6-LTCART-1_PM1 
*Solid Section, elset=Set-3, material="ARTICULAR CARTILAGE" 
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, 
*End Part 
**   
*Part, name="t cartilage-m" 
*Nset, nset=Set-3, generate 
     1,  39396,      1 
*Elset, elset=Set-3, generate 
     1,  24182,      1 
** Section: Section-9-MTCART-1_PM1 
*Solid Section, elset=Set-3, material="ARTICULAR CARTILAGE" 
, 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name=Part-8-1, part=Part-8 
*End Instance 
**   
*Instance, name=Part-9-1, part=Part-9 
*End Instance 
**   
*Instance, name="f cartilage-1", part="f cartilage" 
*End Instance 
**   
*Instance, name=mcl-1, part=mcl 
*End Instance 
**   
*Instance, name=LCL-1, part=LCL 
*End Instance 
**   
*Instance, name=acl-1, part=acl 
*End Instance 
**   
*Instance, name=mcl-2, part=mcl 
*End Instance 
**   
*Instance, name="meniscus L-1", part="meniscus L" 
*End Instance 
**   
*Instance, name="meniscus m-1", part="meniscus m" 
*End Instance 
**   
*Instance, name=pcl-1, part=pcl 
*End Instance 
**   
*Instance, name="t cartilage-L-1", part="t cartilage-L" 
*End Instance 
**   
*Instance, name="t cartilage-m-1", part="t cartilage-m" 
*End Instance 
**   
*Nset, nset="LCL bottom nodes", instance=LCL-1 
     1,     2,     3,     4,     5,     6,     7,     8,     9,    10,    11,    12,    13,    14,    15,    16 
    17,    18,    19,    20,    21,    22,    23,    24,    25,    26,    27,    28,    29,    30,    31,    32 
    33,    34,    35,    36,    37,    38,    39,    40,    41,    42,    43,    44,    45,    46,    47,    48 
    49,    50,    51,    52,    53,    54,    55,    56,    57,    58,    59,    60,    61,    62,    63,    64 
    65,    66,    67,    68,    69,    70,    71,    72,    73,    74,    75,    76,    77,    78,    79,    80 
    81,    82,    83,    84,    85,    86,    87,    88,    89,    90,    91,    92,    93,    94,    95,    96 
    97,    98,    99,   100,   101,   102,   103,   104,   105,   106,   107,   108,   109,   110,   111,   112 
   113,   114,   115,   116,   117,   118,   119,   120,   121,   122,   123,   124,   125,   126,   127,   128 
   129,   130,   131,   132,   133,   134,   135,   145,   853,   854,   855,   856,   857,   858,   859,   860 
   861,   862,   863,   864,   865,   866,   867,   868,   869,   870,   871,   872,   873,   874,   875,   876 
   877,   878,   879,   880,   881,   882,   883,   884,   885,   886,   887,   888,   889,   890,   891,   892 
   893,   894,   895,   896,   897,   898,   899,   900,   901,   902,   903,   904,   905,   906,   907,   908 
   909,   910,   911,   912,   913,   914,   915,   916,   917,   918,   919,   920,   921,   922,   923,   924 
   925,   926,   927,   928,   929,   930,   931,   932,   933,   934,   935,   936,   937,   938,   939,   940 
   941,   942,   943,   944,   945,   946,   947,   948,   949,   950,   951,   952,   953,   954,   955,   956 
   957,   958,   959,   960,   961,   962,   963,   964,   965,   966,   967,   968,   969,   970,   971,   972 
   973,   974,   975,   976,   977,   978,   979,   980,   981,   982,   983,   984,   985,   986,   987,   988 
   989,   990,   991,   992,   993,   994,   995,   996,   997,   998,   999,  1000,  1001,  1002,  1003,  1004 
  1026,  1027,  1028,  1029,  1030,  1031,  1032,  1033,  3328,  3329,  3330,  5341,  5524,  5789,  5791,  5793 
  5820,  5849,  5861,  5864,  5883,  6058,  6081,  6086,  6087,  6196,  6199,  6200,  6353,  6895,  6899,  6900 
  7384,  8047,  8054,  8084,  8160,  8218,  8283,  8284,  8286,  8289,  8304,  8315,  8322,  8379,  8513,  8515 
  8516,  9063,  9161,  9226,  9227,  9242,  9243,  9291,  9410,  9413,  9414,  9432,  9433,  9434,  9685,  9686 
  9741, 10264, 10308, 10320, 10321, 11156, 11160, 11161, 11162, 11165, 11166, 11171, 11175, 11176, 11312, 11427 



141 

 
 

 11485, 11489, 11490, 11539, 12188, 12197, 12204, 12205, 12206, 12210, 12211, 12213, 12221, 12223, 12224, 12233 
 12246, 12712, 13880, 13900, 13904, 13905, 13925, 13926, 13981, 13990, 13991, 13992, 13994, 13998, 13999, 14002 
 14004, 14006, 14008, 14011, 14022, 14027, 14031, 14037, 14042, 14053, 14057, 14111, 14126, 14127, 14128, 14179 
 14186, 14234, 14239, 14347, 14682, 14684, 14686, 15128, 15130, 15155, 15157, 15159, 15476, 15479, 15480, 15485 
 15732, 15744, 15757, 15764, 15773, 15782, 15982, 15986, 15997, 16000, 16003, 16010, 16983, 17069, 17237, 17241 
 17242, 17244, 17250, 17642, 17643, 17647, 18041, 18271, 18745, 18751, 18770, 19169, 19171, 19365, 19375, 19382 
 19384, 19385, 19387, 19390, 19754, 19757, 19974, 20293, 20978, 20980, 20981, 20983, 20984, 21013, 21016, 21017 
 21024, 21025, 21027, 21029, 21031, 21033, 21041, 21043, 21044, 21051, 21052, 21054, 21056, 21058, 21062, 21064 
 21080, 21123, 21124, 21433, 21434, 21436, 21439, 21440, 21457, 21462, 21464, 21466, 21487, 21489, 21494, 21495 
 21513, 21514, 21535, 21549, 21566, 21569, 21571, 21572, 21573, 21575, 21577, 21578, 21579, 21580, 21584, 21585 
 21631, 21633, 22544, 22716, 22718, 22724, 22726, 22728, 22730, 22738, 22740, 22741, 22744, 22745, 22753, 22754 
 22757, 22758, 22765, 22767, 22768, 22792, 22794, 22796, 22797, 22799, 22801, 22813, 22814, 22817, 22818, 22829 
 22846, 22868, 22870, 22872, 22874, 22876, 22878, 22882, 22883, 22884, 22886, 22891, 22893, 22895, 22901, 22909 
 22911, 22913, 22919, 22921, 22923, 22925, 22926, 22927, 22939, 22942, 22943, 22945, 22946, 22961, 22962, 22970 
 22971, 22976, 22978, 22980, 22995, 22996, 22998, 23002, 23007, 23008, 23020, 23022, 23024, 23026, 23028, 23030 
 23044, 23045, 23047, 23048, 23054, 23056, 23058, 23067, 23072, 23095, 23096, 23097, 23113, 23114, 23118, 23142 
 23144, 23145, 23149, 23150, 23151, 23152, 23153, 23155, 23161, 23162, 23186, 23191, 23192, 23193, 23195, 23196 
 23198, 23201, 23210, 23233, 23234, 23235, 23239, 23241, 23255, 23256, 23258, 23260, 23262, 23263, 23270, 23272 
 23279, 23280, 23281, 23282, 23288, 23289, 23292, 23294, 23300, 23301, 23313, 23314, 23316, 23322, 23323, 23336 
 23339, 23346, 23348, 23353, 23358, 23361, 23363, 23364, 23365, 23373, 23376, 23378, 23380, 23382, 23397, 23399 
 23401, 23406, 23407, 23408, 23409, 23410, 23416, 23417, 23423, 23424, 23426, 23427, 23434, 23435, 23436, 23437 
 23438, 23439, 23444, 23446, 23448, 23455, 23457, 23458, 23460, 23461, 23462, 23463, 23465, 23467, 23471, 23473 
 23475, 23477, 23478, 23479, 23481, 23484, 23487, 23489, 23491, 23492, 23494, 23495, 23496, 23497, 23498, 23502 
 23504, 23505, 23520, 23526, 23527, 23528, 23532, 23536, 23538, 23539, 23544, 23546, 23552, 23553, 23565, 23569 
 23571, 23572, 23579, 23580, 23582, 23586, 23597, 23598, 23607, 23614, 23615, 23617, 23621, 23623, 23625, 23638 
 23640, 23641, 23649, 23651, 23655, 23665, 23667, 23693, 23695, 23697, 23698, 23700, 23701, 23702, 23720, 23723 
 23724, 23730, 23731, 23732, 23735, 23746, 23747, 23748, 23750, 23753, 23754, 23771, 23777, 23779, 23789, 23790 
 23792, 23807, 23815, 23816, 23827, 23829, 23831, 23833, 23834, 23845, 23857, 23859, 23861, 23862, 23868, 23869 
 23871, 23873, 23874, 23881, 23882, 23888, 23893, 23894, 23895, 23900, 23901, 23902, 23913, 23914, 23915, 23928 
 23930, 23932, 23941, 23942, 23947, 23948, 23949, 23961, 23962, 23972, 23973, 23975, 23988, 23989, 23991, 23993 
 23995, 23996, 23998, 23999, 24000, 24006, 24007, 24017, 24018, 24033, 24035, 24037, 24042, 24043, 24044, 24046 
 24047, 24052, 24054, 24056, 24057, 24059, 24060, 24061, 24077, 24079, 24086, 24087, 24088, 24089, 24091, 24095 
 24105, 24107, 24111, 24114, 24115, 24116, 24124, 24125, 24127, 24128, 24136, 24138, 24144, 24145, 24146, 24147 
 24150, 24152, 24162, 24168, 24170, 24179, 24180, 24186, 24188, 24189, 24194, 24196, 24198, 24199, 24201, 24209 
 24211, 24213, 24214, 24216, 24221, 24223, 24224, 24225, 24227, 24237, 24239, 24246, 24247, 24259, 24260, 24266 
 24268, 24270, 24284, 24287, 24288, 24289, 24292, 24313, 24317, 24318, 24320, 24322, 24326, 24336, 24337, 24341 
 24342, 24344, 24345, 24346, 24347, 24352, 24353, 24355, 24357, 24358, 24365, 24373, 24374, 24375, 24377, 24378 
 24384, 24385, 24408, 24409, 24410, 24412, 24421, 24422, 24423, 24427, 24430, 24434, 24436, 24440, 24442, 24444 
 24445, 24453, 24455, 24457, 24458, 24467, 24468, 24469, 24470, 24471, 24487, 24491, 24498, 24499, 24507, 24511 
 24512, 24513, 24514, 24523, 24525, 24527, 24537, 24539, 24541, 24547, 24549, 24552, 24553, 24554, 24556, 24557 
 24558, 24575, 24593, 24594, 24595, 24597, 24598, 24599, 24600, 24602, 24603, 24605, 24608, 24650, 24651, 24674 
 24675, 24681, 24683, 24685, 24687, 24690, 24691, 24694, 24695, 24701, 24703, 24709, 24717, 24719, 24720, 24721 
 24732, 24739, 24751, 24752, 24754, 24764, 24769, 24770, 24771, 24773, 24775, 24776, 24781, 24786, 24830, 24831 
 24832, 24838, 24841, 24872, 24878, 24880, 24885, 24900, 24904, 24907, 24914, 24922, 24927, 24928, 24929, 24931 
 24933, 24934, 24943, 24944, 24954, 24955, 24956, 24958, 24974, 24975, 24980, 24984, 24990, 24995, 24997, 25003 
 25006, 25007, 25012, 25014, 25015, 25037, 25045, 25046, 25053, 25056, 25070, 25071, 25074, 25076, 25077, 25078 
 25084, 25086, 25129, 25130, 25173, 25197, 25199, 25203, 25204, 25225, 25228, 25265, 25266, 25275, 25277, 25298 
 25353, 25355, 25356, 25357, 25359, 25375, 25380, 25381, 25432, 25434, 25455, 25461, 25467, 25469, 25485, 25486 
 25514, 25620, 25639, 25640, 25650, 25658, 25659, 25676, 25678, 25694, 25718, 25750, 25821, 25826, 25900, 25903 
 27078, 33242, 33520 
*Elset, elset=Set-87, instance=Part-8-1 
   258,  1072,  2829,  2876,  3247,  3259,  5033,  5051,  5337,  5343,  5344,  5375,  5471,  5673,  5680,  5682 
  5689,  5704,  5716,  5720,  5726,  5734,  5735,  5743,  5744,  5751,  5759,  5766,  5770,  5773,  5776,  5925 
  6049,  6070,  6179,  6189,  6360,  6414,  6425,  6426,  6431,  6436,  6437,  6732,  6734,  6736,  6739,  6782 
  6798,  6807,  6813,  6816,  6824,  6833,  6838,  6856,  6875,  6876,  7069,  7105,  7115,  7122,  7124,  7140 
  7163,  7165,  7166,  7169,  7173,  7174,  7188,  7198,  7208,  7212,  7639,  7693,  7708,  7715,  7725,  7727 
  7734,  7748,  7751,  7755,  7776,  7814,  7817,  7830,  7843,  7844,  7845,  7852,  7867,  7901,  7908,  7909 
  8328,  8332,  8344,  8352,  8357,  8361,  8371,  8377,  8381,  8397,  8414,  8416,  8423,  9061,  9072,  9081 
  9097,  9122,  9160,  9164,  9176,  9202,  9203,  9238,  9239,  9253,  9271,  9282,  9285,  9287,  9289,  9299 
  9304,  9309,  9311,  9316,  9342,  9373,  9661,  9662,  9678,  9704,  9712,  9715,  9721,  9738,  9750,  9758 
  9763,  9766, 10091, 10346, 10348, 10350, 10353, 10354, 10384, 10389, 10395, 10409, 10417, 10426, 10429, 10438 
 10453, 10466, 10470, 10480, 10482, 10501, 10508, 10520, 10556, 10559, 10577, 10585, 10602, 10605, 10612, 10613 
 10618, 10625, 10639, 10641, 10657, 10658, 10663, 10667, 10717, 10720, 10750, 10752, 10771, 10808, 10815, 10818 
 10845, 10850, 11252, 11267, 11269, 11270, 11274, 11319, 11321, 11335, 11354, 11361, 11366, 11373, 11392, 11399 
 11409, 11412, 11421, 11430, 11431, 11434, 11437, 11448, 11453, 11454, 11459, 11467, 11470, 11472, 11475, 11477 
 11480, 11483, 11486, 11488, 11489, 11494, 11497, 11502, 11506, 11509, 11512, 11521, 11527, 11528, 11532, 11538 
 11540, 11546, 11549, 11553, 11557, 11561, 11563, 11576, 11579, 11588, 11590, 11593, 11595, 11598, 11603, 11611 
 11612, 11615, 11617, 11618, 11622, 11624, 11629, 11631, 11632, 11641, 11643, 11645, 11646, 11649, 11650, 11652 
 11653, 11654, 11657, 11658, 11661, 11671, 11675, 11677, 11681, 11682, 11686, 11687, 11694, 11699, 11708, 11709 
 11710, 11715, 11716, 11720, 11724, 11725, 11727, 11736, 11740, 11744, 11748, 11756, 11760, 11764, 11777, 11778 
 11779, 11780, 11782, 11786, 11790, 11800, 11803, 11812, 11816, 11819, 11820, 11830, 11834, 11836, 11841, 11849 
 11850, 11854, 11860, 11868, 11870, 11871, 11877, 11881, 11884, 11886, 11888, 11890, 11893, 11897, 11898, 11899 
 11903, 11905, 11909, 11913, 11917, 11918, 11926, 11927, 11929, 11930, 11932, 11934, 11936, 11940, 11945, 11949 
 11952, 11953, 11958, 11959, 11964, 11965, 11969, 11973, 11977, 11986, 11990, 11991, 11995, 11996, 12000, 12001 
 12011, 12012, 12018, 12022, 12029, 12030, 12034, 12035, 12039, 12040, 12043, 12048, 12049, 12060, 12061, 12062 
 12063, 12068, 12070, 12071, 12076, 12079, 12082, 12090, 12092, 12093, 12097, 12098, 12099, 12101, 12106, 12107 
 12109, 12114, 12118, 12120, 12121, 12129, 12132, 12134, 12135, 12145, 12151, 12153, 12154, 12155, 12156, 12158 
 12163, 12167, 12170, 12171, 12172, 12180, 12181, 12185, 12186, 12187, 12195, 12200, 12204, 12210, 12213, 12222 



142 

 
 

 12223, 12225, 12229, 12230, 12231, 12232, 12236, 12242, 12245, 12253, 12255, 12262, 12267, 12268, 12278, 12282 
 12283, 12285, 12293, 12295, 12297, 12302, 12303, 12304, 12312, 12320, 12321, 12323, 12333, 12337, 12340, 12342 
 12343, 12348, 12349, 12351, 12359, 12361, 12371, 12372, 12377, 12380, 12382, 12384, 12389, 12396, 12403, 12412 
 12414, 12425, 12427, 12428, 12429, 12438, 12442, 12446, 12451, 12452, 12456, 12458, 12460, 12461, 12463, 12464 
 12468, 12470, 12472, 12473, 12474, 12478, 12480, 12482, 12483, 12485, 12491, 12493, 12495, 12500, 12508, 12509 
 12510, 12513, 12514, 12519, 12524, 12526, 12528, 12531, 12538, 12539, 12543, 12545, 12547, 12550, 12552, 12553 
 12560, 12563, 12565, 12568, 12569, 12570, 12571, 12581, 12587, 12588, 12601, 12605, 12606, 12607, 12610, 12611 
 12614, 12626, 12628, 12631, 12634, 12636, 12638, 12640, 12653, 12657, 12658, 12661, 12664, 12668, 12669, 12672 
 12673, 12675, 12676, 12677, 12681, 12684, 12689, 12690, 12691, 12696, 12697, 12702, 12705, 12709, 12711, 12714 
 12715, 12719, 12723, 12725, 12726, 12731, 12733, 12734, 12735, 12738, 12743, 12744, 12750, 12752, 12755, 12756 
 12761, 12766, 12767, 12769, 12776, 12778, 12787, 12789, 12790, 12791, 12797, 12799, 12801, 12803, 12809, 12810 
 12811, 12814, 12815, 12816, 12817, 12818, 12819, 12820, 12824, 12828, 12834, 12839, 12843, 12845, 12847, 12849 
 12852, 12857, 12859, 12860, 12861, 12865, 12866, 12875, 12876, 12877, 12879, 12880, 12882, 12883, 12884, 12888 
 12889, 12891, 12897, 12900, 12903, 12905, 12911, 12918, 12925, 12928, 12930, 12940, 12943, 12948, 12949, 12952 
 12953, 12955, 12962, 12965, 12969, 12974, 12976, 12982, 12988, 12990, 12991, 12996, 12998, 13003, 13010, 13023 
 13025, 13026, 13031, 13032, 13033, 13036, 13040, 13046, 13047, 13051, 13052, 13054, 13056, 13057, 13063, 13065 
 13068, 13069, 13070, 13074, 13079, 13080, 13081, 13085, 13087, 13089, 13090, 13091, 13092, 13099, 13100, 13112 
 13120, 13128, 13131, 13133, 13136, 13137, 13140, 13143, 13147, 13148, 13151, 13154, 13158, 13160, 13161, 13163 
 13168, 13171, 13173, 13174, 13175, 13186, 13190, 13193, 13194, 13195, 13200, 13201, 13204, 13210, 13211, 13214 
 13215, 13218, 13219, 13221, 13224, 13227, 13228, 13230, 13243, 13244, 13248, 13249, 13251, 13257, 13262, 13267 
 13269, 13270, 13272, 13273, 13284, 13292, 13294, 13298, 13299, 13300, 13304, 13308, 13309, 13310, 13312, 13315 
 13321, 13322, 13324, 13325, 13328, 13334, 13335, 13338, 13341, 13343, 13344, 13351, 13352, 13367, 13372, 13373 
 13377, 13379, 13382, 13383, 13385, 13388, 13391, 13392, 13395, 13396, 13397, 13401, 13402, 13403, 13405, 13406 
 13412, 13415, 13419, 13422, 13430, 13431, 13434, 13436, 13439, 13440, 13444, 13445, 13448, 13449, 13452, 13459 
 13460, 13466, 13467, 13468, 13469, 13470, 13473, 13474, 13475, 13477, 13479, 13482, 13483, 13485, 13486, 13488 
 13492, 13495, 13497, 13498, 13501, 13502, 13503, 13507, 13508, 13509, 13510, 13511, 13513, 13518, 13522, 13523 
 13526, 13528, 13534, 13535, 13538, 13541, 13547, 13548, 13549, 13551, 13553, 13556, 13558, 13559, 13561, 13572 
 13573, 13578, 13583, 13584, 13585, 13586, 13591, 13592, 13594, 13599, 13604, 13605, 13609, 13612, 13616, 13617 
 13622, 13625, 13626, 13629, 13631, 13633, 13636, 13641, 13643, 13654, 13657, 13661, 13663, 13664, 13673, 13676 
 13684, 13687, 13688, 13689, 13693, 13694, 13701, 13702, 13704, 13707, 13713, 13719, 13720, 13721, 13724, 13725 
 13726, 13729, 13732, 13736, 13741, 13748, 13750, 13752, 13754, 13755, 13757, 13760, 13761, 13764, 13766, 13768 
 13771, 13773, 13776, 13778, 13783, 13784, 13785, 13786, 13787, 13788, 13791, 13794, 13796, 13799, 13801, 13808 
 13813, 13814, 13816, 13817, 13819, 13822, 13823, 13824, 13825, 13826, 13828, 13829, 13838, 13839, 13843, 13844 
 13846, 13850, 13855, 13857, 13864, 13866, 13867, 13869, 13872, 13874, 13878, 13887, 13889, 13894, 13895, 13897 
 13898, 13899, 13902, 13903, 13905, 13921, 13922, 13925, 13928, 13929, 13934, 13936, 13938, 13942, 13944, 13951 
 13960, 13963, 13964, 13965, 13968, 13969, 13971, 13973, 13974, 13982, 13983, 13987, 13988, 13989, 13995, 13996 
 14000, 14005, 14006, 14008, 14009, 14011, 14012, 14017, 14018, 14023, 14024, 14025, 14027, 14028, 14030, 14032 
 14034, 14035, 14037, 14042, 14043, 14048, 14056, 14057, 14061, 14064, 14067, 14071, 14072, 14075, 14076, 14079 
 14083, 14088, 14091, 14095, 14096, 14100, 14101, 14106, 14107, 14111, 14120, 14123, 14129, 14130, 14134, 14136 
 14137, 14141, 14142, 14148, 14149, 14153, 14157, 14158, 14159, 14160, 14164, 14167, 14169, 14172, 14177, 14183 
 14185, 14190, 14200, 14201, 14207, 14208, 14211, 14213, 14217, 14219, 14224, 14225, 14231, 14232, 14234, 14237 
 14241, 14247, 14248, 14249, 14251, 14256, 14259, 14264, 14268, 14271, 14272, 14274, 14276, 14277, 14278, 14283 
 14286, 14298, 14302, 14303, 14306, 14307, 14313, 14314, 14316, 14318, 14319, 14321, 14326, 14328, 14329, 14330 
 14334, 14336, 14337, 14343, 14345, 14351, 14353, 14354, 14358, 14359, 14364, 14366, 14367, 14371, 14372, 14374 
 14377, 14385, 14387, 14388, 14389, 14391, 14392, 14393, 14401, 14402, 14403, 14412, 14413, 14414, 14436, 14438 
 14439, 14441, 14448, 14452, 14455, 14461, 14467, 14468, 14469, 14472, 14474, 14484, 14486, 14490, 14491, 14496 
 14505, 14506, 14507, 14508, 14512, 14518, 14519, 14521, 14526, 14527, 14532, 14536, 14539, 14540, 14541, 14542 
 14545, 14548, 14553, 14554, 14555, 14556, 14557, 14563, 14564, 14566, 14568, 14573, 14574, 14577, 14578, 14583 
 14587, 14589, 14591, 14592, 14598, 14599, 14600, 14607, 14610, 14611, 14615, 14616, 14617, 15136, 15145, 15146 
 15147, 15148, 15149, 15150, 15260, 15521, 15526, 15527, 15529, 15533, 15546, 15549, 15552, 15554, 15556, 15557 
 15565, 15567, 15574, 15576, 15583, 15587, 15593, 15604, 15614, 15615, 15617, 15618, 15620, 15630, 15640, 15998 
 16153, 16416, 16431, 16483, 16560, 16767, 19434, 19459, 20992, 22164, 22590, 22736, 29000, 29110, 29207, 29516 
 29563, 29607, 31316, 31596, 31598, 31599, 31602, 31603, 31605, 31777, 31778, 31779, 31780, 31781, 31782, 31783 
 31786, 31787, 31789, 31792, 31795, 31798, 31826, 31827, 31834, 31842, 31846, 31848, 31907, 31987, 32195, 32467 
 32471, 32473, 32909, 32966, 32967, 33256, 33320, 33322, 33323, 33328, 33329, 33330, 33346, 33352, 33484, 33513 
 33516, 33621, 33622, 33623, 33624, 33625, 33670, 33671, 33672, 34082, 34083, 34084, 34086, 34087, 34088, 34089 
 34090, 34091, 34093, 34169, 34172, 34173, 34271, 34403, 34704, 34705, 34707, 34708, 34710, 35674, 35677, 36068 
 36115, 36150, 36153, 36157, 36232, 36466, 36619, 36620, 36630, 36689, 36692, 36694, 36761, 36913, 37061, 37128 
 37221, 37226, 37802, 37824, 37843, 37846, 37849, 37969, 37994, 38002, 38247, 38287, 38466, 38920, 38925, 38995 
 39497, 39513, 40045, 40436, 40552, 40907, 41209, 41314, 41447, 42269, 42275, 42828, 42829, 42948, 43133, 43144 
 43207, 43229, 43251, 43590, 43689, 45494, 48767, 49398, 50507, 51483, 53545, 53878 
*Nset, nset=TIBATTACH, instance=acl-1 
   317,   319,   321,   333,   334,   335,   336,   337,   338,   339,   340,   341,   342,   343,   344,   345 
   346,   347,   348,   349,   350,   351,   352,   353,   354,   355,   356,   357,   358,   359,   360,   361 
   362,   363,   364,   365,   366,   367,   368,   369,   370,   371,   372,   373,   374,   375,   376,   377 
   378,   379,   380,   381,   382,   383,   384,   385,   386,   387,   388,   389,   390,   391,   392,   393 
   394,   395,   396,   397,   398,   399,   400,   401,   402,   403,   404,   405,   406,   407,   408,   409 
   410,   411,   412,   413,   414,   415,   416,   417,   418,  2729,  2730,  2912,  2913,  2957,  2958,  2965 
  2966,  2967,  2968,  3099,  3100,  3101,  3102,  3103,  3104,  3105,  3106,  3107,  3108,  3109,  3110,  3111 
  3112,  3113,  3114,  3115,  3116,  3117,  3118,  3119,  3120,  3121,  3122,  3123,  3124,  3125,  3126,  3127 
  3128,  3129,  3130,  3131,  3132,  3133,  3134,  3135,  3136,  3137,  3138,  3139,  3140,  3141,  3142,  3143 
  3144,  3145,  3146,  3147,  3148,  3149,  3150,  3151,  3152,  3153,  3154,  3155,  3156,  3157,  3158,  3159 
  3160,  3161,  3162,  3163,  3164,  3165,  3166,  3167,  3168,  3169,  3170,  3171,  3172,  3173,  3174,  3175 
  3176,  3177,  3178,  3179,  3180,  3181,  3182,  3183,  3184,  3185,  3186,  3187,  3188,  3189,  3190,  3191 
  3192,  3193,  3194,  3195,  3196,  3197,  3198,  3199,  3200,  3201,  3202,  3203,  3204,  3205,  3206,  3207 
  3208,  3209,  3210,  3211,  3212,  3213,  3214,  3215,  3216,  3217,  3218,  3219,  3220,  3221,  3222,  3223 
  3224,  3225,  3226,  3227,  3228,  3229,  3230,  3231,  3232,  3233,  3234,  3235,  3236,  3237,  3238,  3239 
  3240,  3241,  8313,  8317,  8318,  8388,  8700,  9022,  9068,  9072,  9073,  9497,  9499,  9501,  9532,  9534 
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  9536,  9884,  9886,  9888, 10429, 10431, 10793, 10795, 10797, 10863, 10865, 10867, 11415, 11450, 11466, 11648 
 11649, 11650, 11759, 11761, 11763, 12102, 12103, 12603, 12606, 12695, 12696, 12697, 12892, 12917, 12918, 12925 
 12926, 12928, 13326, 13509, 13730, 13765, 13769, 13770, 13779, 13780, 13782, 13796, 13797, 13798, 13885, 13886 
 13888, 13890, 13937, 13945, 13946, 14142, 14144, 14196, 14258, 14267, 14282, 14331, 14333, 14335, 14359, 14362 
 14363, 14425, 14721, 14724, 14725, 14998, 14999, 15022, 15023, 15107, 15111, 15112, 15156, 15160, 15161, 15187 
 15191, 15192, 15220, 15224, 15225, 15256, 15258, 15260, 15302, 15303, 15304, 15356, 15357, 15358, 15359, 15360 
 15377, 15379, 15380, 15389, 15391, 15471, 15475, 15476, 15508, 15512, 15513, 15615, 15619, 15620, 16011, 16013 
 16095, 16097, 16099, 16104, 16105, 17808, 17810, 17812, 18432, 18436, 18437, 18438, 20116, 20118, 20120, 20125 
 20240, 20242, 20244, 20258, 20435, 20436, 20471, 20473, 20475, 20974, 21859, 21881, 21883, 21884, 22060, 22061 
 22063, 22306, 22307, 22308, 22344, 22379, 22945, 22947, 22962, 23131, 23329, 23836, 23880, 23882, 23884, 23908 
 23910, 23912, 24019, 24021, 24023, 24083, 24899, 24901, 24902, 25761, 25762, 25763, 25798, 25911, 25913, 25915 
 26861, 27016, 27198, 28331, 28332, 28768, 28770, 29203, 29205, 29571, 29572, 29647, 29688, 29691, 30007, 30009 
 30011, 30104, 31688, 31691, 31820, 31894, 31895, 31896, 31910, 32094, 32095, 32097, 32122, 32175, 32177, 32179 
 33517, 33519, 33646, 33656, 33944, 33946, 33955, 34455, 34456, 34470, 34471, 34790, 34792, 35252, 35439, 35489 
 35490, 35491, 35896, 35897, 35899, 36014, 36015, 36019, 36022, 36340, 36439, 36440, 36443, 36445, 36446, 36448 
 36483, 36486, 36487, 36488, 36529, 36702, 36894, 36926, 36928, 36969, 36971, 37021, 37022, 37023, 37187, 37490 
 37845, 37846, 37878, 37879, 38208, 38209, 38290, 38293, 38329, 38461, 38463, 38465, 38497, 38498, 38500, 38507 
 38612, 38613, 38614, 38615, 38619, 38620, 39633, 39636, 39706, 40071, 40072, 40076, 40084, 40143, 40195, 40282 
 40297, 40309, 40339, 40340, 40342, 40346, 40495, 40496, 40550, 40866, 40879, 40894, 40895, 40896, 40897, 41271 
 41272, 41279, 41280, 41997, 43533, 43535, 43537, 43703, 43964, 43967, 43968, 44197, 44355, 44380, 44381, 44418 
 44419, 44641, 44681, 44801, 44802, 44803, 45411, 45412, 45480, 45488, 45489, 45529, 45530, 45582, 45758, 45876 
 45889, 46245, 47226, 47277, 47278, 47280, 47281, 47361, 47362, 47606, 47607, 47609, 48227, 48228, 48557, 48673 
 48674, 49201, 49202, 49257, 49263, 49264, 49452, 49842, 49844, 49927, 50090, 50092, 50342, 52659, 52660, 52661 
 52694, 52696, 52698, 52736, 52760, 52770, 52772, 52774, 52788, 52790, 52792, 52861, 52863, 53109, 53110, 53112 
 53151, 53265, 53267, 53291, 53292, 53369, 54268, 54348, 54349, 54458, 54459, 54461, 54462, 54463, 54467, 54469 
 54482, 54497, 54498, 54499, 54503, 54505, 54506, 54523, 54524, 54757, 54759, 54761, 54803, 54833, 54837, 54848 
 54849, 54850, 54859, 54861, 54905, 54907, 55018, 55019, 55020, 55075, 55902, 56172, 56175, 56177, 56178, 56179 
 56180, 56183, 56184, 56186, 56190, 56191, 56193, 56195, 56197, 56198, 56199, 56200, 56244, 56245, 56291, 56321 
 56375, 56402, 56403, 56411, 56413, 56414, 56415, 56421, 56676, 56678, 56680, 56688, 56689, 56701, 56703, 56714 
 56716, 56725, 56726, 56727, 56730, 56736, 56737, 56738, 56739, 56744, 56745, 56747, 56750, 56752, 56753, 56754 
 56755, 56757, 56758, 56760, 56762, 56763, 56764, 56765, 56766, 56767, 56769, 56770, 56802, 56821, 56826, 56827 
 56852, 56904, 56905, 56906, 56907, 56909, 56911, 56912, 56971, 56972, 57026, 57116, 57117, 57118, 57163, 57183 
 57184, 57267, 57292, 57331, 57334, 57335, 57391, 57404, 57406, 57407, 57410, 57424, 57425, 57426, 57428, 57436 
 57437, 57449, 57450, 57459, 57460, 57461, 57470, 57471, 57472, 57473, 57474, 57477, 57478, 57479, 57480, 57481 
 57485, 57504, 57508, 57510, 57530, 57531, 57541, 57545, 57547, 57548, 57554, 57556, 57560, 57563, 57564, 57565 
 57566, 57569, 57578, 57579, 57582, 57583, 57590, 57591, 57592, 57594, 57598, 57604, 57605, 57607, 57608, 57610 
 57611, 57612, 57613, 57614, 57618, 57619, 57620, 57622, 57625, 57628, 57631, 57633, 57634, 57635, 57637, 57640 
 57641, 57643, 57646, 57652, 57653, 57654, 57658, 57660, 57661, 57664, 57665, 57666, 57667, 57668, 57670, 57672 
 57673, 57674, 57676, 57681, 57682, 57688, 57689, 57690, 57692, 57695, 57697, 57700, 57701, 57702, 57703, 57705 
 57706, 57707, 57708, 57709, 57711, 57712, 57713, 57714, 57715, 57716, 57717, 57719, 57723, 57724, 57729, 57730 
 57731, 57732, 57736, 57737, 57738, 57739, 57740, 57741, 57742, 57744, 57745, 57746, 57748, 57749, 57750, 57752 
 57753, 57755, 57756, 57757, 57758, 57759, 57762, 57763, 57767, 57769, 57770, 57771, 57774, 57778, 57788, 57822 
 57871, 57891, 57990, 58368, 58455 
*Elset, elset="_Meniscus M top_S1", internal, instance="meniscus m-1" 
   865,   904,   909,  1244,  1387,  1777,  1805,  2282,  2771,  2897,  2984,  3141,  3528,  3531,  3611,  3752 
  3824,  3924,  4089,  4349,  4382,  4617,  4962,  5023,  5046,  5080,  5172,  5276,  5415,  5427,  5712,  6135 
  6527,  6536,  6788,  6799,  6856,  6954,  7011,  7184,  7400,  7961,  8238,  8495,  8658,  8879,  9302,  9397 
  9689,  9820, 10086, 10104, 10149, 10178, 10419, 10502, 10538, 10748, 11062, 11160, 11232, 11386, 11480, 12416 
 12467, 12579, 12762, 12884, 13317, 13474, 13671, 13739, 14081, 14206, 14391, 14480, 14700, 14703, 14848, 14864 
 15220, 
*Elset, elset="_Meniscus M top_S3", internal, instance="meniscus m-1" 
    73,    98,   185,   210,   451,   559,   607,   711,   712,   733,   769,   899,  1064,  1120,  1154,  1247 
  1255,  1851,  2342,  2538,  2623,  2677,  2682,  2723,  2731,  2755,  2776,  2786,  2798,  2875,  2905,  2916 
  3135,  3140,  3214,  3382,  3401,  3443,  3464,  3495,  3512,  3514,  3610,  3622,  3727,  3731,  3740,  3778 
  3779,  3795,  3800,  3805,  3812,  3815,  3817,  3873,  3877,  3884,  3913,  3917,  3921,  3957,  3993,  4008 
  4012,  4031,  4039,  4045,  4069,  4080,  4096,  4108,  4121,  4134,  4207,  4226,  4242,  4311,  4334,  4338 
  4368,  4404,  4407,  4419,  4421,  4423,  4437,  4512,  4527,  4536,  4552,  4554,  4555,  4558,  4560,  4567 
  4583,  4638,  4641,  4663,  4689,  4691,  4713,  4716,  4725,  4730,  4738,  4749,  4754,  4757,  4765,  4778 
  4884,  4886,  4898,  4909,  4913,  4920,  4944,  4985,  4988,  4991,  5066,  5071,  5076,  5087,  5088,  5114 
  5142,  5236,  5248,  5261,  5279,  5281,  5283,  5290,  5297,  5340,  5364,  5378,  5382,  5396,  5397,  5400 
  5422,  5456,  5460,  5464,  5467,  5468,  5542,  5566,  5584,  5610,  5627,  5632,  5666,  5708,  5711,  5713 
  5752,  5755,  5760,  5765,  5772,  5823,  5827,  5833,  5840,  5850,  5901,  5917,  5984,  5994,  5998,  6002 
  6004,  6007,  6008,  6015,  6016,  6020,  6036,  6050,  6115,  6118,  6125,  6130,  6144,  6148,  6150,  6173 
  6177,  6180,  6263,  6297,  6299,  6319,  6481,  6517,  6532,  6537,  6538,  6618,  6620,  6630,  6653,  6655 
  6696,  6723,  6794,  6827,  6828,  6829,  6830,  6848,  6858,  6862,  6914,  6921,  6944,  6963,  7003,  7022 
  7041,  7074,  7086,  7091,  7098,  7106,  7109,  7110,  7112,  7113,  7114,  7158,  7167,  7203,  7228,  7368 
  7370,  7372,  7373,  7374,  7392,  7393,  7399,  7401,  7412,  7413,  7422,  7445,  7447,  7472,  7475,  7480 
  7513,  7552,  7568,  7602,  7641,  7660,  7664,  7688,  7705,  7706,  7715,  7720,  7726,  7735,  7749,  7768 
  7777,  7782,  7818,  7892,  7893,  7930,  7940,  7970,  7972,  7976,  7985,  7986,  8001,  8020,  8050,  8107 
  8193,  8220,  8221,  8228,  8229,  8232,  8234,  8239,  8244,  8246,  8263,  8280,  8286,  8292,  8328,  8417 
  8422,  8429,  8491,  8507,  8510,  8542,  8544,  8546,  8554,  8557,  8564,  8571,  8577,  8584,  8603,  8638 
  8695,  8755,  8763,  8766,  8770,  8778,  8779,  8788,  8807,  8810,  8816,  8820,  8822,  8832,  8862,  8925 
  8988,  9006,  9009,  9022,  9055,  9061,  9077,  9080,  9082,  9086,  9091,  9109,  9122,  9137,  9138,  9153 
  9154,  9160,  9172,  9182,  9268,  9306,  9313,  9327,  9330,  9353,  9358,  9360,  9378,  9419,  9429,  9528 
  9531,  9535,  9540,  9566,  9572,  9578,  9582,  9589,  9591,  9592,  9593,  9601,  9609,  9629,  9635,  9639 
  9706,  9713,  9757,  9778,  9799,  9806,  9818,  9856,  9860,  9865,  9882,  9883,  9888,  9894,  9897,  9915 
  9973, 10026, 10097, 10107, 10112, 10114, 10122, 10130, 10137, 10144, 10152, 10159, 10190, 10199, 10227, 10245 
 10263, 10391, 10395, 10400, 10410, 10413, 10420, 10421, 10426, 10434, 10439, 10448, 10449, 10476, 10480, 10512 
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 10549, 10558, 10587, 10630, 10633, 10634, 10654, 10676, 10682, 10706, 10715, 10719, 10729, 10731, 10734, 10735 
 10777, 10833, 10838, 10842, 10845, 10973, 10990, 10993, 10999, 11013, 11024, 11029, 11033, 11043, 11048, 11056 
 11099, 11106, 11130, 11161, 11165, 11181, 11183, 11189, 11206, 11216, 11227, 11264, 11272, 11306, 11308, 11320 
 11323, 11338, 11339, 11340, 11342, 11346, 11347, 11362, 11363, 11367, 11368, 11375, 11381, 11382, 11397, 11405 
 11446, 11469, 11478, 11491, 11511, 11514, 11515, 11524, 11527, 11556, 11580, 11600, 11606, 11630, 11672, 11685 
 11700, 11702, 11720, 11724, 11725, 11730, 11733, 11738, 11782, 11860, 11865, 11878, 11880, 11881, 11883, 11940 
 11955, 11960, 11995, 12010, 12016, 12020, 12027, 12029, 12031, 12048, 12072, 12083, 12084, 12100, 12104, 12154 
 12201, 12206, 12209, 12223, 12227, 12257, 12292, 12340, 12355, 12359, 12368, 12380, 12386, 12388, 12389, 12427 
 12438, 12440, 12480, 12490, 12491, 12511, 12514, 12538, 12541, 12548, 12559, 12563, 12565, 12569, 12571, 12572 
 12574, 12580, 12581, 12587, 12593, 12606, 12611, 12633, 12689, 12692, 12698, 12701, 12726, 12727, 12768, 12785 
 12810, 12818, 12826, 12846, 12876, 12877, 12885, 12894, 12897, 12899, 12900, 12901, 12905, 12909, 12911, 12914 
 12919, 12984, 12988, 13046, 13047, 13059, 13065, 13075, 13078, 13141, 13170, 13183, 13193, 13199, 13211, 13214 
 13215, 13222, 13239, 13250, 13283, 13294, 13300, 13318, 13374, 13385, 13386, 13395, 13425, 13482, 13489, 13517 
 13528, 13531, 13541, 13542, 13547, 13554, 13582, 13598, 13614, 13630, 13654, 13673, 13674, 13693, 13700, 13723 
 13730, 13748, 13755, 13758, 13773, 13804, 13811, 13812, 13829, 13830, 13832, 13843, 13846, 13858, 13875, 13879 
 13887, 13894, 13899, 13936, 13961, 13968, 13981, 14015, 14033, 14035, 14039, 14041, 14059, 14064, 14133, 14182 
 14187, 14189, 14199, 14204, 14211, 14243, 14267, 14279, 14289, 14316, 14326, 14336, 14346, 14350, 14354, 14360 
 14378, 14472, 14496, 14504, 14539, 14546, 14549, 14553, 14556, 14596, 14616, 14641, 14644, 14672, 14689, 14696 
 14708, 14719, 14720, 14725, 14802, 14805, 14807, 14817, 14820, 14821, 14824, 14826, 14827, 14845, 14846, 14877 
 14887, 14906, 14932, 14951, 14959, 14960, 14962, 14963, 14967, 14974, 14989, 14990, 14996, 14999, 15037, 15045 
 15059, 15066, 15077, 15088, 15107, 15120, 15124, 15138, 15148, 15153, 15158, 15159, 15173, 15174, 15207, 15209 
 15223, 15227, 15243, 15244, 15251, 15253, 15265, 15277, 15281, 15291, 15296, 15324, 15328, 15333, 15343, 15376 
 15384, 15415, 15429, 15431, 15437, 15467, 15496, 15557, 15573 
*Elset, elset="_Meniscus M top_S4", internal, instance="meniscus m-1" 
    90,   896,  1288,  1636,  2194,  2262,  2467,  2698,  2760,  3092,  3094,  3112,  3123,  3131,  3213,  3301 
  3521,  3543,  3547,  3708,  3784,  3983,  4028,  4291,  4386,  4452,  4498,  4662,  4734,  4903,  5154,  5480 
  5540,  5565,  5635,  5667,  5766,  5815,  6104,  6345,  6348,  6458,  6650,  6840,  7126,  7580,  7846,  7954 
  8023,  8116,  8300,  8484,  9101,  9151, 10274, 10675, 10711, 10928, 11012, 11333, 11334, 11336, 11494, 11651 
 11678, 11693, 11695, 11781, 11895, 11918, 11929, 12175, 12397, 12439, 12573, 12741, 12765, 13069, 13128, 13201 
 13203, 13232, 13508, 13626, 13736, 13761, 13763, 13803, 13827, 13895, 13924, 13943, 14111, 14389, 14428, 14483 
 14583, 14702, 14731, 14738, 14812, 15012, 15016, 15075, 15442, 15480, 15503 
*Elset, elset="_Meniscus M top_S2", internal, instance="meniscus m-1" 
   270,  2072,  2635,  3007,  3029,  3032,  3396,  3671,  3897,  3914,  3916,  3991,  4250,  4302,  4529,  4699 
  4709,  4900,  5045,  5284,  5408,  5420,  5452,  5507,  5644,  5671,  5813,  6165,  6381,  6490,  6836,  6842 
  7101,  7367,  7411,  7712,  7783,  7822,  8092,  8496,  8503,  8523,  8563,  8600,  8759,  8806,  8827,  9043 
  9314,  9555,  9586,  9594,  9690, 10103, 10116, 10119, 10271, 10365, 10496, 10547, 10695, 10701, 10708, 10767 
 10840, 10885, 10931, 11003, 11058, 11399, 12009, 12202, 12217, 12409, 13077, 13082, 13237, 13352, 13355, 13363 
 13407, 13444, 13513, 13529, 13661, 13747, 13766, 13991, 14000, 14073, 14109, 14402, 14498, 14568, 14833, 15053 
 15103, 15569 
*Surface, type=ELEMENT, name="Meniscus M top" 
"_Meniscus M top_S1", S1 
"_Meniscus M top_S3", S3 
"_Meniscus M top_S4", S4 
"_Meniscus M top_S2", S2 
*Elset, elset=_Surf-33_S1, internal, instance=Part-8-1 
   258,  7105,  7817,  9081,  9239,  9721, 10384, 10389, 10395, 10429, 10438, 10453, 10577, 10602, 10613, 10639 
 10641, 10658, 10663, 10815, 11454, 11467, 11480, 11528, 11615, 11709, 11790, 11927, 11930, 11952, 11953, 12068 
 12163, 12222, 12349, 19434, 29207, 29563, 31792, 31834, 33256, 37802, 37849, 39497, 40907, 42828, 43207, 50507 
 53545, 
*Elset, elset=_Surf-33_S3, internal, instance=Part-8-1 
  1072,  2829,  2876,  3247,  3259,  5033,  5051,  5337,  5343,  5344,  5471,  5673,  5680,  5682,  5689,  5704 
  5716,  5720,  5726,  5734,  5735,  5743,  5744,  5751,  5770,  5773,  5776,  5925,  6049,  6179,  6189,  6360 
  6414,  6426,  6431,  6436,  6437,  6732,  6734,  6736,  6739,  6782,  6798,  6807,  6813,  6816,  6824,  6833 
  6856,  6875,  6876,  7069,  7115,  7124,  7140,  7163,  7165,  7166,  7169,  7173,  7174,  7188,  7198,  7208 
  7212,  7639,  7693,  7708,  7715,  7725,  7727,  7734,  7748,  7751,  7755,  7776,  7814,  7830,  7844,  7845 
  7852,  7867,  7901,  7908,  7909,  8328,  8332,  8344,  8352,  8357,  8361,  8371,  8377,  8381,  8397,  8416 
  8423,  9061,  9072,  9122,  9160,  9164,  9176,  9202,  9238,  9253,  9271,  9285,  9287,  9289,  9299,  9309 
  9311,  9342,  9373,  9661,  9662,  9678,  9704,  9712,  9715,  9738,  9750,  9758,  9763,  9766, 10091, 10346 
 10348, 10350, 10353, 10354, 10480, 10501, 10508, 10520, 10556, 10559, 10605, 10612, 10657, 10717, 10720, 10750 
 10752, 10771, 10808, 10818, 11252, 11267, 11269, 11270, 11274, 11319, 11321, 11335, 11354, 11361, 11366, 11373 
 11392, 11399, 11409, 11412, 11421, 11430, 11431, 11434, 11437, 11453, 11459, 11470, 11472, 11486, 11488, 11489 
 11497, 11502, 11521, 11527, 11538, 11540, 11546, 11549, 11553, 11557, 11563, 11588, 11590, 11593, 11603, 11611 
 11612, 11617, 11618, 11622, 11624, 11629, 11631, 11632, 11641, 11643, 11645, 11646, 11649, 11652, 11653, 11654 
 11657, 11658, 11661, 11671, 11675, 11677, 11681, 11682, 11686, 11687, 11694, 11699, 11708, 11710, 11715, 11716 
 11720, 11724, 11725, 11736, 11740, 11744, 11748, 11756, 11760, 11764, 11777, 11778, 11779, 11780, 11782, 11786 
 11800, 11803, 11812, 11816, 11819, 11820, 11830, 11849, 11850, 11870, 11871, 11877, 11881, 11884, 11888, 11897 
 11898, 11899, 11903, 11905, 11909, 11929, 11932, 11940, 11945, 11949, 11958, 11965, 11973, 11977, 11986, 11990 
 11991, 11996, 12011, 12012, 12018, 12022, 12029, 12030, 12040, 12043, 12060, 12062, 12063, 12070, 12071, 12076 
 12079, 12082, 12090, 12092, 12093, 12097, 12098, 12101, 12106, 12107, 12109, 12114, 12118, 12120, 12121, 12129 
 12132, 12134, 12135, 12145, 12151, 12153, 12154, 12155, 12156, 12158, 12167, 12170, 12171, 12172, 12180, 12181 
 12185, 12186, 12187, 12200, 12204, 12210, 12223, 12225, 12229, 12230, 12231, 12232, 12236, 12242, 12245, 12253 
 12255, 12262, 12267, 12268, 12278, 12282, 12285, 12293, 12295, 12297, 12303, 12304, 12312, 12321, 12323, 12337 
 12340, 12342, 12348, 12351, 12361, 12371, 12372, 12377, 12380, 12384, 12396, 12403, 12412, 12414, 12425, 12427 
 12428, 12429, 12438, 12442, 12446, 12451, 12452, 12456, 12458, 12460, 12461, 12463, 12464, 12470, 12472, 12473 
 12474, 12478, 12480, 12482, 12483, 12485, 12491, 12493, 12495, 12500, 12508, 12509, 12510, 12513, 12514, 12519 
 12524, 12526, 12528, 12531, 12538, 12539, 12543, 12545, 12550, 12552, 12553, 12560, 12563, 12565, 12568, 12569 
 12570, 12571, 12587, 12601, 12605, 12606, 12607, 12610, 12611, 12614, 12626, 12628, 12631, 12634, 12636, 12638 
 12640, 12653, 12658, 12661, 12664, 12668, 12669, 12672, 12673, 12675, 12676, 12677, 12684, 12689, 12690, 12691 
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 12696, 12697, 12702, 12705, 12709, 12711, 12715, 12719, 12723, 12725, 12726, 12731, 12733, 12734, 12735, 12743 
 12744, 12750, 12755, 12756, 12761, 12767, 12769, 12776, 12778, 12787, 12789, 12790, 12791, 12797, 12799, 12801 
 12809, 12810, 12811, 12814, 12815, 12817, 12818, 12819, 12820, 12824, 12828, 12834, 12839, 12843, 12845, 12847 
 12849, 12852, 12857, 12859, 12860, 12861, 12865, 12866, 12876, 12877, 12879, 12880, 12882, 12883, 12884, 12888 
 12889, 12891, 12897, 12900, 12903, 12911, 12918, 12925, 12928, 12930, 12940, 12943, 12948, 12949, 12952, 12953 
 12955, 12962, 12965, 12969, 12974, 12976, 12982, 12988, 12990, 12991, 12996, 12998, 13003, 13010, 13023, 13025 
 13026, 13031, 13032, 13036, 13040, 13046, 13047, 13051, 13052, 13054, 13056, 13057, 13063, 13065, 13069, 13070 
 13074, 13079, 13080, 13081, 13085, 13087, 13090, 13091, 13092, 13099, 13112, 13120, 13128, 13131, 13136, 13137 
 13140, 13143, 13147, 13148, 13151, 13154, 13158, 13160, 13161, 13168, 13171, 13174, 13175, 13186, 13190, 13193 
 13194, 13195, 13200, 13201, 13204, 13210, 13211, 13218, 13219, 13221, 13224, 13227, 13228, 13230, 13243, 13244 
 13248, 13249, 13251, 13257, 13262, 13267, 13269, 13270, 13272, 13273, 13284, 13292, 13294, 13298, 13299, 13300 
 13304, 13308, 13309, 13310, 13315, 13321, 13322, 13324, 13325, 13328, 13334, 13335, 13338, 13341, 13343, 13344 
 13351, 13367, 13372, 13373, 13377, 13379, 13382, 13383, 13385, 13388, 13392, 13395, 13396, 13397, 13401, 13402 
 13403, 13405, 13406, 13412, 13415, 13419, 13422, 13430, 13431, 13434, 13436, 13439, 13444, 13445, 13448, 13449 
 13452, 13459, 13460, 13466, 13467, 13468, 13469, 13470, 13473, 13474, 13475, 13477, 13479, 13482, 13483, 13485 
 13486, 13488, 13492, 13495, 13497, 13498, 13501, 13502, 13503, 13507, 13508, 13509, 13510, 13511, 13513, 13518 
 13522, 13523, 13526, 13528, 13534, 13535, 13538, 13541, 13547, 13548, 13549, 13551, 13553, 13556, 13558, 13559 
 13561, 13572, 13578, 13583, 13584, 13585, 13586, 13591, 13592, 13594, 13599, 13604, 13605, 13609, 13612, 13616 
 13617, 13622, 13625, 13626, 13629, 13631, 13633, 13636, 13643, 13654, 13657, 13661, 13663, 13664, 13673, 13684 
 13687, 13688, 13689, 13693, 13694, 13701, 13702, 13704, 13707, 13713, 13719, 13720, 13721, 13724, 13725, 13726 
 13729, 13732, 13736, 13741, 13748, 13750, 13752, 13754, 13755, 13757, 13760, 13761, 13764, 13768, 13771, 13773 
 13776, 13778, 13783, 13784, 13785, 13786, 13787, 13788, 13791, 13794, 13796, 13799, 13801, 13808, 13813, 13814 
 13816, 13817, 13819, 13822, 13823, 13824, 13825, 13828, 13829, 13838, 13839, 13843, 13846, 13850, 13855, 13857 
 13864, 13866, 13867, 13869, 13872, 13874, 13878, 13887, 13889, 13894, 13895, 13897, 13898, 13899, 13902, 13903 
 13905, 13921, 13922, 13925, 13928, 13929, 13934, 13936, 13938, 13942, 13944, 13951, 13960, 13963, 13964, 13965 
 13968, 13969, 13971, 13973, 13974, 13982, 13983, 13987, 13988, 13989, 13995, 13996, 14000, 14005, 14006, 14008 
 14009, 14011, 14012, 14017, 14018, 14023, 14024, 14025, 14027, 14028, 14030, 14032, 14034, 14035, 14037, 14042 
 14043, 14048, 14056, 14057, 14061, 14064, 14067, 14071, 14072, 14075, 14076, 14079, 14083, 14088, 14091, 14095 
 14096, 14100, 14101, 14106, 14107, 14111, 14120, 14123, 14129, 14130, 14134, 14136, 14137, 14141, 14142, 14148 
 14153, 14157, 14158, 14159, 14160, 14164, 14167, 14169, 14172, 14177, 14183, 14185, 14190, 14200, 14201, 14207 
 14208, 14211, 14213, 14217, 14219, 14224, 14225, 14231, 14232, 14234, 14237, 14241, 14247, 14248, 14249, 14251 
 14256, 14259, 14264, 14268, 14271, 14274, 14276, 14277, 14278, 14283, 14286, 14298, 14302, 14303, 14306, 14307 
 14313, 14314, 14316, 14318, 14319, 14321, 14326, 14328, 14329, 14330, 14334, 14336, 14337, 14343, 14345, 14351 
 14353, 14354, 14358, 14359, 14364, 14366, 14367, 14371, 14372, 14374, 14377, 14385, 14387, 14388, 14389, 14391 
 14392, 14393, 14401, 14402, 14403, 14412, 14413, 14414, 14436, 14438, 14439, 14441, 14448, 14452, 14455, 14461 
 14467, 14468, 14469, 14472, 14474, 14484, 14486, 14490, 14491, 14496, 14505, 14506, 14507, 14508, 14512, 14518 
 14519, 14521, 14526, 14527, 14532, 14536, 14539, 14540, 14541, 14542, 14545, 14548, 14553, 14554, 14555, 14556 
 14557, 14563, 14564, 14566, 14568, 14573, 14574, 14577, 14578, 14583, 14587, 14589, 14591, 14592, 14598, 14599 
 14600, 14607, 14610, 14611, 14615, 14616, 14617, 15136, 15145, 15146, 15147, 15148, 15149, 15150, 15260, 15521 
 15526, 15527, 15529, 15533, 15546, 15549, 15552, 15554, 15556, 15557, 15565, 15567, 15574, 15576, 15583, 15587 
 15593, 15604, 15614, 15615, 15617, 15618, 15620, 15630, 15640, 15998, 16153, 16416, 16431, 16483, 16560, 16767 
 19459, 20992, 22164, 22590, 22736, 29000, 29110, 29607, 31596, 31598, 31599, 31602, 31605, 31777, 31778, 31779 
 31780, 31781, 31782, 31783, 31786, 31787, 31789, 31795, 31798, 31826, 31827, 31842, 31846, 31848, 31907, 31987 
 32195, 32467, 32471, 32473, 32909, 32967, 33320, 33322, 33328, 33329, 33330, 33346, 33352, 33484, 33513, 33621 
 33622, 33623, 33624, 33625, 33670, 33671, 33672, 34082, 34083, 34086, 34087, 34088, 34090, 34091, 34093, 34169 
 34172, 34173, 34271, 34708, 34710, 35674, 35677, 36115, 36150, 36153, 36157, 36232, 36466, 36619, 36689, 36692 
 36694, 36913, 37061, 37128, 37221, 37226, 37843, 37994, 38002, 38247, 38287, 38920, 38925, 40045, 40436, 40552 
 41209, 41314, 42275, 43144, 43251, 49398, 53878 
*Elset, elset=_Surf-33_S4, internal, instance=Part-8-1 
  5375,  6838,  8414,  9203,  9282,  9304, 11475, 11506, 11512, 11595, 11598, 11836, 11841, 11860, 11890, 11969 
 11995, 12035, 12061, 12283, 12302, 12320, 12343, 12389, 12581, 12657, 12681, 12714, 12752, 12803, 12905, 13100 
 13163, 13214, 13352, 13440, 13676, 13844, 14149, 14272, 29516, 31316, 31603, 33323, 33516, 34084, 34089, 34704 
 34705, 36068, 36630, 36761, 37824, 37846, 37969, 38466, 38995, 39513, 41447, 42269, 42829, 42948, 43133, 43229 
 43590, 43689, 45494, 48767, 51483 
*Elset, elset=_Surf-33_S2, internal, instance=Part-8-1 
  5759,  5766,  6070,  6425,  7122,  7843,  9097,  9316, 10409, 10417, 10426, 10466, 10470, 10482, 10585, 10618 
 10625, 10667, 10845, 10850, 11448, 11477, 11483, 11494, 11509, 11532, 11561, 11576, 11579, 11650, 11727, 11834 
 11854, 11868, 11886, 11893, 11913, 11917, 11918, 11926, 11934, 11936, 11959, 11964, 12000, 12001, 12034, 12039 
 12048, 12049, 12099, 12195, 12213, 12333, 12359, 12382, 12468, 12547, 12588, 12738, 12766, 12816, 12875, 13033 
 13068, 13089, 13133, 13173, 13215, 13312, 13391, 13573, 13641, 13766, 13826, 32966, 34403, 34707, 36620 
*Surface, type=ELEMENT, name=Surf-33 
_Surf-33_S1, S1 
_Surf-33_S3, S3 
_Surf-33_S4, S4 
_Surf-33_S2, S2 
*Elset, elset="_f cartilage_S4", internal, instance="f cartilage-1" 
    231,    370,    453,    647,    655,    695,    807,    823,    932,   1007,   1280,   1593,   2061,   2085,   2092,   2167 
   2446,   2831,   2870,   3206,   3210,   3430,   3431,   3743,   3791,   3949,   3967,   4034,   4042,   4196,   4216,   4314 
   4444,   4464,   4481,   4540,   4729,   5181,   5318,   5601,   5861,   5984,   6368,   6506,   6729,   6774,   6913,   6942 
   6962,   7043,   7071,   7086,   7090,   7127,   7248,   7921,   8142,   8180,   8431,   8806,   8846,   8848,   8903,   9341 
   9443,   9847,  10216,  10480,  10538,  10555,  10603,  10698,  10729,  10796,  10981,  11142,  11328,  11420,  11668,  12017 
  12135,  12536,  12544,  12695,  12709,  12822,  12932,  12935,  13123,  13169,  13220,  13255,  13552,  13589,  13631,  13728 
  13844,  13847,  13888,  13985,  13991,  14259,  14287,  14576,  14647,  14733,  14820,  14926,  14964,  15088,  15416,  15452 
  15469,  15477,  15643,  15646,  15680,  15799,  16181,  16195,  16693,  16791,  16932,  17299,  17372,  17464,  17575,  17664 
  17697,  17705,  17708,  17842,  17925,  18172,  18179,  18200,  18390,  18447,  18452,  18643,  18913,  19133,  19349,  19402 
  19534,  19579,  20098,  20408,  20733,  20737,  20844,  21376,  21464,  21612,  21735,  22109,  22224,  22245,  22369,  22382 
  22448,  22472,  22519,  22727,  22824,  23058,  23551,  23729,  23879,  23922,  23931,  23993,  24019,  24087,  24117,  24154 
  24164,  24265,  24436,  24443,  24511,  24522,  24638,  24820,  24829,  24833,  24946,  25004,  25010,  25025,  25167,  25401 
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  25414,  25542,  25560,  25572,  25577,  25602,  26131,  26676,  26741,  26758,  26797,  26978,  26984,  27218,  27226,  27278 
  27439,  27485,  27494,  27658,  27750,  27803,  27806,  27952,  27983,  28122,  28124,  28198,  28434,  28477,  28557,  28563 
  28578,  28713,  28730,  28774,  28784,  28802,  28829,  28879,  28896,  28959,  28972,  29024,  29171,  29797,  29913,  30415 
  30595,  30873,  31072,  31118,  31161,  31175,  31407,  31634,  31653,  31654,  31775,  31869,  32061,  32232,  32397,  32406 
  32424,  32512,  32533,  32568,  32792,  32878,  33005,  33029,  33117,  33149,  33301,  33416,  33443,  33451,  33503,  33564 
  33581,  33749,  34404,  34434,  34447,  34537,  34575,  34656,  34735,  34747,  34892,  35122,  35139,  35143,  35268,  35320 
  35391,  35655,  35740,  35803,  35988,  36198,  36316,  36324,  36355,  36366,  36636,  36727,  36952,  37092,  37228,  37435 
  37552,  37654,  37753,  37824,  37915,  38040,  38299,  38318,  38400,  38612,  38773,  38833,  39026,  39120,  39135,  39152 
  39219,  39297,  39464,  39474,  39518,  39561,  39684,  39752,  39800,  40058,  40059,  40088,  40374,  40548,  40619,  40630 
  40639,  40799,  40831,  40932,  41159,  41320,  41348,  41491,  41538,  41541,  41549,  41564,  41612,  41615,  41794,  42010 
  42120,  42129,  42148,  42240,  42273,  42305,  42416,  42424,  42665,  43072,  43165,  43183,  43204,  43220,  43386,  43506 
  43571,  43582,  43675,  44188,  44321,  44323,  44348,  44382,  44390,  44519,  44526,  44539,  44777,  44783,  44867,  44912 
  45142,  45356,  45431,  45501,  45608,  45613,  45619,  45637,  45918,  45935,  45951,  46194,  46203,  46214,  46381,  46421 
  46679,  46825,  46914,  46918,  46925,  47011,  47093,  47437,  48320,  48358,  48373,  48386,  48388,  48611,  48711,  48720 
  48762,  48774,  48777,  48778,  48795,  48799,  48927,  49061,  49230,  49268,  49306,  49401,  49516,  49539,  49630,  49921 
  49973,  50149,  50629,  50936,  51206,  51327,  51447,  51551,  51658,  51765,  51920,  51933,  51963,  51964,  52237,  52279 
  52349,  52380,  52587,  52640,  52644,  52694,  52725,  52869,  52950,  53461,  53470,  53501,  53548,  53618,  53660,  53763 
  53964,  54185,  54382,  54388,  54461,  54540,  54572,  54614,  54992,  55059,  55137,  55169,  55306,  55344,  55350,  55488 
  55505,  55529,  55794,  55864,  55875,  56281,  56338,  56367,  56373,  56692,  56698,  56776,  56781,  56784,  56813,  56824 
  56848,  56963,  57009,  57255,  57281,  57283,  57287,  57338,  57374,  57468,  57605,  57616,  57632,  57861,  57956,  57977 
  58012,  58103,  58347,  58420,  58519,  58530,  58582,  58611,  58793,  58998,  59013,  59073,  59081,  59207,  59220,  59436 
  59466,  59786,  59803,  59827,  59841,  59915,  60011,  60068,  60069,  60252,  60296,  60402,  60438,  60473,  60641,  60774 
  60805,  60846,  61020,  61169,  61252,  61286,  61360,  61381,  61614,  61730,  61745,  61757,  61842,  61914,  61922,  62024 
  62059,  62123,  62375,  62410,  62491,  62583,  62628,  62670,  62822,  62896,  63248,  63379,  63469,  63549,  63884,  64480 
  64622,  64702,  64731,  64828,  64941,  65233,  65360,  65378,  65398,  65407,  65460,  65616,  65631,  65645,  65716,  65744 
  65810,  65930,  66012,  66146,  66484,  66505,  66654,  66665,  66860,  67738,  67830,  67956,  68142,  68150,  68349,  68420 
  68519,  68526,  68528,  68706,  68770,  68842,  68847,  68943,  69013,  69424,  69664,  69739,  69747,  69901,  69903,  69906 
  69918,  69981,  70341,  70346,  70462,  70487,  70687,  70914,  70945,  70973,  71003,  71010,  71301,  71331,  71347,  71351 
  71571,  71679,  72067,  72069,  72153,  72174,  72295,  72358,  72532,  72610,  72616,  72633,  72922,  72928,  73028,  73184 
  73364,  73377,  73529,  73701,  73801,  73893,  73906,  73932,  74267,  74378,  74381,  74528,  74625,  74641,  74671,  74722 
  74757,  75221,  75349,  75440,  75480,  75527,  75531,  75754,  75805,  75927,  75987,  76195,  76281,  76309,  76621,  76926 
  76952,  77057,  77094,  77108,  77134,  77284,  77447,  77499,  77825,  77836,  77940,  78355,  78372,  78526,  78565,  78605 
  78606,  78631,  78687,  78917,  78997,  79333,  79340,  79350,  79444,  79491,  79637,  79775,  79873,  80047,  80063,  80200 
  80205,  80288,  80297,  80353,  80387,  80391,  80968,  80990,  81026,  81035,  81117,  81179,  81187,  81291,  81310,  81371 
  81430,  81594,  81664,  81853,  81979,  81987,  81990,  82068,  82681,  82764,  82819,  82851,  82853,  83339,  83392,  83451 
  83454,  83457,  83497,  83801,  83816,  83880,  83917,  84170,  84387,  84592,  84885,  84899,  84930,  84953,  85126,  85216 
  85241,  85396,  85516,  85646,  85697,  85737,  85893,  85923,  86007,  86022,  86074,  86148,  86235,  86256,  86326,  86367 
  86408,  86772,  86811,  86932,  86988,  87535,  87540,  87833,  87903,  88016,  88063,  88369,  88415,  88438,  88662,  88668 
  88848,  88999,  89275,  89362,  89475,  89890,  89895,  90299,  90367,  90401,  90402,  90414,  90589,  90620,  90814,  91087 
  91207,  91359,  91528,  91619,  91633,  91749,  91761,  91888,  92164,  92169,  92249,  92313,  92353,  92376,  92536,  92865 
  93026,  93225,  93384,  93469,  93563,  93807,  93886,  93894,  93930,  94224,  94441,  94456,  94638,  94641,  94795,  94887 
  95176,  95410,  95798,  95930,  95979,  95983,  96071,  96162,  96426,  96569,  96661,  96825,  96966,  97073,  97154,  97266 
  97268,  97293,  97387,  97435,  97472,  97623,  97736,  97822,  97889,  98394,  98458,  98710,  98728,  98823,  98959,  99054 
  99060,  99078,  99120,  99122,  99194,  99198,  99402,  99554,  99581,  99609,  99626,  99639,  99686,  99756,  99757,  99871 
  99910,  99969, 100002, 100346, 100540, 100592, 100750, 100819, 100945, 100992, 101000, 101027, 101066, 101186, 101403, 101538 
 101659, 101863, 102085, 102121, 102199, 102211, 102275, 102399, 102505, 102671, 102713, 102816, 102846, 102904, 103265, 103399 
 103447, 103553, 103635, 103723, 103793, 104138, 104234, 104468, 104555, 104584, 104775, 104935, 104954, 105047, 105106, 105115 
 105293, 105341, 105364, 105605, 105811, 105844, 105924, 106031, 106069, 106078, 106398, 106459, 106646, 106856, 106880, 106977 
 107084, 107187, 107259, 107740, 107824, 108076, 108246, 108256, 108359, 108448, 108712, 108715, 108894, 108926, 109289, 109620 
 109802, 109822, 109993, 110135, 110374, 110524, 110649, 110993, 111149, 111185, 111251, 111573, 111659, 111817, 111866, 111916 
 111937, 111995, 112249, 112294, 112443, 112487, 112494, 112496, 112509, 112544, 112559, 112666, 112898, 113116, 113175, 113228 
 113229, 113285, 113413, 113463, 113521, 113606, 113751, 113789, 113822, 113915, 114155, 114398, 114522, 114557, 114633, 114882 
 114924, 115009, 115026, 115072, 115145, 115226, 115294, 115437, 115450, 115590, 115608, 115609, 115683, 115708, 116056, 116146 
 116369, 116407, 116462, 116515, 116722, 116935, 117065, 117121, 117467, 117504, 117542, 117724, 118055, 118119, 118352, 118356 
 118395, 118480, 118508, 118554, 118725, 118874, 119264, 119400, 119431, 120123, 120196, 120369, 120376, 120783, 120927, 121012 
 121338, 121696, 121700, 121786, 121819, 121998, 122000, 122064, 122161, 122301, 122403, 122633, 122816, 122903, 122994, 123081 
 123294, 123364, 124278, 124545, 124600, 125091, 125189, 125201, 125284, 125399, 125550, 125760, 125945, 125965, 126024, 126054 
 126175, 126245, 126372, 126420, 126490, 126514, 126715, 126804, 127053, 127174, 127373, 127488, 127535, 127717, 128015, 128295 
 128422, 128646, 128757, 129033, 129124, 129638, 129788, 129962, 129987, 130049, 130192, 130379, 130580, 130824, 130850, 130872 
 131497, 131502, 131503, 131617, 131656, 131674, 131813, 131969, 132126 
*Elset, elset="_f cartilage_S1", internal, instance="f cartilage-1" 
     43,    328,    437,   1315,   2427,   2781,   2996,   3114,   3994,   4053,   4147,   4752,   4973,   5552,   5585,   5748 
   6108,   6125,   6573,   6619,   6772,   7322,   7508,   7605,   7787,   7827,   7940,   8135,   8162,   8250,   8423,   8576 
   8723,   9030,   9155,   9544,   9685,   9828,  10692,  10833,  10859,  11254,  11367,  11387,  11598,  11719,  11790,  12161 
  12272,  12481,  12535,  12643,  12923,  13113,  13247,  13249,  13471,  13843,  14609,  14856,  14921,  14975,  15102,  15253 
  15730,  15814,  15888,  15895,  15928,  15964,  16159,  16194,  16505,  16765,  16843,  17040,  17312,  17609,  17928,  18263 
  18280,  18397,  18636,  18641,  19418,  19433,  19571,  19933,  20424,  20648,  20652,  21778,  22006,  22034,  22041,  22388 
  22411,  22426,  22610,  22772,  23360,  23756,  23801,  23883,  24193,  24784,  24832,  25077,  25186,  25224,  25264,  25328 
  25530,  25781,  26337,  26370,  26594,  26599,  26793,  27275,  27373,  27417,  27793,  28105,  28160,  28235,  28301,  28349 
  28405,  28501,  28513,  28749,  28785,  28787,  28817,  28827,  28934,  30450,  31378,  31807,  31897,  31943,  32163,  32531 
  32662,  32779,  33138,  33910,  34046,  34295,  34488,  34499,  34588,  34878,  35206,  35276,  35284,  35324,  35358,  35373 
  35419,  35559,  35617,  35726,  35840,  35986,  36200,  36313,  36450,  36517,  37741,  38444,  39178,  39390,  39816,  41092 
  41383,  41543,  41834,  42046,  42545,  42562,  42805,  42860,  43042,  43424,  43453,  43637,  43873,  44174,  44377,  45041 
  45551,  45805,  46102,  46184,  46449,  46864,  46881,  47323,  47939,  48378,  48566,  48620,  48831,  48910,  48939,  49085 
  49109,  49291,  49379,  50185,  50509,  50586,  50849,  51401,  51608,  51787,  51815,  52042,  52443,  52481,  52584,  52811 
  52840,  53396,  54375,  54712,  54955,  55180,  55187,  55327,  55367,  55393,  56261,  56654,  56728,  56850,  57366,  57376 
  57563,  58014,  58106,  58146,  58242,  58248,  58648,  58668,  58953,  58957,  59726,  59843,  59904,  59956,  60033,  60066 
  60343,  60372,  60570,  61223,  61280,  61358,  61374,  61384,  61662,  61905,  62187,  62396,  62462,  62571,  62941,  63069 
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  63087,  63635,  63949,  64076,  64478,  64581,  64776,  64848,  65102,  65358,  65525,  65793,  65814,  66294,  66519,  66593 
  66599,  66634,  66764,  66789,  66803,  66817,  66934,  66965,  67575,  67710,  67782,  67841,  67872,  67891,  67895,  68098 
  68444,  69165,  69306,  69389,  69406,  69552,  70009,  70089,  70445,  70458,  70518,  70722,  70792,  70855,  70997,  71470 
  71544,  71940,  71960,  71992,  72203,  72222,  72280,  72327,  72699,  72712,  72765,  73180,  73387,  73409,  73412,  73487 
  73761,  74559,  74692,  74938,  75438,  75505,  75650,  76044,  76381,  76434,  76558,  77044,  77247,  77401,  77658,  77682 
  77900,  77909,  77921,  78608,  78723,  78742,  78930,  79312,  79464,  79507,  79967,  80544,  80618,  80709,  80770,  80969 
  81255,  81358,  81520,  81691,  82069,  82270,  83315,  83395,  83458,  83510,  83545,  83903,  83946,  83968,  84127,  84433 
  84521,  84688,  84922,  85075,  85191,  85192,  85734,  85758,  85909,  86400,  86441,  86490,  86768,  86899,  86918,  87023 
  87200,  87298,  87352,  87421,  87489,  87626,  88006,  88034,  88149,  88287,  88414,  88589,  88824,  88856,  88995,  89243 
  89516,  89529,  90182,  90842,  90868,  91157,  91233,  91576,  91903,  92115,  92256,  92566,  93297,  93310,  93523,  93572 
  93941,  94433,  94523,  94545,  94686,  95638,  95772,  95952,  95982,  96130,  96149,  96252,  96577,  96630,  96959,  97059 
  97446,  97745,  97955,  98333,  98399,  98515,  98617,  98758,  99040,  99384,  99599,  99653, 100052, 100181, 100505, 100584 
 100647, 101185, 101247, 101437, 102010, 102118, 102157, 102200, 102229, 102442, 102828, 102900, 102902, 103026, 103538, 103539 
 103556, 103711, 104020, 104162, 104209, 104786, 104988, 105198, 105413, 105415, 105798, 105958, 105983, 106224, 106412, 106432 
 106620, 106684, 106895, 107037, 107157, 107267, 107523, 107823, 107845, 108452, 108670, 108731, 108754, 108867, 108988, 109111 
 109209, 109283, 109296, 109521, 109646, 110213, 110286, 110755, 111069, 111322, 111473, 111525, 111645, 111797, 112064, 112257 
 112297, 113150, 113172, 113279, 113316, 113373, 113464, 113769, 113859, 113999, 114085, 114346, 114703, 114883, 115084, 115091 
 115108, 115209, 115754, 115832, 116052, 116303, 117404, 117482, 117850, 117887, 117911, 118553, 118809, 119045, 119473, 119658 
 119722, 119740, 119850, 119873, 119971, 120505, 121166, 121454, 122229, 122505, 122829, 122958, 123176, 124507, 124575, 124714 
 124830, 124837, 124918, 125002, 125154, 125504, 125653, 125911, 125923, 126487, 126607, 126854, 127093, 127131, 127165, 127684 
 127942, 128135, 128141, 128680, 128731, 128843, 129459, 130348, 130802, 131797, 131828, 131887, 132259 
*Elset, elset="_f cartilage_S2", internal, instance="f cartilage-1" 
    324,    436,    551,    913,   1050,   1643,   1666,   2078,   2079,   2806,   3628,   7304,   8004,   8961,   9974,  10645 
  12194,  12409,  13243,  13358,  13463,  13532,  13770,  13809,  14254,  14298,  14318,  14415,  14604,  14736,  15213,  15262 
  15546,  15606,  16177,  16215,  16445,  16663,  16764,  16859,  17026,  17371,  17404,  18061,  18083,  18366,  18472,  18494 
  18821,  19342,  19373,  19793,  19803,  19810,  19968,  20034,  20454,  20554,  20666,  20690,  20941,  20965,  21285,  21573 
  21578,  21608,  21627,  21633,  22578,  22660,  23289,  23406,  23520,  23847,  24001,  25417,  25705,  26160,  26557,  27221 
  27281,  27352,  27394,  27424,  27462,  27766,  27903,  28703,  28761,  28825,  28895,  29068,  29360,  29393,  29980,  30026 
  30064,  30169,  30322,  30343,  30867,  31268,  31451,  31835,  31922,  32212,  32264,  32425,  32481,  32541,  32571,  32681 
  32776,  32788,  32910,  32917,  33088,  33131,  33199,  33361,  33707,  33826,  33876,  33915,  34026,  34568,  35058,  35300 
  35328,  35340,  35376,  35380,  35388,  35450,  35749,  35825,  35838,  35913,  36205,  36349,  37361,  37756,  37890,  37957 
  38305,  38421,  38432,  38777,  38965,  38970,  39081,  39109,  39138,  39279,  39406,  39604,  39616,  39627,  39936,  39998 
  40333,  40349,  40360,  40482,  40614,  40616,  41067,  41272,  41443,  41551,  41738,  42141,  42227,  42286,  42492,  42620 
  42804,  42853,  42872,  42924,  43178,  43270,  43584,  43614,  43627,  43891,  43925,  44042,  44080,  44201,  44467,  44632 
  44920,  45118,  45122,  45251,  45546,  45929,  46322,  46730,  47080,  47094,  47148,  47222,  47472,  47549,  47603,  47626 
  47646,  47796,  47858,  47910,  48202,  48416,  48696,  48990,  49007,  49134,  49207,  49451,  49463,  49612,  49625,  49627 
  49674,  49675,  49682,  49968,  50214,  50258,  50592,  50598,  50604,  51084,  51194,  51538,  51624,  51998,  52131,  52134 
  52191,  52504,  52727,  52934,  53172,  53207,  53596,  54076,  54152,  54160,  54751,  55056,  55134,  55161,  55348,  55518 
  55726,  55786,  55831,  55857,  56020,  56102,  56230,  56368,  56468,  56534,  56610,  56740,  56960,  57024,  57103,  57134 
  57176,  57248,  57571,  57593,  57603,  57612,  58013,  58600,  58653,  58662,  58689,  58700,  58709,  58729,  58824,  58837 
  59025,  59103,  59171,  59177,  59217,  59224,  59303,  59307,  59489,  59671,  59730,  59849,  59877,  59882,  59905,  59928 
  60053,  60105,  60172,  60444,  60462,  60792,  60826,  60858,  60879,  61095,  61108,  61113,  61285,  61372,  61373,  61522 
  61535,  61797,  61835,  61854,  61866,  61892,  62023,  62143,  62639,  62843,  62964,  63072,  63160,  63284,  63328,  63329 
  63831,  63842,  63880,  63945,  64029,  64051,  64127,  64341,  64854,  65273,  65300,  65362,  65469,  65715,  65741,  65786 
  65813,  65892,  66123,  66205,  66395,  66512,  66530,  66554,  66576,  66592,  66637,  66647,  66650,  66653,  66658,  66925 
  67057,  67095,  67393,  67408,  67434,  67881,  67890,  67982,  68577,  68639,  68667,  68761,  68954,  69468,  69518,  69643 
  69872,  69873,  69988,  70010,  70397,  71050,  71392,  71589,  71967,  71973,  72130,  72221,  72223,  72292,  72347,  72354 
  72476,  72530,  72571,  72691,  73175,  73289,  73383,  73416,  73552,  73592,  73618,  73805,  74195,  74482,  74636,  75281 
  75316,  75324,  75393,  75407,  75428,  75477,  75682,  75845,  75858,  75936,  76271,  76286,  76294,  76335,  76403,  76412 
  76539,  76789,  76838,  76848,  76920,  76983,  77059,  77142,  77818,  77929,  78016,  78169,  78241,  78584,  78673,  78810 
  78836,  78992,  79235,  79298,  79303,  79354,  79407,  79456,  79474,  79584,  79685,  80073,  80111,  80137,  80512,  80942 
  81049,  81109,  81195,  81216,  81535,  81671,  81858,  82030,  82548,  82615,  82616,  82642,  82692,  82710,  82733,  82767 
  82867,  82896,  83216,  83314,  83698,  83724,  83858,  83945,  84026,  84164,  84388,  84431,  84777,  84805,  84902,  84962 
  85154,  85293,  85354,  85370,  85673,  85813,  85878,  86047,  86194,  86281,  86361,  86448,  86457,  86777,  86803,  87092 
  87106,  87187,  87196,  87293,  87791,  87999,  88031,  88095,  88105,  88141,  88230,  88307,  88335,  88372,  88380,  88694 
  88984,  89112,  89232,  89399,  89594,  89631,  89672,  89677,  90101,  90274,  90387,  90671,  91180,  91386,  91540,  91942 
  91990,  92075,  92302,  92344,  92348,  92363,  92383,  92414,  92480,  92592,  92820,  93036,  93182,  93420,  93652,  93680 
  93726,  93740,  94216,  94298,  94700,  94979,  95036,  95313,  95562,  95751,  96207,  96216,  96294,  96564,  96669,  96926 
  97133,  97308,  97342,  97351,  97358,  97389,  97405,  97609,  97856,  97998,  98106,  98192,  98339,  98353,  98366,  98381 
  98383,  98461,  98480,  98502,  99110,  99614,  99727,  99817,  99900, 100015, 100069, 100250, 100512, 100934, 101049, 101087 
 101255, 101610, 101623, 102047, 102069, 102101, 102198, 102425, 102467, 102491, 102517, 102529, 102654, 102674, 102679, 102815 
 102830, 103027, 103386, 103562, 103565, 103864, 103922, 104015, 104077, 104106, 104261, 104605, 104639, 104666, 104754, 104806 
 104819, 104915, 105013, 105105, 105180, 105473, 105805, 105819, 105835, 105893, 105914, 106207, 106225, 106499, 106522, 106847 
 106934, 107103, 107104, 107150, 107468, 107898, 108008, 108248, 108685, 108793, 108830, 108876, 109060, 109456, 109628, 109690 
 109747, 110234, 110323, 110347, 110445, 110507, 110735, 110778, 110992, 111310, 111635, 111819, 111825, 112069, 112361, 112529 
 112578, 112743, 112917, 112967, 113171, 113299, 113361, 113548, 113916, 113961, 113972, 114022, 114140, 114327, 114378, 114454 
 114466, 114645, 114739, 114956, 114988, 115138, 115232, 115335, 115347, 115475, 115729, 115772, 116061, 116510, 116564, 116786 
 117736, 117880, 117882, 118186, 118363, 118766, 119138, 119868, 120368, 120405, 120533, 121060, 121558, 122588, 122993, 123134 
 123415, 123925, 124011, 124047, 124568, 125448, 126709, 127010, 127243, 127429, 128494, 128811, 129217, 130555, 131009, 131486 
 131892, 
*Surface, type=ELEMENT, name="f cartilage" 
"_f cartilage_S3", S3 
"_f cartilage_S4", S4 
"_f cartilage_S2", S2 
"_f cartilage_S1", S1 
*Elset, elset="_meniscus L bottom_S3", internal, instance="meniscus L-1" 
   554,   693,   785,   869,  1020,  1025,  1091,  1100,  1241,  1332,  1415,  1705,  1958,  2007,  2210,  2232 
  2285,  2302,  2332,  2347,  2351,  2475,  2480,  2530,  2547,  2562,  2567,  2573,  2590,  2616,  2636,  2642 
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  2665,  2676,  2679,  2693,  2722,  2779,  2788,  2791,  2801,  2814,  2832,  2838,  2849,  2872,  2880,  2899 
  2918,  2984,  2997,  3046,  3048,  3050,  3064,  3115,  3125,  3137,  3142,  3154,  3178,  3207,  3225,  3301 
  3329,  3334,  3358,  3377,  3378,  3386,  3401,  3403,  3404,  3413,  3467,  3468,  3472,  3473,  3478,  3480 
  3501,  3508,  3512,  3552,  3577,  3618,  3649,  3651,  3694,  3696,  3698,  3708,  3714,  3719,  3728,  3730 
  3733,  3740,  3756,  3758,  3771,  3772,  3798,  3805,  3819,  3828,  3833,  3834,  3835,  3837,  3840,  3846 
  3851,  3864,  3877,  3887,  3904,  3906,  3923,  3924,  3953,  3976,  3988,  4041,  4046,  4053,  4067,  4075 
  4096,  4098,  4106,  4108,  4114,  4116,  4119,  4121,  4122,  4128,  4133,  4138,  4153,  4159,  4164,  4168 
  4170,  4171,  4191,  4201,  4215,  4216,  4239,  4280,  4290,  4294,  4329,  4332,  4350,  4363,  4371,  4374 
  4376,  4401,  4406,  4407,  4408,  4410,  4412,  4414,  4416,  4427,  4434,  4448,  4450,  4457,  4458,  4462 
  4475,  4484,  4485,  4500,  4501,  4509,  4511,  4528,  4531,  4534,  4544,  4546,  4553,  4569,  4574,  4603 
  4614,  4622,  4631,  4644,  4645,  4675,  4681,  4707,  4709,  4794,  4802,  4803,  4821,  4828,  4829,  4846 
  4861,  4872,  4879,  4885,  4896,  4907,  4938,  4944,  4966,  4984,  4993,  4994,  5003,  5005,  5050,  5051 
  5068,  5073,  5075,  5086,  5094,  5142,  5171,  5183,  5187,  5188,  5195,  5200,  5212,  5244,  5248,  5256 
  5274,  5277,  5291,  5325,  5365,  5382,  5416,  5448,  5456,  5476,  5502,  5509,  5513,  5515,  5532,  5534 
  5535,  5536,  5539,  5551,  5559,  5567,  5571,  5572,  5575,  5579,  5582,  5591,  5627,  5647,  5648,  5655 
  5665,  5672,  5689,  5693,  5750,  5793,  5834,  5840,  5842,  5843,  5872,  5874,  5875,  5876,  5878,  5898 
  5919,  5923,  5956,  5991,  6007,  6055,  6062,  6073,  6080,  6091,  6097,  6098,  6254,  6260,  6262,  6265 
  6284,  6296,  6312,  6317,  6322,  6342,  6344,  6347,  6394,  6450,  6460,  6469,  6476,  6513,  6529,  6548 
  6569,  6593,  6599,  6603,  6635,  6640,  6644,  6652,  6658,  6677,  6704,  6705,  6736,  6737,  6741,  6765 
  6802,  6835,  6842,  6843,  6853,  6860,  6873,  6886,  6909,  6922,  6980,  6990,  6993,  6997,  6998,  7024 
  7025,  7052,  7149,  7157,  7254,  7288,  7336,  7338,  7342,  7376,  7386,  7427,  7449,  7573,  7605,  7608 
  7625,  7635,  7636,  7658,  7659,  7666,  7669,  7670,  7676,  7683,  7690,  7731,  7753,  7794,  7800,  7817 
  7829,  7865,  7867,  7873,  7892,  7912,  7917,  7923,  7930,  7939,  7945,  7979,  7980,  7981,  7989,  8040 
  8054,  8087,  8092,  8093,  8117,  8123,  8173,  8176,  8223,  8241,  8253,  8258,  8305,  8315,  8321,  8398 
  8399,  8409,  8427,  8459,  8471,  8483,  8494,  8505,  8510,  8537,  8547,  8549,  8572,  8593,  8600,  8602 
  8611,  8705,  8711,  8717,  8762,  8792,  8793,  8794,  8795,  8796,  8823,  8837,  8849,  8865,  8884,  8887 
  8892,  8921,  8943,  8949,  8953,  9004,  9034,  9049,  9053,  9074,  9077,  9085,  9100,  9163,  9170,  9188 
  9201,  9208,  9233,  9243,  9277,  9295,  9320,  9331,  9345,  9378,  9380,  9382,  9385,  9451,  9547,  9552 
  9594,  9617,  9618,  9624,  9651,  9655,  9698,  9711,  9790,  9812,  9813,  9882,  9890,  9891,  9936,  9961 
 10066, 10075, 10180, 10268, 10307, 10355, 10368, 10400, 10475, 10492, 10516, 10527, 10545, 10559, 10606, 10694 
 10801, 10819, 10824, 10870, 10909, 10928, 10944, 11017, 11047, 11056, 11072, 11078, 11081, 11084, 11088, 11096 
 11127, 11147, 11158, 11171, 11174, 11181, 11195, 11203, 11210, 11213, 11230, 11238, 11252, 11275, 11276, 11318 
 11333, 11355, 11356, 11384, 11390, 11396, 11451, 11452, 11464, 11471, 11476, 11477, 11478, 11482, 11487, 11547 
 11551, 11582, 11589, 11594, 11595, 11607, 11609, 11626, 11627, 11637, 11647, 11649, 11669, 11687, 11709, 11711 
 11728, 11730, 11743, 11752, 11780, 11781, 11791, 11792, 11799, 11829, 11831, 11839, 11848, 11855, 11866, 11896 
 11899, 11901, 11912, 11915, 11916, 11924, 11930, 11931, 11953, 11960, 11961, 11965, 11991, 12017, 12036, 12044 
 12046, 12047, 12057, 12062, 12090, 12105, 12108, 12120, 12127, 12129, 12133, 12147, 12154, 12206, 12207, 12219 
 12250, 12262, 12268, 12304, 12307, 12316, 12325, 12335, 12349, 12352, 12355, 12401, 12412, 12413, 12428, 12440 
 12445, 12452, 12455, 12462, 12463, 12486, 12540, 12555, 12563, 12574, 12576, 12583, 12603, 12607, 12609, 12620 
 12625, 12626, 12628, 12636, 12637, 12646, 12661, 12731, 12740, 12753, 12762, 12771, 12788, 12794, 12806, 12811 
 12816, 12832, 12848, 12849, 12872, 12873, 12940, 12955, 12967, 12976, 12982, 12983, 13005, 13008, 13010, 13037 
 13049, 13066, 13069, 13120, 13121, 13128, 13133, 13149, 13152, 13155, 13174, 13181, 13192, 13199, 13201, 13202 
 13206, 13226, 13251, 13254, 13257, 13274, 13277, 13278, 13285, 13317, 13346, 13350, 13360, 13370, 13371, 13383 
 13385, 13411, 13418, 13419, 13424, 13426, 13478, 13483, 13510, 13515, 13540, 13544, 13546, 13561, 13575, 13580 
 13589, 13608, 13610, 13611, 13620, 13621, 13624, 13643, 13650, 13697, 13704, 13736, 13749, 13768, 13813, 13815 
 13826, 13833, 13837, 13865, 13928, 13954, 13980, 13988, 14007, 14012, 14014, 14029, 14032, 14033, 14095, 14098 
 14100, 14109, 14113, 14128, 14132, 14166, 14174, 14201, 14210, 14217, 14286, 14287, 14297, 14313, 14314, 14324 
 14325, 14329, 14364, 14385, 14387, 14392, 14393, 14394, 14397, 14399, 14424, 14430, 14431, 14437, 14441, 14473 
 14484, 14486, 14498, 14519, 14536, 14548, 14551, 14552, 14573, 14574, 14604, 14668, 14671, 14698, 14705, 14708 
 14719, 14724, 14727, 14733, 14744, 14748, 14750 
*Elset, elset="_meniscus L bottom_S1", internal, instance="meniscus L-1" 
    57,  2262,  2380,  2389,  2390,  2702,  2888,  3333,  3974,  4084,  4188,  4292,  4494,  4933,  4953,  5143 
  5192,  5273,  5566,  5675,  5696,  5792,  5847,  5984,  6371,  6604,  6707,  6915,  6921,  7084,  7241,  7305 
  7312,  7496,  8190,  8194,  8476,  8589,  8720,  8788,  8857,  8952,  9038,  9121,  9310,  9519,  9523,  9567 
  9568,  9578,  9610,  9714,  9726,  9766,  9783,  9822,  9835,  9853,  9943,  9981, 10015, 10035, 10049, 10084 
 10107, 10207, 10212, 10239, 10308, 10323, 10490, 10552, 10581, 10585, 10599, 10604, 10609, 10635, 10706, 10729 
 10762, 10780, 10781, 10901, 10998, 11569, 11685, 11936, 11945, 12022, 12143, 12192, 12235, 12319, 12450, 12812 
 12867, 13287, 13303, 13723, 14148 
*Elset, elset="_meniscus L bottom_S4", internal, instance="meniscus L-1" 
   297,   482,   801,  1105,  1562,  1913,  2297,  2392,  2537,  2723,  2794,  3146,  3352,  3526,  3613,  3636 
  3836,  3879,  3915,  3951,  3997,  4031,  4312,  4436,  4518,  4552,  4684,  4836,  4954,  4989,  5259,  5270 
  5279,  5715,  5832,  5841,  5924,  6247,  6353,  6718,  6940,  7046,  7207,  7242,  7283,  7369,  7403,  7409 
  7782,  7804,  7815,  7927,  8217,  8617,  8659,  8769,  9410,  9508,  9538,  9660,  9669,  9724,  9782,  9786 
  9897,  9909, 10047, 10079, 10111, 10175, 10304, 10326, 10335, 10345, 10361, 10364, 10388, 10402, 10441, 10573 
 10589, 10655, 10818, 10833, 11062, 11108, 11145, 11363, 11404, 11450, 11495, 11552, 12028, 12224, 12236, 12283 
 12302, 12454, 12599, 12757, 13158, 13388, 13832, 13922, 14194, 14195, 14326, 14616, 14710 
*Elset, elset="_meniscus L bottom_S2", internal, instance="meniscus L-1" 
   671,   815,  2587,  2719,  3165,  3233,  3279,  3315,  3465,  3570,  3857,  3981,  4038,  4196,  4311,  4368 
  4549,  4718,  4911,  4937,  4951,  5167,  5357,  5428,  5588,  6313,  6609,  6647,  6937,  7022,  7070,  7086 
  7158,  7280,  7309,  7497,  7682,  7703,  7944,  8226,  8261,  8308,  8480,  8710,  8722,  8765,  9003,  9046 
  9128,  9276,  9301,  9316,  9396,  9505,  9558,  9576,  9750,  9765,  9795,  9847,  9856, 10057, 10082, 10104 
 10217, 10299, 10338, 10341, 10342, 10348, 10356, 10365, 10369, 10488, 10546, 10570, 10612, 10615, 10624, 10640 
 10687, 10753, 10853, 10867, 10879, 10893, 11085, 11498, 12023, 12119, 12324, 12408, 12470, 12548, 12575, 12651 
 12756, 12963, 13229, 13387, 13609, 13645, 14028, 14138, 14427, 14575, 14654, 14731 
*Surface, type=ELEMENT, name="meniscus L bottom" 
"_meniscus L bottom_S3", S3 
"_meniscus L bottom_S1", S1 
"_meniscus L bottom_S4", S4 
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"_meniscus L bottom_S2", S2 
*Elset, elset="_meniscus L top_S1", internal, instance="meniscus L-1" 
   235,   358,   593,  2225,  2338,  2681,  3054,  3111,  3227,  3269,  3289,  3298,  3338,  3455,  3759,  3869 
  3962,  4014,  4282,  4301,  4945,  5038,  5327,  5391,  5487,  5758,  5968,  5981,  6032,  6430,  6501,  6748 
  6776,  6808,  6945,  8007,  8032,  8071,  8089,  8247,  8672,  8747,  8907,  8919,  9002,  9204,  9258,  9535 
  9707,  9796,  9846,  9939,  9942, 10034, 10046, 10281, 10294, 10309, 10452, 10453, 10507, 10590, 10669, 10723 
 10763, 10787, 10790, 10805, 10841, 10864, 11102, 11317, 11574, 11934, 12126, 12656, 12710, 12991, 13102, 13143 
 13188, 13337, 13573, 13925, 14018, 14079, 14245, 14413, 14421, 14702 
*Elset, elset="_meniscus L top_S3", internal, instance="meniscus L-1" 
   185,   357,   397,   400,   580,   750,   974,   980,  1048,  1064,  1114,  1151,  1171,  1179,  1183,  1335 
  1337,  1372,  1777,  1811,  1859,  2282,  2379,  2487,  2531,  2552,  2580,  2619,  2620,  2639,  2640,  2648 
  2658,  2686,  2725,  2733,  2736,  2738,  2770,  2784,  2795,  2803,  2843,  2864,  2875,  2902,  2920,  2923 
  3033,  3039,  3067,  3075,  3124,  3150,  3204,  3238,  3239,  3246,  3247,  3260,  3264,  3274,  3276,  3277 
  3278,  3317,  3347,  3359,  3368,  3451,  3511,  3518,  3523,  3527,  3528,  3533,  3554,  3557,  3566,  3572 
  3573,  3594,  3606,  3608,  3640,  3657,  3660,  3666,  3687,  3697,  3701,  3707,  3762,  3764,  3838,  3843 
  3845,  3859,  3882,  3890,  3891,  3893,  3903,  3917,  3920,  3921,  3927,  3930,  3931,  3935,  3954,  3960 
  3996,  4020,  4030,  4040,  4044,  4071,  4088,  4089,  4093,  4131,  4134,  4158,  4209,  4218,  4221,  4230 
  4247,  4249,  4255,  4264,  4268,  4269,  4271,  4273,  4275,  4277,  4284,  4285,  4369,  4375,  4395,  4423 
  4433,  4445,  4451,  4503,  4507,  4517,  4533,  4559,  4567,  4576,  4589,  4593,  4605,  4606,  4629,  4633 
  4636,  4638,  4668,  4686,  4688,  4730,  4753,  4763,  4771,  4784,  4791,  4822,  4869,  4876,  4886,  4887 
  4890,  4895,  4898,  4906,  4919,  4922,  4929,  4946,  4957,  4961,  4969,  4983,  4985,  4996,  5000,  5001 
  5002,  5018,  5021,  5022,  5025,  5089,  5116,  5121,  5126,  5136,  5138,  5145,  5157,  5158,  5161,  5168 
  5175,  5215,  5218,  5234,  5272,  5285,  5313,  5318,  5324,  5331,  5336,  5340,  5367,  5369,  5387,  5389 
  5437,  5447,  5469,  5471,  5477,  5488,  5494,  5510,  5512,  5533,  5548,  5565,  5576,  5581,  5597,  5599 
  5619,  5624,  5642,  5646,  5652,  5656,  5663,  5671,  5685,  5699,  5731,  5733,  5741,  5794,  5844,  5845 
  5855,  5871,  5880,  5883,  5887,  5899,  5918,  5949,  5961,  5963,  5976,  5986,  5992,  5993,  6000,  6004 
  6009,  6028,  6035,  6040,  6041,  6057,  6060,  6065,  6075,  6077,  6087,  6099,  6138,  6197,  6199,  6205 
  6206,  6227,  6236,  6258,  6272,  6274,  6277,  6286,  6299,  6307,  6311,  6314,  6332,  6336,  6349,  6360 
  6384,  6387,  6411,  6416,  6420,  6443,  6446,  6454,  6455,  6457,  6459,  6465,  6475,  6478,  6485,  6486 
  6494,  6503,  6507,  6510,  6545,  6567,  6576,  6578,  6580,  6595,  6634,  6638,  6639,  6643,  6648,  6682 
  6697,  6699,  6713,  6730,  6752,  6756,  6758,  6772,  6818,  6826,  6833,  6837,  6864,  6881,  6894,  6936 
  6947,  6965,  6967,  6969,  6971,  7019,  7020,  7023,  7040,  7053,  7072,  7081,  7098,  7103,  7105,  7135 
  7160,  7199,  7201,  7222,  7230,  7237,  7239,  7245,  7257,  7284,  7285,  7322,  7337,  7340,  7347,  7350 
  7351,  7355,  7387,  7430,  7453,  7475,  7480,  7512,  7513,  7534,  7553,  7565,  7572,  7588,  7594,  7598 
  7603,  7629,  7630,  7631,  7638,  7641,  7652,  7654,  7663,  7681,  7688,  7715,  7716,  7719,  7735,  7740 
  7743,  7769,  7791,  7799,  7812,  7818,  7823,  7824,  7859,  7871,  7897,  7901,  7919,  7943,  7966,  7971 
  7973,  7996,  8015,  8025,  8036,  8052,  8055,  8086,  8102,  8110,  8111,  8132,  8167,  8170,  8179,  8277 
  8284,  8289,  8290,  8294,  8304,  8338,  8341,  8361,  8395,  8420,  8426,  8474,  8475,  8478,  8482,  8506 
  8508,  8550,  8554,  8577,  8606,  8630,  8655,  8682,  8691,  8708,  8712,  8715,  8716,  8728,  8734,  8751 
  8774,  8778,  8784,  8790,  8824,  8842,  8843,  8853,  8880,  8959,  8960,  8975,  8976,  9032,  9091,  9108 
  9114,  9116,  9125,  9126,  9137,  9187,  9203,  9206,  9218,  9223,  9228,  9248,  9250,  9298,  9302,  9323 
  9332,  9336,  9341,  9343,  9364,  9375,  9384,  9395,  9411,  9414,  9429,  9446,  9485,  9492,  9497,  9531 
  9549,  9556,  9566,  9569,  9573,  9575,  9614,  9630,  9652,  9661,  9664,  9742,  9779,  9781,  9793,  9794 
  9803,  9804,  9806,  9807,  9845,  9855,  9903,  9929,  9940,  9953,  9973, 10036, 10040, 10060, 10062, 10074 
 10081, 10095, 10143, 10161, 10162, 10186, 10193, 10200, 10216, 10221, 10252, 10285, 10286, 10290, 10292, 10328 
 10330, 10332, 10333, 10343, 10412, 10418, 10449, 10450, 10483, 10502, 10505, 10512, 10542, 10558, 10571, 10588 
 10688, 10700, 10755, 10765, 10776, 10782, 10788, 10791, 10795, 10799, 10804, 10807, 10827, 10828, 10839, 10845 
 10984, 11007, 11023, 11031, 11045, 11049, 11057, 11071, 11076, 11077, 11079, 11103, 11114, 11176, 11183, 11196 
 11212, 11248, 11256, 11273, 11308, 11313, 11326, 11329, 11367, 11373, 11380, 11383, 11459, 11462, 11463, 11470 
 11481, 11484, 11503, 11550, 11566, 11570, 11591, 11600, 11603, 11610, 11612, 11657, 11664, 11694, 11744, 11801 
 11830, 11837, 11842, 11844, 11849, 11867, 11868, 11871, 11877, 11898, 11900, 12008, 12016, 12024, 12042, 12052 
 12061, 12081, 12088, 12091, 12110, 12111, 12116, 12117, 12123, 12128, 12137, 12149, 12155, 12156, 12160, 12167 
 12203, 12204, 12212, 12281, 12297, 12320, 12321, 12331, 12373, 12385, 12392, 12397, 12407, 12420, 12429, 12431 
 12443, 12447, 12457, 12483, 12500, 12511, 12536, 12537, 12570, 12584, 12665, 12671, 12678, 12680, 12695, 12700 
 12708, 12712, 12719, 12730, 12733, 12734, 12737, 12739, 12742, 12748, 12749, 12752, 12755, 12765, 12777, 12782 
 12802, 12805, 12807, 12813, 12814, 12818, 12820, 12823, 12824, 12833, 12834, 12838, 12862, 12874, 12896, 12908 
 12935, 12936, 12942, 12943, 12965, 12966, 12974, 12981, 13038, 13067, 13080, 13089, 13090, 13105, 13108, 13109 
 13124, 13127, 13141, 13148, 13156, 13183, 13205, 13208, 13224, 13235, 13247, 13250, 13270, 13275, 13314, 13324 
 13384, 13413, 13432, 13453, 13465, 13466, 13506, 13521, 13548, 13549, 13555, 13572, 13578, 13582, 13583, 13601 
 13653, 13659, 13664, 13666, 13669, 13671, 13673, 13782, 13796, 13812, 13866, 13882, 13883, 13890, 13900, 13904 
 13914, 13921, 13924, 13933, 13946, 13947, 13948, 13953, 13955, 13971, 13996, 14023, 14031, 14034, 14082, 14083 
 14085, 14102, 14104, 14110, 14112, 14141, 14149, 14151, 14186, 14224, 14256, 14316, 14337, 14338, 14346, 14356 
 14373, 14375, 14380, 14384, 14386, 14391, 14405, 14435, 14439, 14440, 14442, 14443, 14456, 14461, 14469, 14497 
 14508, 14511, 14526, 14535, 14542, 14544, 14553, 14564, 14566, 14568, 14570, 14585, 14586, 14590, 14593, 14605 
 14617, 14620, 14634, 14670, 14693, 14711, 14723, 14737 
*Elset, elset="_meniscus L top_S4", internal, instance="meniscus L-1" 
   120,   599,   602,   656,   770,  1475,  1771,  2030,  2516,  2637,  2884,  2957,  2958,  3038,  3041,  3053 
  3162,  3210,  3262,  3452,  3703,  3902,  4097,  4227,  4658,  4666,  4721,  4764,  4810,  4894,  4968,  4976 
  4980,  5219,  5278,  5480,  5583,  5617,  5660,  5723,  6005,  6125,  6148,  6164,  6196,  6215,  6376,  6419 
  6453,  6561,  6723,  6810,  6865,  7097,  7144,  7169,  7368,  7443,  7527,  7788,  7810,  7878,  7946,  8383 
  8444,  8689,  8725,  9225,  9526,  9623,  9659,  9681,  9682,  9800,  9857,  9871,  9894,  9924,  9962,  9964 
 10067, 10090, 10131, 10210, 10215, 10253, 10275, 10310, 10621, 10770, 10814, 10858, 10891, 11051, 11173, 11348 
 11377, 11445, 11461, 11835, 11863, 11948, 11995, 12025, 12087, 12134, 12197, 12282, 12364, 12437, 12522, 12657 
 12743, 12776, 13034, 13064, 13083, 13099, 13427, 13522, 13524, 13930, 14066, 14094, 14500, 14534, 14672, 14706 
*Elset, elset="_meniscus L top_S2", internal, instance="meniscus L-1" 
    65,   418,  1924,  2633,  2820,  3002,  3043,  3080,  3214,  3223,  3267,  3302,  3345,  4094,  4203,  4232 
  4355,  4556,  4571,  4726,  4739,  5032,  5077,  5096,  5334,  5337,  5616,  5625,  5634,  5668,  5833,  5866 
  5922,  6261,  6870,  6905,  7051,  7151,  7413,  7434,  7706,  7766,  7828,  8091,  8229,  8551,  8569,  8594 
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  8701,  8845,  9109,  9391,  9466,  9490,  9613,  9858,  9888,  9926,  9977, 10197, 10242, 10446, 10447, 10482 
 10484, 10536, 10721, 10764, 10777, 10960, 11220, 11249, 11289, 11531, 11537, 11554, 11606, 11819, 11892, 12124 
 12142, 12374, 12513, 12613, 12723, 12882, 13111, 13184, 13209, 13263, 13635, 13662, 13726, 13843, 14139, 14144 
 14241, 14341, 14545 
*Surface, type=ELEMENT, name="meniscus L top" 
"_meniscus L top_S1", S1 
"_meniscus L top_S3", S3 
"_meniscus L top_S4", S4 
"_meniscus L top_S2", S2 
*Elset, elset="_meniscus M bottom_S3", internal, instance="meniscus m-1" 
    50,   375,   377,   666,   772,  1055,  1437,  1475,  1480,  1497,  1896,  2074,  2440,  2476,  2512,  2518 
  2533,  2545,  2548,  2558,  2566,  2567,  2581,  2589,  2594,  2596,  2714,  2893,  3043,  3052,  3063,  3099 
  3210,  3311,  3376,  3417,  3422,  3460,  3544,  3576,  3599,  3645,  3672,  3675,  3692,  3693,  3697,  3712 
  3735,  3738,  3739,  3741,  3755,  3762,  3768,  3803,  3809,  3847,  3857,  3878,  3901,  3923,  3934,  4014 
  4058,  4061,  4071,  4104,  4109,  4111,  4125,  4130,  4158,  4172,  4176,  4187,  4196,  4198,  4209,  4210 
  4213,  4222,  4252,  4264,  4265,  4276,  4277,  4278,  4287,  4288,  4289,  4322,  4332,  4351,  4385,  4387 
  4393,  4408,  4428,  4447,  4461,  4462,  4469,  4482,  4500,  4509,  4543,  4553,  4557,  4559,  4578,  4612 
  4645,  4667,  4700,  4707,  4708,  4710,  4711,  4723,  4737,  4741,  4742,  4746,  4747,  4753,  4770,  4804 
  4815,  4822,  4832,  4870,  4875,  4880,  4901,  4910,  4918,  4921,  4922,  4934,  4935,  4936,  4938,  4939 
  4940,  4946,  4948,  4950,  4955,  4957,  4986,  4989,  4994,  5017,  5050,  5052,  5056,  5057,  5060,  5072 
  5077,  5086,  5090,  5099,  5111,  5116,  5118,  5126,  5143,  5159,  5164,  5190,  5200,  5207,  5226,  5228 
  5244,  5275,  5291,  5292,  5302,  5308,  5309,  5347,  5355,  5363,  5371,  5390,  5391,  5398,  5425,  5457 
  5466,  5492,  5498,  5518,  5521,  5544,  5567,  5568,  5604,  5617,  5629,  5652,  5658,  5678,  5691,  5715 
  5716,  5717,  5719,  5720,  5723,  5724,  5726,  5729,  5753,  5776,  5828,  5841,  5862,  5868,  5879,  5885 
  5892,  5895,  5900,  5908,  5934,  5940,  6000,  6031,  6032,  6051,  6055,  6058,  6065,  6070,  6073,  6077 
  6079,  6099,  6193,  6203,  6230,  6233,  6236,  6237,  6242,  6243,  6254,  6257,  6266,  6277,  6282,  6283 
  6407,  6410,  6431,  6434,  6448,  6467,  6489,  6512,  6545,  6572,  6579,  6580,  6591,  6603,  6604,  6629 
  6654,  6670,  6673,  6683,  6692,  6702,  6710,  6728,  6729,  6732,  6740,  6741,  6743,  6755,  6800,  6818 
  6841,  6870,  6890,  6910,  6917,  6933,  6952,  6966,  6967,  6969,  6970,  6972,  6998,  7000,  7001,  7015 
  7045,  7049,  7055,  7090,  7103,  7159,  7227,  7237,  7241,  7244,  7248,  7286,  7289,  7293,  7299,  7301 
  7313,  7319,  7362,  7383,  7453,  7454,  7455,  7464,  7531,  7537,  7564,  7583,  7598,  7609,  7622,  7623 
  7647,  7661,  7691,  7747,  7769,  7867,  7868,  7888,  7894,  7897,  7899,  7901,  7908,  7925,  7932,  7937 
  7979,  8029,  8041,  8066,  8099,  8118,  8128,  8147,  8177,  8179,  8181,  8184,  8194,  8205,  8219,  8276 
  8338,  8399,  8405,  8459,  8460,  8464,  8467,  8493,  8521,  8576,  8602,  8640,  8657,  8688,  8709,  8712 
  8724,  8726,  8734,  8739,  8744,  8748,  8751,  8861,  8867,  8886,  8933,  8936,  8945,  8956,  8968,  8970 
  8979,  8985,  8991,  9001,  9003,  9014,  9017,  9065,  9067,  9075,  9076,  9078,  9106,  9127,  9171,  9177 
  9206,  9213,  9214,  9224,  9225,  9231,  9237,  9244,  9245,  9257,  9267,  9337,  9352,  9395,  9471,  9474 
  9477,  9479,  9486,  9496,  9500,  9501,  9560,  9579,  9588,  9603,  9744,  9759,  9770,  9771,  9773,  9781 
  9790,  9794,  9796,  9800,  9802,  9803,  9808,  9810,  9839,  9863,  9867,  9940,  9955,  9963,  9966,  9995 
  9996, 10020, 10027, 10029, 10047, 10055, 10069, 10076, 10111, 10154, 10169, 10205, 10210, 10249, 10268, 10270 
 10292, 10313, 10326, 10327, 10478, 10493, 10499, 10500, 10508, 10510, 10511, 10517, 10520, 10529, 10577, 10589 
 10606, 10621, 10623, 10643, 10648, 10650, 10685, 10702, 10710, 10717, 10779, 10783, 10787, 10790, 10799, 10810 
 10812, 10813, 10862, 10863, 10865, 10913, 10914, 10935, 10936, 10939, 10941, 10949, 10950, 10960, 10962, 10963 
 10980, 11001, 11028, 11042, 11044, 11047, 11108, 11109, 11110, 11112, 11120, 11135, 11145, 11178, 11196, 11201 
 11210, 11213, 11223, 11230, 11249, 11259, 11266, 11287, 11315, 11324, 11344, 11357, 11377, 11420, 11433, 11451 
 11452, 11463, 11465, 11467, 11545, 11559, 11561, 11575, 11577, 11582, 11589, 11601, 11605, 11610, 11614, 11615 
 11625, 11641, 11659, 11660, 11674, 11675, 11707, 11711, 11737, 11740, 11752, 11766, 11771, 11793, 11797, 11800 
 11802, 11820, 11858, 11910, 11936, 11939, 11941, 11947, 11951, 11954, 11964, 11968, 11971, 11976, 11979, 11990 
 12022, 12023, 12034, 12037, 12043, 12082, 12120, 12134, 12138, 12169, 12173, 12181, 12186, 12240, 12264, 12270 
 12275, 12279, 12286, 12298, 12306, 12327, 12329, 12334, 12339, 12378, 12379, 12391, 12395, 12406, 12426, 12456 
 12466, 12475, 12482, 12483, 12501, 12505, 12506, 12512, 12589, 12590, 12607, 12616, 12620, 12623, 12627, 12631 
 12638, 12649, 12651, 12652, 12659, 12680, 12681, 12738, 12751, 12764, 12788, 12809, 12814, 12816, 12843, 12903 
 12908, 12952, 12965, 12970, 12972, 12976, 12979, 12986, 12995, 13003, 13006, 13008, 13018, 13025, 13041, 13045 
 13048, 13051, 13103, 13116, 13148, 13156, 13161, 13185, 13224, 13226, 13238, 13249, 13258, 13259, 13261, 13285 
 13289, 13308, 13325, 13328, 13371, 13375, 13397, 13408, 13437, 13455, 13494, 13506, 13522, 13536, 13576, 13595 
 13596, 13597, 13601, 13605, 13608, 13612, 13632, 13687, 13689, 13728, 13731, 13757, 13760, 13783, 13792, 13801 
 13831, 13853, 13855, 13891, 13920, 13933, 13938, 13947, 13949, 13952, 13953, 13972, 13980, 13988, 14019, 14032 
 14046, 14050, 14054, 14095, 14096, 14127, 14151, 14171, 14201, 14229, 14259, 14261, 14269, 14273, 14277, 14296 
 14298, 14305, 14362, 14367, 14376, 14379, 14393, 14399, 14404, 14432, 14441, 14489, 14493, 14506, 14512, 14516 
 14526, 14528, 14632, 14724, 14732, 14799, 14852, 14905, 14923, 14929, 14930, 15048, 15054, 15142, 15143, 15176 
 15178, 15293, 15298, 15323, 15360, 15463, 15519, 15522 
*Elset, elset="_meniscus M bottom_S2", internal, instance="meniscus m-1" 
   303,   468,   511,  1496,  2520,  2665,  2688,  3079,  3350,  3386,  3403,  3404,  3721,  3838,  3860,  4299 
  4602,  4607,  4646,  4978,  5037,  5128,  5135,  5153,  5217,  5232,  5326,  5356,  5399,  5403,  5419,  5483 
  5583,  5674,  6117,  6648,  7297,  7303,  7498,  7549,  7863,  8192,  8381,  8419,  8604,  9484,  9654,  9741 
 10062, 10352, 10492, 10522, 10575, 10670, 11115, 11127, 11156, 11162, 11623, 11627, 11872, 12026, 12122, 12137 
 12187, 12293, 12478, 12510, 12771, 12789, 12924, 13022, 13038, 13070, 13158, 13316, 13334, 13376, 13418, 13512 
 13571, 13615, 13704, 13750, 13845, 14048, 14154, 14164, 14175, 14377, 14490, 14510, 15483, 15501 
*Elset, elset="_meniscus M bottom_S4", internal, instance="meniscus m-1" 
   621,   842,  1256,  1266,  1360,  1705,  2563,  2675,  2823,  3183,  3390,  3446,  3574,  3804,  3845,  4001 
  4103,  4178,  4219,  4320,  4470,  4601,  4671,  4925,  4984,  4995,  5129,  5145,  5365,  5449,  5463,  5577 
  5792,  6059,  6114,  6371,  6443,  6475,  7616,  7812,  7875,  8114,  8125,  8540,  8583,  8692,  8720,  8938 
  8997,  9050,  9412,  9519, 10014, 10033, 10170, 10631, 10942, 10974, 11629, 11677, 11885, 11911, 11983, 12188 
 12303, 12337, 12515, 12669, 12722, 13786, 13856, 13859, 13974, 14145, 14244, 14684, 14986, 15122, 15313, 15408 
 15465, 15481 
*Elset, elset="_meniscus M bottom_S1", internal, instance="meniscus m-1" 
   443,   477,   761,  1001,  1002,  1658,  2182,  2557,  2651,  2680,  2827,  2829,  2833,  2835,  3203,  3317 
  3322,  3328,  3418,  3561,  3667,  3698,  3842,  3861,  3928,  3968,  4037,  4042,  4044,  4224,  4348,  4400 
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  4463,  4632,  4775,  4776,  4973,  5034,  5277,  5307,  5402,  5651,  5750,  5778,  5783,  5911,  5971,  6326 
  6396,  6569,  6931,  7004,  7014,  7170,  7259,  7448,  7801,  7861,  8264,  9385,  9460,  9675,  9705,  9837 
  9980, 10063, 10214, 10339, 10342, 10408, 10425, 10507, 10823, 11188, 11624, 12384, 12626, 12661, 12805, 12985 
 13235, 13324, 13523, 13965, 14485, 14757, 15426 
*Surface, type=ELEMENT, name="meniscus M bottom" 
"_meniscus M bottom_S3", S3 
"_meniscus M bottom_S2", S2 
"_meniscus M bottom_S4", S4 
"_meniscus M bottom_S1", S1 
*Elset, elset="_tibia cartilage L_S4", internal, instance="t cartilage-L-1" 
   215,   230,   352,   548,   662,   806,   896,   970,   973,  1308,  1411,  1423,  1549,  1705,  1739,  1759 
  1783,  1808,  2059,  2149,  2295,  2342,  2383,  2783,  3205,  4017,  4044,  4099,  4273,  4383,  4384,  4387 
  4720,  4750,  4781,  4798,  4871,  4980,  5261,  5290,  5302,  5335,  5452,  5604,  5747,  5752,  5918,  5952 
  5965,  5979,  6013,  6126,  6279,  6341,  6405,  6410,  6556,  6558,  6561,  6744,  6787,  6892,  7109,  7286 
  7289,  7533,  7579,  7675,  7692,  7720,  7817,  7896,  7990,  8177,  8288,  8407,  8464,  8574,  8580,  8615 
  8798,  8839,  8871,  9068,  9098,  9113,  9141,  9278,  9437,  9641,  9786,  9912,  9971, 10050, 10311, 10603 
 10639, 10649, 10748, 10903, 10913, 10918, 11012, 11104, 11157, 11191, 11222, 11551, 11651, 11707, 11791, 11923 
 12047, 12173, 12175, 12399, 12431, 12613, 12670, 12691, 12729, 12770, 12871, 13005, 13013, 13057, 13092, 13155 
 13364, 13524, 13526, 13680, 13823, 13866, 13902, 13926, 14000, 14039, 14045, 14184, 14214, 14222, 14275, 14307 
 14390, 14455, 14521, 14534, 14571, 14590, 14694, 14745, 14750, 14805, 14814, 14858, 14950, 14984, 15092, 15145 
 15238, 15273, 15355, 15385, 15409, 15452, 15583, 15650, 15705, 15749, 15817, 15934, 16079, 16090, 16099, 16312 
 16313, 16323, 16342, 16352, 16497, 16531, 16568, 16591, 16598, 16650, 16651, 16657, 16663, 16703, 16724, 16725 
 16738, 16746, 16759, 16780, 16869, 16887, 16974, 16982, 16993, 17022, 17038, 17089, 17144, 17214, 17245, 17334 
 17448, 17826, 17858, 17860, 17875, 17893, 17935, 18076, 18077, 18190, 18206, 18220, 18329, 18389, 18412, 18641 
 18662, 18693, 18697, 18711, 18792, 18822, 18842, 18877, 18917, 18933, 19189, 19231, 19346, 19439, 19509, 19522 
 19534, 19544, 19617, 19626, 19744, 19756, 19763, 19817 
*Elset, elset="_tibia cartilage L_S1", internal, instance="t cartilage-L-1" 
    69,    73,   168,   410,   427,   537,   893,  1067,  1104,  1378,  2119,  2151,  2389,  2780,  3252,  3586 
  3792,  3969,  4239,  4329,  4374,  4385,  4897,  5169,  5363,  5597,  5699,  5961,  6037,  6158,  6183,  6185 
  6207,  6254,  6335,  6342,  6392,  6464,  6474,  6580,  6617,  6728,  6776,  6833,  6839,  6846,  6893,  6910 
  7008,  7096,  7208,  7222,  7264,  7308,  7401,  7461,  7731,  7803,  7897,  8042,  8213,  8317,  8330,  8623 
  8661,  8711,  8717,  8835,  8964,  9100,  9236,  9417,  9493,  9834,  9879, 10055, 10064, 10241, 10259, 10784 
 10857, 11046, 11184, 11223, 11769, 12317, 12400, 12445, 12569, 12661, 12910, 13008, 13031, 13234, 13268, 13292 
 13298, 13314, 13433, 13470, 13553, 13555, 13634, 13754, 13813, 13860, 13937, 14174, 14175, 14197, 14211, 14251 
 14333, 14375, 14437, 14473, 14503, 14677, 14789, 14852, 14868, 14882, 14986, 15114, 15147, 15356, 15414, 15698 
 16019, 16092, 16121, 16127, 16293, 16668, 16673, 16674, 16675, 16753, 16847, 16911, 16985, 16999, 17008, 17039 
 17098, 17130, 17247, 17463, 17512, 17561, 17590, 17628, 17701, 17714, 17786, 17794, 17796, 17835, 17837, 17846 
 17855, 17873, 17892, 17976, 18131, 18214, 18363, 18366, 18423, 18431, 18484, 18655, 18698, 18722, 18747, 18966 
 19172, 19257, 19425, 19478, 19510, 19514, 19575, 19619, 19794, 19811 
*Elset, elset="_tibia cartilage L_S2", internal, instance="t cartilage-L-1" 
    39,    70,    83,   217,   273,   876,  1103,  1426,  2495,  2514,  2908,  3392,  3774,  3828,  3947,  4287 
  4870,  4956,  5027,  5092,  5128,  5255,  5271,  5279,  5509,  5757,  5875,  5929,  5976,  6018,  6148,  6167 
  6181,  6262,  6269,  6327,  6364,  6447,  6739,  6773,  6808,  6852,  6971,  7006,  7022,  7068,  7219,  7256 
  7262,  7265,  7276,  7283,  7305,  7309,  7378,  7501,  7809,  7975,  7988,  8145,  8451,  8517,  8657,  8820 
  9240,  9289,  9539,  9644,  9659,  9859, 10248, 10389, 10605, 10658, 10773, 10797, 10872, 11288, 11455, 11636 
 11813, 11944, 11981, 12061, 12062, 12125, 12268, 12322, 12324, 12325, 12333, 12344, 12460, 12594, 12615, 12689 
 12799, 12866, 12906, 12919, 13002, 13099, 13253, 13269, 13282, 13290, 13291, 13300, 13336, 13357, 13376, 13440 
 13441, 13512, 13736, 13870, 13928, 14008, 14047, 14167, 14190, 14191, 14193, 14219, 14230, 14233, 14236, 14242 
 14385, 14433, 14506, 14513, 14601, 14629, 14655, 14752, 14769, 14774, 14784, 14793, 14799, 14865, 15037, 15038 
 15115, 15124, 15129, 15133, 15140, 15150, 15158, 15162, 15435, 15536, 15568, 15605, 15638, 15640, 15697, 15709 
 15716, 15752, 15822, 15828, 16064, 16072, 16083, 16098, 16107, 16108, 16112, 16117, 16194, 16330, 16341, 16347 
 16403, 16462, 16512, 16556, 16561, 16564, 16653, 16654, 16659, 16662, 16664, 16666, 16788, 16797, 16810, 16894 
 16924, 16991, 16996, 17021, 17033, 17061, 17067, 17102, 17110, 17162, 17326, 17449, 17475, 17508, 17514, 17522 
 17552, 17573, 17634, 17649, 17653, 17845, 17848, 17854, 17856, 17865, 17870, 17872, 17877, 17888, 17897, 17905 
 17915, 17989, 18039, 18055, 18102, 18259, 18271, 18384, 18463, 18488, 18573, 18575, 18592, 18609, 18624, 18657 
 18683, 18703, 18727, 18825, 18873, 18891, 19014, 19031, 19049, 19145, 19148, 19169, 19174, 19181, 19188, 19291 
 19305, 19309, 19336, 19337, 19479, 19498, 19503, 19529, 19540, 19609, 19612, 19656, 19687, 19721 
*Surface, type=ELEMENT, name="tibia cartilage L" 
"_tibia cartilage L_S3", S3 
"_tibia cartilage L_S4", S4 
"_tibia cartilage L_S2", S2 
"_tibia cartilage L_S1", S1 
*Elset, elset="_tibia cartilage m_S2", internal, instance="t cartilage-m-1" 
   644,  1099,  1509,  1687,  1886,  2071,  2316,  2471,  2552,  2655,  2689,  2795,  3115,  3410,  3521,  3594 
  4742,  4935,  5100,  5118,  5443,  5598,  5754,  6137,  6408,  6876,  6948,  7371,  7469,  7491,  7552,  7558 
  7652,  7694,  7864,  7950,  8064,  8070,  8079,  8126,  8198,  8450,  8695,  8855,  8875,  8891,  8980,  9158 
  9388,  9603,  9613,  9658,  9839,  9891,  9906, 10019, 10034, 10328, 10397, 10406, 10470, 10759, 10842, 10851 
 10862, 10894, 11292, 11301, 11302, 11428, 11455, 11504, 11617, 11635, 11811, 11903, 12305, 12331, 12509, 12511 
 12563, 12600, 12644, 12737, 12768, 12871, 13008, 13025, 13099, 13100, 13440, 13490, 13600, 13606, 13839, 13860 
 13972, 14012, 14228, 14356, 14452, 14501, 14538, 14600, 14992, 15008, 15009, 15170, 16195, 16304, 16332, 16355 
 16886, 17165, 17229, 17246, 17283, 17319, 17541, 17659, 17683, 17897, 17908, 18103, 18129, 18413, 18717, 18837 
 19164, 19430, 19533, 19720, 19830, 19876, 20050, 20268, 20464, 20522, 20556, 20600, 20657, 20674, 20826, 21121 
 21410, 21475, 21675, 21739, 21762, 21777, 21792, 21839, 21848, 22199, 22226, 22242, 22388, 22409, 22517, 22588 
 22644, 22711, 22751, 22886, 23200, 23205, 23222, 23247, 23328, 23347, 23374, 23403, 23429, 23599, 23626, 23673 
 23679, 23737, 23807, 23981, 24016, 24018, 24036, 24078, 24093, 24123, 24153, 24164, 24178 
*Elset, elset="_tibia cartilage m_S4", internal, instance="t cartilage-m-1" 
    28,   493,   571,   614,   679,   720,   758,   780,   871,  1315,  1480,  1569,  1645,  2050,  2118,  2277 
  2286,  2301,  2523,  2713,  2740,  2785,  3161,  3650,  3851,  4119,  4167,  4175,  4271,  4476,  4536,  4601 
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  4640,  5168,  5368,  5388,  5646,  5820,  5899,  6294,  6675,  6734,  6812,  6824,  6916,  7282,  7332,  7533 
  7699,  7723,  7844,  8003,  8053,  8122,  8181,  8272,  8393,  8403,  8492,  8659,  8742,  8947,  8955,  8977 
  9109,  9144,  9250,  9336,  9457,  9657,  9696,  9804,  9897,  9916, 10045, 10061, 10204, 10228, 10385, 10517 
 10592, 10602, 10672, 10681, 10882, 11145, 11166, 11304, 11426, 11519, 11591, 11906, 12026, 12196, 12303, 12320 
 12325, 12326, 12460, 12583, 12884, 12950, 13366, 13369, 13488, 13504, 13544, 13647, 13770, 13809, 13893, 13904 
 13982, 13988, 13992, 14043, 14057, 14064, 14163, 14333, 14479, 14509, 14579, 14597, 14624, 14655, 14773, 14780 
 14921, 14991, 15003, 15143, 15157, 15396, 15404, 16226, 16348, 16490, 16733, 17181, 17360, 17505, 17545, 17674 
 17785, 18015, 18243, 18449, 18458, 18693, 18695, 18813, 18855, 18995, 18998, 19001, 19027, 19189, 19249, 19346 
 19398, 19496, 19955, 20046, 20131, 20228, 20349, 20532, 20552, 20679, 20682, 20738, 20825, 20836, 20995, 20999 
 21039, 21552, 21556, 21587, 21617, 21646, 21652, 21854, 21905, 22034, 22069, 22227, 22332, 22386, 22417, 22485 
 22486, 22537, 22552, 22564, 22609, 22681, 22767, 22839, 22928, 22947, 22952, 22974, 23018, 23102, 23261, 23290 
 23808, 23957, 24045, 24065, 24075, 24108 
*Elset, elset="_tibia cartilage m_S1", internal, instance="t cartilage-m-1" 
    16,   387,   392,   465,  1297,  1501,  1761,  1849,  2176,  2179,  2249,  2253,  2280,  2283,  2446,  2510 
  2677,  2835,  2948,  3668,  4071,  4163,  4183,  4734,  5023,  5121,  5606,  5883,  5911,  6110,  6415,  7344 
  7362,  7516,  7777,  7826,  8000,  8041,  8067,  8069,  8132,  8231,  8573,  8577,  8666,  8832,  8844,  8864 
  8898,  9147,  9187,  9223,  9269,  9358,  9393,  9404,  9609,  9659,  9795,  9840,  9888, 10183, 10638, 10834 
 10843, 10881, 10940, 10968, 11339, 11654, 11705, 11893, 12011, 12115, 12232, 12641, 13035, 13296, 13636, 14051 
 14166, 14372, 14384, 14687, 14689, 14801, 14919, 15053, 15439, 15445, 15524, 15778, 16274, 16350, 16864, 16898 
 16944, 17052, 17209, 17323, 17490, 17568, 17706, 17831, 18802, 18986, 19107, 19120, 19214, 19290, 19433, 19438 
 19840, 19947, 20394, 20551, 20957, 21102, 21224, 22217, 22719, 22919, 22959, 22978, 23381, 23837, 23907 
*Surface, type=ELEMENT, name="tibia cartilage m" 
"_tibia cartilage m_S3", S3 
"_tibia cartilage m_S2", S2 
"_tibia cartilage m_S4", S4 
"_tibia cartilage m_S1", S1 
*Surface, type=NODE, name=FEMATTACH_CNS_, internal 
FEMATTACH, 1. 
*Surface, type=NODE, name=TIBATTACH_CNS_, internal 
TIBATTACH, 1. 
** Constraint: Constraint-4 
*Tie, name=Constraint-4, adjust=no, position tolerance=1., type=NODE TO SURFACE 
FEMATTACH_CNS_, Part-8-1."Femur surface" 
** Constraint: Constraint-7 
*Tie, name=Constraint-7, adjust=no, position tolerance=1., type=NODE TO SURFACE 
TIBATTACH_CNS_, Part-9-1."Tibia surface" 
*End Assembly 
*Distribution Table, name=Ori-1-DiscOrient_Table 
coord3D, coord3D 
*Distribution Table, name=Ori-1-DiscOrient-1_Table 
coord3D, coord3D 
**  
** MATERIALS 
**  
*Material, name="ARTICULAR CARTILAGE" 
*Elastic 
10., 0.45 
*Material, name="BONE cortical" 
*Density 
 1.5e-09, 
*Elastic 
17000., 0.33 
*Material, name="BONE trabecular" 
*Density 
 1.5e-09, 
*Elastic 
400., 0.33 
*Material, name=LIGAMENT 
*Hyperelastic, mooney-rivlin, test data input 
*Uniaxial Test Data 
 0.122187, 0.207152 
 0.122187, 0.700771 
 0.461638,  1.21907 
 0.885952,  1.66333 
   1.3633,  2.13227 
   2.0316,   2.4778 
  2.34983,  2.77397 
  2.82082,  3.04546 
  3.49548,  3.41568 
   4.0683,  3.68717 
  4.78964,  4.00802 
  5.74434,  4.40292 
  6.26413,  4.67441 
  6.99607,  4.99526 
  9.54195,  5.72746 
  12.9789,  6.69825 
  13.9972,   7.0191 
  17.1796,   7.9652 
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  18.1979,  8.25315 
  21.7622,  9.24039 
  22.7805,  9.53656 
  24.4778,  10.0713 
  25.7083,  10.4498 
  26.6842,  10.7295 
  28.8907,  11.3383 
  31.0334,  11.9553 
  31.9457,  12.2761 
  32.4549,   12.523 
  33.6217,  12.9425 
  34.2052,  13.2387 
  34.9583,  13.5349 
  35.3572,  13.9248 
  35.5948,  14.1025 
  36.3586,  14.4728 
  36.4965,  14.7689 
  36.5707,  15.0651 
  36.5707,    15.46 
  36.5283,  15.6328 
*Material, name=MENISCUS 
*Elastic, type=ENGINEERING CONSTANTS 
125.,  27.5,  27.5,   0.1,   0.1,  0.33,    2.,    2. 
 10.33, 
**  
** INTERACTION PROPERTIES 
**  
*Surface Interaction, name=FRICTIONLESS 
1., 
*Friction, slip tolerance=0.005 
0., 
*Surface Behavior, pressure-overclosure=HARD 
**  
** CONTACT INITIALIZATION DATA 
**  
*Contact Initialization Data, name="Contact Initialization" 
**  
** BOUNDARY CONDITIONS 
**  
** Name: BC-3 Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
Part-9-1."tibia bottom nodes new", ENCASTRE 
** Name: BC-6 Type: Displacement/Rotation 
*Boundary 
Set-87, 3, 3 
**  
** INTERACTIONS 
**  
** Interaction: FRICTIONLESS-1 
*Contact Pair, interaction=FRICTIONLESS, type=SURFACE TO SURFACE 
"meniscus L top", "f cartilage" 
** Interaction: FRICTIONLESS-2 
*Contact Pair, interaction=FRICTIONLESS, type=SURFACE TO SURFACE 
"tibia cartilage L", "f cartilage" 
** Interaction: FRICTIONLESS-3 
*Contact Pair, interaction=FRICTIONLESS, type=SURFACE TO SURFACE 
"Meniscus M top", "f cartilage" 
** Interaction: FRICTIONLESS-4 
*Contact Pair, interaction=FRICTIONLESS, type=SURFACE TO SURFACE 
"tibia cartilage m", "f cartilage" 
** Interaction: FRICTIONLESS-5 
*Contact Pair, interaction=FRICTIONLESS, type=SURFACE TO SURFACE 
"meniscus L bottom", "tibia cartilage L" 
** Interaction: FRICTIONLESS-6 
*Contact Pair, interaction=FRICTIONLESS, type=SURFACE TO SURFACE 
"meniscus M bottom", "tibia cartilage m" 
** ---------------------------------------------------------------- 
**  
** STEP: ApplyFemRotation 
**  
*Step, name=ApplyFemRotation, nlgeom=YES, inc=1000 
Apply rotation to femur about joint center. 
*Static, stabilize, factor=0.0002, allsdtol=0., continue=NO 
0.01, 0.1, 1e-15, 0.1 
**  
** INTERACTIONS 
**  
** Contact Controls for Interaction: FRICTIONLESS-1 
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*Contact Controls, master="f cartilage", slave="meniscus L top", reset 
** Interaction: FRICTIONLESS-2 
*Model Change, type=CONTACT PAIR, remove 
"tibia cartilage L", "f cartilage" 
** Contact Controls for Interaction: FRICTIONLESS-3 
*Contact Controls, master="f cartilage", slave="Meniscus M top", reset 
** Interaction: FRICTIONLESS-4 
*Model Change, type=CONTACT PAIR, remove 
"tibia cartilage m", "f cartilage" 
** Contact Controls for Interaction: FRICTIONLESS-5 
*Contact Controls, master="tibia cartilage L", slave="meniscus L bottom", reset 
** Contact Controls for Interaction: FRICTIONLESS-6 
*Contact Controls, master="tibia cartilage m", slave="meniscus M bottom", reset 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-3 
**  
*Output, field, frequency=99999 
*Contact Output 
CDISP, CSTRESS 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Node Output 
CF, RF, U 
**  
** FIELD OUTPUT: F-Output-2 
**  
*Element Output, directions=YES 
E, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, frequency=99999 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: ApplyLoads 
**  
*Step, name=ApplyLoads, nlgeom=YES, inc=1000 
Apply standing compressive load to joint 
*Static, stabilize, factor=0.0002, allsdtol=0., continue=NO 
0.01, 0.1, 1e-15, 0.1 
**  
** LOADS 
**  
** Name: Load-8   Type: Pressure 
*Dsload 
Surf-33, P, 0.6 
**  
** INTERACTIONS 
**  
** Interaction: FRICTIONLESS-2 
*Model Change, type=CONTACT PAIR, add 
"tibia cartilage L", "f cartilage" 
** Interaction: FRICTIONLESS-4 
*Model Change, type=CONTACT PAIR, add 
"tibia cartilage m", "f cartilage" 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-6 
**  
*Output, field, frequency=99999 
*Contact Output 
CDISP, CSTRESS 
**  
** FIELD OUTPUT: F-Output-4 
**  
*Node Output 
CF, RF, U 
**  
** FIELD OUTPUT: F-Output-5 
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**  
*Element Output, directions=YES 
E, S 
**  
** HISTORY OUTPUT: H-Output-2 
**  
*Output, history, variable=PRESELECT, frequency=99999 
*End Step 
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Appendix B: Dissection Steps of the Specimen for the Experiments 

In this appendix, dissection procedure of a knee specimen is shown step by step using 

photos. It starts from a fully embalmed leg and ends with the final specimen ready for 

the experiments. 

Warning: Some of the photos include graphic content and may disturb some people.  

 

 

Figure B 1. Embalmed left leg before dissection. 

 

 

 

Figure B 2. Dissected proximal femur. 
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Figure B 3. Removing the tissue surrounding the femur diaphysis. 

 

 

 

Figure B 4. Dissected distal tibia.  
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Figure B 5. Removing the tissue surrounding the tibia diaphysis. 

 

 

 

Figure B 6. Intact dissected knee joint. 
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Figure B 7. The knee specimen after removing the skin and its fat layer. 

 

 

 

Figure B 8. Final dissected specimen used for the experiments. 
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