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CHAPTER 1: INTRODUCTION 

1.1 Background and Rationale 

Approximately 21% of American women will experience knee pain at some point 

in their lives, and over 19% of American women will experience knee osteoarthritis 

during their lifetime [1, 2]. It is estimated that joint pain and disability due to 

osteoarthritis costs the United States about $128 billion dollars annually, and knee 

replacements due to pain-induced disability cost the United States about $29 billion every 

year [2, 3]. This statistic includes health care costs, but overlooks other costs such as lost 

employer productivity and personal income. With the increasing amount of women 

experiencing knee pain, research is needed to create preventative solutions for patients to 

limit their chances of developing knee pain.  

One condition that could contribute to women being disproportionally affected by 

knee pain and osteoarthritis compared with men is a decrease in foot arch height that 

persists following pregnancy [4]. A reduction in arch height during pregnancy likely 

relates to increased body mass, increased circulation of hormones, and increased joint 

laxity. A previous study found that women may lose arch height of 1-5 mm in their feet 

while they are pregnant. This change in arch height persists at 19 weeks post-partum and 

is thought to be permanent [5]. Although it has been determined that there are changes in 

the arches of the feet that develop throughout pregnancy, the effects of these changes 

have not been studied for their impact on knee pain and knee osteoarthritis. 

Several biomechanical changes can occur as a result of a drop in arch height and 

subsequent foot pronation, including increased shock absorption by the foot, shift in 

loading in the knees and a permanent change in the lower limb kinetic chain [5]. The 
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effects of these factors during weight-bearing conditions can lead to internal tibial 

rotation. Internal tibial rotation can cause malalignment of the tibia and femur and 

increase stress on the lateral part of the knee joint [5, 6, 7]. Many sources of knee pain, 

such as knee osteoarthritis, iliotibial band friction syndrome, anterior tibial translation, 

patellofemoral pain, and greater trochanteric pain syndrome, can be attributed to the 

effect of internal tibial rotation [6, 7]. Knee osteoarthritis is a degenerative disease that 

affects the entire joint, especially the cartilage and underlying bone. Both biological and 

mechanical factors are thought to affect the progression of osteoarthritis [3, 4]. Prior 

research results indicate that higher maximum contact stress at the knee joint is apparent 

in subjects who suffer from knee osteoarthritis [3, 4, 7, 8].  

Results of previous studies indicate that there is a correlation between contact 

stress exposure and osteoarthritis development in the tibiofemoral joint [4, 8]. 

Measurements of contact stress exposure on articular joint surfaces are a reliable method 

for examining the effect of mechanical factors involved in the development and 

progression of knee osteoarthritis. Discrete element analysis (DEA) is a method of rigid 

body spring modeling used to estimate contact stresses between two articulating surfaces 

[8]. DEA is more time-effective than other methods because it allows many subjects to be 

analyzed at once and computes only contact stress distributions and resulting reaction 

forces. With DEA, the underlying bone in a joint is modeled as a rigid body and cartilage 

is modeled as compressive springs. The displacement between the rigid bodies is then 

used to determine deformation of the compressive springs [8]. Though this method is not 

able to compute internal stresses in bone or cartilage it holds attraction for evaluating 



3 
 

 

contact stress with the goal of determining a potential correlation with internal tibial 

rotation due to arch drop.  

1.2 Study Objectives 

 There were two main objectives of this study: (1). to evaluate change in degree of 

tibial rotation with and without insole support of arch height in postpartum women with 

flexible arches; and (2) to evaluate the effect of these conditions on tibiofemoral contact 

stress. The research objectives were studied to test the hypothesis that there will be an 

increase in a) internal rotation of the tibia and b) medial tibiofemoral articular contact 

stress in an arch-unsupported, compared with an arch-supported, condition in postpartum 

women with flexible foot arches. 
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CHAPTER 2: BACKGROUND 

2.1 Human Foot Anatomy 

The human foot is a complex structure composed of 26 bones and 112 ligaments 

that supports the weight of the entire body [9]. There are three primary functions of the 

foot: weight bearing, stability, and propulsion [9, 10]. During weight-bearing conditions, 

the foot absorbs shock and transfers load to the more proximal segments of the lower 

limb [11].  

The foot can be divided into three segments: forefoot, midfoot, and hindfoot. The 

forefoot is composed of the metatarsal and phalanges, and the midfoot, which is located 

in between the forefoot and hindfoot, contains five articulating tarsal bones. The hindfoot 

contains the talus and calcaneus bones [9]. The talus articulates with the tibia and fibula 

to allow ankle dorsiflexion and plantar flexion [9]. The midfoot connects the forefoot and 

hindfoot with the main arch support of the foot, the longitudinal arch. As shown below in 

Figure 1, a second arch in the foot, the transverse arch, is located mediolaterally under the 

metatarsals. Both arches provide flexibility and support to the foot [12, 13]. The 

longitudinal arch can be divided into two parts: the medial longitudinal arch and lateral 

longitudinal arch. The lateral longitudinal arch is slightly less elastic than the medial 

longitudinal arch due to its smaller elevation [12]. Both the medial and lateral 

longitudinal arches are supported by ligamentous structures so that they are able to 

support weight-bearing [12].  

The plantar fascia is a thick connective tissue that provides inferior support to the 

longitudinal arch [14, 15]. It originates from the medial tubercle on the calcaneus and 

inserts at the metatarsophalangeal joints [16]. When placed under weight-bearing 
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conditions, the plantar fascia absorbs tension from the ground and body to prevent arch 

collapse. Damage to the longitudinal arch may decrease its ability to support arch height. 

 
 
 

 
 

Figure 1. The medial and lateral longitudinal and transverse arches of the foot 
[17].  

 
 

 
Excessive strain to the plantar fascia can irritate or damage the tissue, causing it to 

weaken to the point where it can no longer provide sufficient support to avoid arch 

collapse [15]. Pes planus (“flatfoot”) is a postural irregularity that results from collapse of 

the longitudinal arch. This condition causes over-stretching of the plantar fascia and 

development of plantar fasciitis [16]. Changes to the foot structure will change load 

distribution within the foot and alter shock absorption.  

2.1.1 Arch Height 

There are three classifications of foot type based on arch height. Neutrally aligned 

feet have no eversion or inversion of the calcaneus (heel bone) and have a normal arch 

height (rectus). A normal arch height, which varies per person, is the height of the arch 
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during non-weight-bearing conditions if there is no calcaneal eversion or inversion. Pes 

cavus feet are characterized by calcaneus inversion and a high arch height. The final foot 

type is pes planus, which is characterized by calcaneus eversion and low arch height [10].  

Calcaneal eversion causes foot pronation, which is the inward rolling of the foot. Foot 

pronation will reduce arch height and may lead to plantar fasciitis [10, 16].   

2.2 Arch Drop 

2.2.1 Pregnancy Effect on Arch 

During pregnancy, women experience musculoskeletal changes that may affect 

their arch height [18, 5]. A reduction in arch height may be due to a variety of causes. For 

example, a large body mass index would place a greater stress on the longitudinal arch 

and cause it to compress [19]. A compressed arch will increase the contact area of the 

foot during weight-bearing conditions, and alter the force distribution within the foot and 

lower extremity [19]. Hormonal effects on the body during pregnancy may cause joint 

instability by increasing peripheral ligamentous laxity. Both increased body mass and 

hormonal changes during pregnancy can play a role in increasing ligamentous laxity, 

which may lead to a collapse in arch height and decrease in joint stability [5, 20, 21, 22]. 

Joint stability is the ability to maintain and control movement of the joint. Increased joint 

pain and risk of injury to surrounding joints may occur as a result of joint instability. 

Joint instability may increase because of pregnancy effects, old age, or joint injury [21, 

22].  

Research shows that there may be an increase in foot size during pregnancy 

because of accumulation of extra fluid or an increase in body mass [23]. Segal et al. 

compared measurements of foot anthropometrics for women at the beginning of their 
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pregnancy with post-partum measurements and found that an increase in foot length and 

arch drop occurs during pregnancy and persists at 19 weeks post-partum [5]. Due to an 

increase in volume of blood in the body, fluid for the fetus, and amniotic fluid, pregnant 

women retain an average of 6.5 liters of fluid during their pregnancy [23]. This fluid 

retention, combined with an average of 26 pounds gained during pregnancy, may affect 

joint laxity, leading to a decrease in arch height [5, 23]. Fluid retention alone is not 

accepted as a reason for joint laxity, because the fluid is mostly removed from the body 

early postpartum [23]. An increase in fluid may increase swelling in the foot. Though 

excess fluid will be eliminated after pregnancy, the foot swelling can lead to ligamentous 

laxity that persists beyond pregnancy. This laxity can cause the arch height to drop [23].  

An increase in body mass can also affect women’s posture during pregnancy. Due 

to the position of the fetus, there is an increase in anterior load, which affects center of 

pressure on the foot during gait. Previous studies have found that a change in center of 

pressure during gait is associated with lengthening and depressing of the longitudinal 

arch [5]. This change in arch occurs as a result of an increase in pressure on the midfoot 

of the body due to postural changes in the women’s body. The change in pressure on the 

foot shifts some of the load from the hindfoot to the midfoot, which is supported by the 

longitudinal arch [9, 24].  

2.2.2 Hormone Effect on Joint Laxity 

Schauberger et al. found that joint laxity increases during pregnancy and remains 

at an elevated level postpartum [22]. Hormonal changes during pregnancy can cause joint 

laxity, which can then affect arch height. Relaxin is a peptide hormone that is produced 

by the corpus luteum in females. Though this hormone is produced in pregnant as well as 
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non-pregnant females, its secretion rate is highest in pregnant women [23, 25]. The 

effects of relaxin include inhibition of collagen synthesis and relaxation of pelvic 

ligaments, and increased laxity of peripheral joints [25]. Relaxation of tissues in the 

pelvic region prepares the body for delivery by widening the pelvis. By inhibiting 

collagen synthesis, relaxin may decrease the strength of ligaments and increase joint 

laxity [15]. This may directly affect arch height by preventing ligaments in the foot from 

maintaining normal arch height and cause a collapse. Serum levels of cortisol, estrogen, 

and progesterone may also increase during pregnancy. These hormones have also been 

linked to an increase in joint laxity [22].  

2.2.3 Tibiofemoral Joint Pain 

The effects of a decrease in arch height due to pregnancy are theorized to 

correlate with internal rotation of the tibia [5].  The change in position of the tibia can 

affect mechanical stresses at the knee. Gross et al. found a positive correlation between a 

decrease in arch height and the existence of knee joint pain and cartilage degeneration in 

older adults [26]. Increased joint laxity during pregnancy is associated with low back, 

hip, and knee pain that often remain after delivery [21].  Pes planus feet have been linked 

with abnormal plantar pressure, indicating a change in distribution of force within the 

foot under weight-bearing conditions [10, 17]. This may also alter force distribution in 

the knee, hip, and back and cause joint pain.  

Foot posture and arch height affect development of lower extremity 

musculoskeletal disorders, and orthotic insoles may prevent collapse of arch height from 

creating malalignment of the knee joint [27]. Levinger et al. observed that people with 

medial compartment knee osteoarthritis had a more pronated foot and lower arch height 
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than people without knee osteoarthritis [28]. The results of this study indicate that 

orthotic insoles may maintain arch height during pregnancy and consequently decrease 

the chance of developing knee osteoarthritis [28].  

2.3 Human Knee Anatomy 

The human knee is a synovial hinge joint that includes the proximal tibia and 

fibula, distal femur, patella, and supporting ligaments and muscles. The proximal tibia 

consists of a tibial plateau made up of medial and lateral condyles separated by the tibial 

spine (Figure 2) [29, 30]. The tibial spine is a raised bony ridge in the center of the tibial 

plateau that serves as a ligamentous attachment region. The tibial condyles are shaped to 

articulate with the corresponding condyles on the distal femur.  The medial femoral and 

tibial condyles are larger in size than those on the lateral side [30]. The femoral condyles 

are able to flex and extend in the sagittal plane and rotate internally and externally in the 

transverse plane. The menisci are fibrocartilaginous structures, fastened to the tibial 

spine, which form a semi-lunar cup shape to accommodate the shape of the femoral 

condyles and aid with support and stability of the knee joint (Figure 3) [29]. Additional 

knee stabilization is provided from supporting ligaments and muscles during dynamic 

activity [29].  
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Figure 2. Knee anatomy illustrating the bones and tibial plateau [29]. 
 
 
 

 
 

Figure 3. Knee anatomy illustrating meniscus and ligament attachment [31].  
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 The main purpose of the tibiofemoral joint is to provide shock absorption and 

support the weight of the body. This di-arthrodial joint involves two main articulations: 

the tibiofemoral joint and patellofemoral joint [29]. The superior tibiofemoral joint 

connects the distal femur to the proximal tibia, enabling and supporting movement during 

dynamic motion. The patellofemoral joint connects the distal femur to the patella [29, 

30].  

Tibiofemoral anterior translation and internal rotation of the tibia is restricted by 

the anterior cruciate ligament (ACL) [32]. The ACL attaches to the tibial spine and is 

smaller in women than in men, making it more susceptible to injury. The posterior 

cruciate ligament, which also attaches to the tibial spine, prohibits the tibia from 

translating too far posteriorly in relation to the femur [29].  

2.4 Tibial Rotation 

2.4.1 Causes 

The subtalar joint is an articulation between the talus and calcaneus of the human 

foot that allows supination and pronation of the foot to aid with dynamic movements such 

as walking and running (Figure 4) [33]. Subtalar joint eversion, also called foot 

overpronation, indicates a low arch height that elongates the foot and causes it to roll 

inwards [34, 35]. Because the subtalar joint more or less acts as a hinge, eversion of this 

joint can cause internal rotation of the tibia [35]. Subjects with pronated feet were found 

to have a significantly greater degree of internal tibial rotation than subjects with no 

pronation [34].  

Overpronation of the foot can lead to valgus deformities at the knee. For example, 

genu valgum is a condition that causes the proximal tibia and distal femur to deviate 
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medially. As a result, the stresses at the knee will shift laterally, changing knee alignment 

and possibly causing cartilage degeneration [36].  

 
 
 
 

 
 

 
 

Figure 4. Anatomy of the subtalar joint showing the talus, calcaneus, and tibia [37]. 
 
 
 

 Internal tibial rotation is a condition that occurs when the tibia rotates internally 

along its long axis. Rotation of the tibia about this axis shifts the articulation point of the 

tibia and femur and may increase contact stress between the two bones. Dynamic 

activities with a pronated foot may increase the rotation of the tibia and subsequently 
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increase stresses on the ACL [38]. Malalignment of the tibia and femur can lead to many 

lower limb disorders, including knee pain and flexion instability [33, 34]. Excess contact 

stress on the tibia may lead to cartilage degeneration and development of knee 

osteoarthritis [33, 34].    

2.4.2 Impact on Musculoskeletal Disorders 

 Several lower extremity musculoskeletal disorders can result from internal tibial 

rotation, including iliotibial band friction syndrome (IBFS), patellofemoral pain, anterior 

tibial translation, greater trochanteric syndrome, and knee osteoarthritis.  

2.4.2.1 Iliotibial Band Friction Syndrome 

The iliotibial band (ITB) is a band of connective tissue that begins at the anterior 

iliac tubercle portion of the iliac crest and inserts at the lateral tubercle of the tibia, 

known as Gerdy’s tubercle [39, 40]. Its related muscles function to allow extension, 

flexion, abduction, and medial rotation of the hip [39]. In addition, the ITB provides 

stability to the lateral knee during flexion and extension movements [39, 40].  

 IBFS is a condition caused by friction between the ITB and the lateral femoral 

epicondyle. This syndrome, which constitutes about 22% of lower extremity injuries, is 

apparent during knee extension and flexion, when the ITB is pulled more tightly at the 

knee [41]. Causes of IBFS include overuse of the tibiofemoral joint during dynamic 

movement and internal tibial rotation [41, 42]. Internal tibial rotation can force the lateral 

condyle of the tibia to shift anteriorly, which will increase friction of the ITB as it is 

pulled more tightly over the condyle during dynamic motion. IBFS can cause lateral knee 

joint and thigh pain and inflammation [39-42].  Treatment for IBFS includes anti-

inflammatory medication, physical therapy, and arthroscopy [42]. 
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2.4.2.2 Patellofemoral Pain 

IBFS may also weaken hip adductors, causing patellofemoral pain [42, 43]. 

Patellofemoral pain is located at the contact area between the patella and femur. When 

the hip cannot rotate externally, the knee shifts medially and the subsequent rotation of 

the femur under the patella causes pain [40, 43]. Patellofemoral pain is one of the most 

common types of knee pain. Because the patella attaches on the tibial tuberosity via the 

patellar tendon, it may rotate along with the tibia during internal tibial rotation [40, 44, 

45]. This rotation can cause malalignment of the patella and femur. Internal tibial rotation 

decreases the angle that is created by the intersection of a line connecting the anterior 

superior iliac spine to the midpoint of the patella and the proximal extension of a line 

connecting the tibial tubercle to the midpoint of the patella. This change in angle may 

decrease the lateral force acting on the patella [45].  At the same time, a tight ITB can 

cause malalignment of the patella during knee flexion by forcing its movement laterally 

[43, 46].   

2.4.2.3 Anterior Tibial Translation 

 Internal tibial rotation may lead to anterior tibial translation. During internal tibial 

rotation, the tibial lateral condyle is pulled anteriorly, which leads to over exertion and 

stretching of the ACL. Since the ACL is the primary restraint to anterior tibial translation, 

its ability to keep the tibia in position is compromised when it is weakened. Due to this 

reason, the ACL may not prevent total anterior movement when the tibia is rotated 

internally [47].  The effect of internal tibial translation on the ACL’s ability to limit 

anterior tibial translation occurs over a long period of time. Women are more likely than 

men to experience ACL injuries. The ACL contains hormone receptors, so an increase in 
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relaxin, estrogen and progesterone hormone levels may increase laxity of this ligament 

[48].  

2.4.2.4 Greater Trochanteric Pain Syndrome 

Greater trochanteric pain syndrome (GTPS) is a condition that involves pain on 

the lateral hip and affects up to 25% of the population [49]. This syndrome is 

characterized by inflammation of tissues that lie over the greater trochanter on femur near 

the lateral hip [6, 49]. Segal et al. found a higher prevalence of GTPS in women and 

people with IBFS, knee osteoarthritis, or low back pain [6]. This pain can be generated 

from damage to nearby muscles and tissues, overuse of the hip, and ITB disorders [49, 

50]. Tightening of the ITB over the greater trochanter region may explain the increase in 

irritation observed in that region during GTPS. Knee and back pain could cause GTPS 

through compensatory movements made to relieve symptoms in other lower limb regions 

[6, 49, 50]. GTPS and general hip joint wear may be caused by problems with supporting 

structures, such as the feet [6, 49]. Flat feet may alter a person’s posture and affect their 

hip alignment, leading to GTPS. The effects of knee osteoarthritis combined with 

increased stresses on the hip and knee joint may also lead to the development of GTPS 

[6, 49].  

2.5 Knee Osteoarthritis 

Knee osteoarthritis is one of the most widespread forms of osteoarthritis. This 

disease is characterized by degeneration of cartilage and corresponding damage to 

underlying bone [51]. Excessive joint loading, malalignment and instability of the knee 

joint can cause injury to the articular cartilage and lead to tibiofemoral degeneration and 

osteoarthritis [52]. Excess friction between the articulating bones can affect the bones and 
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surrounding soft tissue. Knee osteoarthritis may cause pain, swelling, inflammation, and 

increased ligament laxity [51]. Weakened surrounding muscles may result from the pain 

and lax ligaments, reducing the amount of shock that is absorbed before being transferred 

to the bones at the joint. Knee osteoarthritis is most likely to develop in older women and 

increases the risk of disability and problems due to related medical complications [51, 52, 

53, 54]. Risk factors for knee osteoarthritis development include joint malalignment, 

advanced age or weight, and other issues that would limit recovery from excessive 

loading. Women are at greater risk for developing knee osteoarthritis than men. Though 

little is known about the development and progression of knee osteoarthritis, causes of 

knee osteoarthritis may be injury, infection, increased weight on the knee joint, or other 

mechanical factors [55]. Internal tibial rotation may cause laxity of the ACL and 

malalignment of the tibia and femur, leading to progression of knee osteoarthritis. 

Another potential cause for development of knee osteoarthritis is a shift in the load 

bearing area, which could cause articular cartilage damage and thereby further increase 

joint laxity [56].  

An increase in contact stress is thought to affect the onset of knee osteoarthritis by 

increasing wear. Contact stress may be increased due to increased forces on the knee joint 

or malalignment of the knee joint [51]. Other reasons for elevated contact stress include 

abnormal joint shape or overuse of the joint. Segal et al concluded that a link between 

articular contact stress and increased risk for symptomatic knee osteoarthritis 

development does exist [57].  Contact stresses in the knee joint are a stronger predictor of 

osteoarthritis than traditional anthropometric and demographic measures [57].  
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2.6 Discrete Element Analysis 

 Currently, there is no existing non-invasive methodology for determining joint 

contact stresses. For that reason, computational methods are used to predict joint contact 

stress between natural and artificial surfaces in orthopaedic biomechanics [58]. Discrete 

element analysis (DEA) is a computational stress analysis method used to solve in vivo 

articular joint contact problems [52, 59]. DEA relies on a more simplified model 

treatment than finite element analysis (FEA), making it more ideal to use when 

computing contact stresses between rigid bodies quickly in large simulations [60]. 

Understanding and being able to predict joint contact stress is necessary to better 

understand the clinical impacts that result from knee joint degeneration [58].  

In DEA, articular cartilage is treated as an array of compressive springs connected 

to underlying bone surfaces. The bone surfaces are treated as rigid surfaces. A load or 

displacement is applied to the bodies, resulting in spring deformation. This deformation is 

used to compute contact stress between articulating bodies [8, 58, 61].   

Blankevoort et al. developed an implementation of deformable contact using DEA 

with the assumption that the contacting surfaces are isotropic, linear-elastic, and bonded 

to a rigid surface [62, 63].  This model states that deformable springs are spread over the 

contact surface. Each compressive spring on the contact surface is considered separate 

from the others, with the pressure on any one spring being unaffected by the others. 

Therefore, contact stress is determined independently for each spring, simplifying the 

contact. This will reduce both the complexity and computation run-time of DEA [62, 63]. 

There are three assumptions made for this DEA theory. The first assumption is that the 

contact area size is larger than the cartilage thickness. Secondly, the cartilage is an 
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isotropic linear elastic material. The final assumption is that deformation of the 

subchondral bone is negligible [63]. Spring deformations using this contact model are 

converted to contact stress using a penetration analysis. With this analysis, any overlap 

between two contact surfaces is indicative of surface deformation [58, 64].  

 The DEA methodology has been validated against other computational contact 

stress estimation techniques. Li et al. compared the DEA methodology to FEA, a 

simplified elasticity model, and a modified Hertzian theory with a hip joint and 

concluded that all four of these methods resulted in similar contact stress predictions [59]. 

Non-linear and linear DEA methodology were compared with FEA models in a dynamic 

tibiofemoral weight-bearing task for a total knee replacement by Halloran et al [64]. 

Computed contact stress estimates were similar for DEA and FEA results. Nonlinear 

DEA was found to have a more accurate contact stress prediction and exceed the FEA 

computations by about 15% at peak pressure [64]. From these studies, it is clear that 

DEA is a comparable alternative to FEA that can compute accurate contact stress results.  

As described in the following chapter, this method is used to analyze changes in contact 

stress at the tibiofemoral joint between cases of insole-supported and unsupported arch 

height.  
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CHAPTER 3: METHODS 

3.1 Subject Characteristics 

Eleven previously pregnant subjects were recruited for this study, providing a 

total of 21 knees (1 subject had an MRI scan available for only one knee). The subjects 

had a mean weight of 165 pounds and their shoe sizes ranged from 7.5 to 9. The study 

participants were recruited if they demonstrated a lasting decrease in arch height 

following pregnancy or if they had a large change in arch height between standing and 

sitting positions. The arch height of all subjects was measured during a previous foot 

study conducted at the University of Iowa that measured changes in foot anthropometrics 

before and after a pregnancy. An assumption was made that women who had a 

measurable change in arch height between sitting and standing conditions during a 

pregnancy experienced that change due to effects of their pregnancy. Since the subject’s 

arch height changed between the two positions, their arch was determined to be non-

rigid. Medially elevated non-rigid arches are able to deform under weight-bearing 

conditions and directly support the longitudinal arch of the foot. Exclusion criteria for 

study subjects included women that were not able to undergo MRI and CT scans and 

women who were currently pregnant. All participants provided written informed consent 

before enrollment in this study. This study was approved by the University of Iowa 

Institutional Review Board.  

3.2 Data Acquisition 

For the study, a semi-rigid insole was used to raise arch height of subjects in order 

to compare the effects of a change in arch height. These arch supports were used to 

increase arch height. A Walkfit semi-rigid insole was used for this study because it 
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provides support to the arch during weight-bearing stance without considerable 

deformation due to the weight of the subjects (Figure 5) (Walkfit Platinum, LLC, Van 

Nuys, CA). Unlike flexible insoles with gel or cushioning, a semi-rigid insole provides a 

sturdy and supportive base for barefoot subjects to stand on during weight-bearing CT 

scans.  

 
 
 

 
 

Figure 5. Rigid insoles used to change arch height during WBCT scans. 
 
 
 

3.2.1 Positioning and Acquisition of Imaging 

Each subject was scanned twice with the weight-bearing CT scanner (Curvebeam, 

Warrington, PA). The first scan required them to wear arch insoles and the second scan 

was done with the insoles removed. For each scan, the subjects were positioned in the 

weight-bearing CT scanner with their heels and toes aligned to specific markings on the 
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platform (Figure 6). The position of the feet was maintained between both scans to 

observe the effect of the insoles on the knees with no interfering change in position of the 

feet. Once their feet were positioned properly, the subjects were asked to flex their knees 

until they touched a foam positioner and to lean forward until their thighs were resting 

against the foam positioner. The purpose of the foam positioner was to maintain a set 

degree of minimal knee flexion and to allow natural movement of the knees during insole 

removal in between scans. A stiff positioner would place the subject’s knees in an 

uncomfortable position and may limit natural movement of the knee. As seen below in 

Figure 7, each subject’s arms were positioned so that their elbows were in line with their 

body. The subjects were placed in a specific position so that the effect of the insole on 

tibial rotation could be measured without any interfering impacts from other parts of the 

body. 

The weight-bearing CT scanner imaged the knees in a flexion position of 

approximately 15-20° to permit maximum rotational effects of the tibia. The knees were 

not restrained in full extension because of the difficulty of the subjects to stand still 

without any shift in position for the duration of both scans with both knees fully 

extended. After the first CT scan, the insoles were carefully removed so there was 

minimal adjustment on subject position. During the insole removal process, the subject 

remained positioned and raised one heel at a time. The insoles were removed by sliding 

them out from under the heel and the foot was guided back to its original position. 

Throughout this process, a second research assistant assessed subject positioning to 

ensure there was no excessive movement of the pelvic or knee region and no change in 

position of the foot.  
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Figure 6. The left image shows the heel position of the subject while wearing 
insoles. The right image shows heel position of subject on scanner not wearing insoles. 

The heels, not the insoles, are aligned to the red line. 
 
 
 

 
 

Figure 7. Subject position in weight-bearing CT scanner showing their knee, 
thigh, and elbow position.  



23 
 

 

Foot arch height was measured using an Arch Height Index Measurement System 

(AHIMS) in both sitting (non-weight-bearing) and standing (weight-bearing) positions, as 

seen below in Figure 8 (Jak Tool and Model, LLC, Matawan, NJ). The AHIMS is a 

reliable method of measuring arch height based on bony landmarks of the foot [65]. The 

measurements were obtained twice: once with the subject wearing the insoles, and once 

without the insoles. For the sitting measurements, the subject was seated on a chair with 

her hips and knees flexed at approximately 90 degrees and her feet resting on the floor. 

Each subject was asked to sit up straight and keep her hands on her lap and her weight 

evenly distributed between both feet. The standing measurements were conducted with 

the subject maintaining a comfortable stance with her feet shoulder-width apart, weight 

evenly distributed between both feet, and hands at her sides.  

For each measurement, the heel cup of the AIHMS was placed firmly against the 

subject’s heel and a horizontal sliding caliper was slid forward until it touched the most 

prominent toes to obtain the foot length. A second horizontal caliper was positioned at 

50% of the total foot length. A third integrated vertical caliper was positioned on the 

dorsum of each foot and this height was recorded as arch height. Two measurements 

were taken in each position and averaged. If the two measurements differed by more than 

2 mm, a third set of measurements was taken. Arch height measurements were used to 

determine the amount of change in arch height between sitting and standing conditions. 

To calculate arch drop, the standing arch height was subtracted from the sitting arch 

height.  
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Figure 8. Arch Height Measurement Index for arch height measurement. 
 

 
 

MR images were acquired with the knees in a non-weight-bearing position. To 

ensure accurate registration of the MRI data to CT data, the angle of knee flexion was 

similar during both scans. This was accomplished by placing a small towel under the 

knee. A goniometer was used to measure knee flexion angle while the subject was 

positioned in the weight-bearing CT scanner. The size of the towel was adjusted so that 

the flexion angle while the subject was positioned in the MRI scanner matched the 

flexion angle while the subject was positioned in the weight-bearing CT scanner. 

3.3 Model Creation 

Tibiofemoral MRI data were collected with a Siemens 3T TIM Trio MRI scanner. 

The protocol included a 3D water-excitation sagittal dual echo steady state (SAG DESS 
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WE) sequence with 1.0 mm slice thickness. The weight-bearing CT data were acquired 

using a 3D cone beam CT with a voxel resolution of .37x.37x.37.  All weight-bearing CT 

scans were collected with a tube voltage of 120 kVp and tube current of 5 mA.  

Subchondral bone surfaces, articular cartilage, and menisci were manually 

segmented from sagittal MRI data using an interactive pen display and Osirix software 

(The OsiriX Foundation, Geneva, Switzerland). The segmentations were output in point 

cloud format and converted to .ply files. The .ply files were then exported for surface 

model creation in Geomagic Studio Software (Geomagic Studio Inc., Research Triangle 

Park, NC). Geomagic Studio allows the transformation of 3D scan data and polygon 

meshes into surface models. Each point cloud was loaded and wrapped using .3 mm point 

spacing. Geomagic Studio’s hole filling algorithm was used to repair any gaps in the 

bone models. All holes on the bone models were filled except for those at the distal and 

proximal ends of the tibia and femur, respectively. After all bone, cartilage, and menisci 

models were wrapped and filled, they were refined and smoothed. Tibia and femur 

models were decimated to 16,000 facets, cartilage models were decimated to 5,000 

facets, and menisci models were decimated to 4,000 facets. Each model was saved as a 

binary STL file for use in alignment and contact stress computation.  

Subchondral bone surfaces were segmented from CT data using a semi-automated 

segmentation code. These bone models were exported to ITK-Snap and holes on the shaft 

of the bone models were manually filled. Each model was saved as a binary STL file for 

use in alignment.  
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3.4 Model Alignment and Registration 

 The subchondral bone surfaces from the MRI data were registered to the 

corresponding bone surfaces created with the weight-bearing CT data. The weight-

bearing CT data allow for a subject-specific alignment to a functional loading. Femur 

models were loaded to the radiographic scene with the origin of the model corresponding 

to the origin of the scene. The alignment optimization was set up such that the femur 

could not travel past the film. Tibia models were aligned following the femur alignment 

by using the femur alignment transformation as an initial starting point. The outlined 

edges of the modeled bones were matched to the surface boundaries in the CT 

radiographs. Each alignment was visually assessed to confirm accurate alignment. MRI 

to CT registration was performed for both insole-supported and unsupported knees.  

3.5 Tibial Rotation 

 Bone models for tibial rotation alignment were created through CT registration 

and through MRI to CT registration. Though the weight-bearing CT data and MRI data 

provide images of the knee, neither includes a full tibia. The portion of tibia viewed with 

MRI data is smaller than the portion of tibia obtained from weight-bearing CT data. Since 

the weight-bearing CT data provided the greatest length of tibia, models created through 

CT registration were used to develop a long axis, or principal axis, through the center of 

the bone shaft. The tibia rotates about this axis during internal and external rotation. The 

MRI to CT registered bone models were used to align the bone models once the principal 

axis was generated. Since these bone models consisted of the same bone, they would 

provide a precise alignment.  
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3.5.1 Principal Axis Creation 

 A principal axis was generated through the bone shaft of the tibia to observe 

internal and external rotation of the tibial between insole-supported and unsupported 

conditions. A standard joint coordinate system was constructed with an axis for 

measuring internal and external rotation of the tibia. This axis was defined so as to pass 

from the center of the tibial spine to the center of the most distal part of the tibia [66]. 

Because the weight-bearing CT scanner did not capture the full tibia, a 3D CAD tibia 

model was used to computationally determine ideal positioning of the principal axis 

(Figure 9) [67]. With the full tibia model, a principal axis was created to connect the 

center of the tibial spine to the center of the distal tibia where it connects with the ankle. 

Then, the tibia was shortened to 25% and 12.5% of its total length to observe changes in 

position of the axis along the length of the tibia. At 25% of the total tibia length, the axis 

was still positioned at the center of the most distal tibia. However, at the shortest length 

(12.5% of full tibia length), the distal axis was observed to have shifted from the center 

by about 20% in the posterior direction. Figure 10 shows the placement of the principal 

axis on the distal tibia that is 12.5% the total length of the tibia. The average length of a 

female tibia is approximately 365 mm [68]. Based on the available portion of the tibia 

from the weight-bearing CT scans, the length of tibia used to determine tibial rotation in 

each knee for this study was 12.5% of the total tibia length, or approximately 46 mm. All 

tibia models longer than this length were trimmed in Geomagic Studio.  
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Figure 9. Full tibia model showing placement of principal axis.  
 
 
 

 
 

Figure 10. Position of principal axis at 12.5% of length of full tibia.  
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 In each subject, the center of the most distal tibia was approximated in Geomagic 

Studio by selecting points along the peripheral border of the distal tibia and having the 

software compute the center position of a best-fit circle connecting those points. The 

anterior-posterior distance of the distal end of the tibia was calculated in Geomagic, and 

then the center point was shifted to a point approximately 20% posterior to the center. 

 Once the principal axis was created for each knee, a local coordinate system was 

generated using the principal axis as the longitudinal axis. The coordinate system was 

created on the unsupported tibia model and aligned with the longitudinal axis first (Figure 

11). This coordinate system was then positioned in the center of the intercondylar 

eminence (Figure 12) [66]. The anterior-posterior (AP) axis was directed anteriorly for 

both right and left knees. The mediolateral (ML) axis was directed medially for left knees 

and laterally for right knees. The local coordinate system was set as the main coordinate 

system so that all translation and rotation for any bones would occur about this axis.  

 
 
 

 
 

Figure 11. Local coordinate system is aligned with longitudinal axis (principal axis).  
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Figure 12. Placement of the local coordinate system at proximal tibia.  
 

 
 

3.5.2 Model Alignment 

 The bone models that were generated via registration of MRI to CT data were 

aligned with bone models registered from the CT data. Since the local axis had been 

created based on the position of the CT generated bone models, the MRI bone models 

were relocated into the same transformation matrix as the CT generated bone models. 

After each MRI bone model was aligned to its corresponding CT bone model, the CT 

bone models were removed from the Geomagic workspace. The transformation matrix 

was cleared for each MRI bone model so that their transformed position became their 

home position.  

 To determine tibial rotation between insole-supported and unsupported tibia 

models, the insole-supported and unsupported knee models needed to be shifted into the 

same position in space. To do that, the unsupported femur model was aligned with the 

femur of the supported model. This was done using the registration function in Geomagic 

to automatically align the two bones in the position that allowed the greatest overlapping 
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position. The amount of translation and rotation in all three planes for the unsupported 

femur was recorded and applied to the unsupported tibia. At this point, the bone models 

for both the supported and unsupported conditions are in the same position in space. An 

overview of this process can be seen in Figure 13. Finally, the insole-supported tibia was 

aligned to the unsupported tibia and the change in translation and rotation was recorded.  

 
 
 

   
 

Figure 13. The left image shows the insole-supported and unsupported femur and tibia in 
the same transformation matrix. The right image shows the models with the unsupported 
femur aligned to the insole-supported femur and the unsupported tibia moved the same 

amount as the unsupported femur. 
 
 
 
 Since all the other conditions had been stabilized and held constant, the difference 

in translation and rotation of the unsupported and supported tibia could be determined. 

Positive rotation about the longitudinal axis for the supported tibia to align with the 
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unsupported tibia coincided to internal tibial rotation of the unsupported tibia for the right 

knee. Negative rotation about the longitudinal axis for the supported tibia to align with 

the unsupported tibia corresponded to internal tibial rotation of the unsupported tibia for 

the left knee. Positive translation in the transverse plane was determined to be superior 

movement for the right and left knees. Positive rotation about the ML axis for both the 

left and right knee coincided with knee flexion. Positive translation in the sagittal plane 

was determined to be lateral movement for the right knee and medial movement for the 

left knee. Positive rotation about the AP axis was determined to be valgus condition for 

the right knee and varus condition for the left knee, and positive movement in the coronal 

plane corresponded with anterior movement for both the right and left knee.  

3.6 DEA Implementation 

The DEA algorithm is implemented in MATLAB. DEA involves MRI 

segmentation, refinement of the MRI segmentations to create surface models, and 

alignment of the MRI segmentations to weight-bearing CT images. The bones were run 

using displacement control DEA. With displacement control, joint load was not based on 

body weight and varied for each knee and between insole-supported and unsupported 

conditions. To run the DEA model with displacements, the bone models must first be 

placed in the loaded position. Then closest-point pairings are made between the 

articulating surfaces. Surface element pairings with proximities less than that of the 

combined cartilage layer thickness are identified, and all further calculations are 

computed on only these elements. Individual deformations of the springs are computed as 

the difference between their proximity and the cartilage thickness. Contact stress (p) is 

calculated from this deformation with a force-displacement spring model. This model 
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uses the spring stiffness multiplied by spring deformation (d). The spring stiffness is a 

function of Young’s Modulus (E), Poisson’s ratio (v), combined cartilage thickness (h) 

[8, 49]. The values of Young’s Modulus used were 4 MPa for cartilage and 20 MPa for 

meniscus. 0.42 (cartilage) and 0.30 (meniscus) were the values of Poisson’ ratio used. 

p = ___E (1-v) d__ 
    (1+v)(1-2v) h 

 
The implemented DEA algorithm consists of two rigid contact surfaces lined with 

a system of linear springs as contact points. The algorithm computes contact stress at a 

particular joint position. The resulting reaction forces are computed and the solution is 

checked against completion of termination constraints. Iterations continue until the 

termination constraints of the simulation have been met.  

For each iteration, an assumption is made that no contact exists between the 

surfaces and there are no springs connected to the surfaces. Every iteration begins by 

selecting the nearest neighbor between polygon centroids on contacting surfaces. Next, a 

system of springs is created between the nearest neighbors and a displacement is applied. 

Overlap is determined by contacting surfaces and a system of springs is created between 

the contacting regions. The deformation of each spring is computed and then related to 

the contact stress on the contact surface.  

Adjacent polygons on two opposing surfaces are used to accurately detect contact 

between two surfaces. The spring models used in this algorithm assume that the stresses 

on each polygon are normal to the face of the polygon. Cartilage thickness varied for 

each knee based on manual segmentation of the cartilage from the MRI data. The contact 

pressures and areas for each contacting polygon are used to compute the discrete contact 
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forces acting on the contact surfaces.  The process from segmentation to DEA 

implementation is summarized below in Figure 14.   

Contact stress is computed for each facet on the contact region. Results for each 

knee were loaded and displayed onscreen in the form of a contact stress distribution. 

Using mouse selection in MATLAB, the medial and lateral compartments of each knee 

were separated. Following this separation, mean and maximum contact stresses were 

recorded for both the medial and lateral compartments. Using DEA results, the area of 

contact stress on the medial and lateral compartments was plotted. 

A hindrance to using displacement control DEA is that all contact is very 

sensitive to even small changes in displacement. An alternative method of computing 

contact stress is through load control. Load control involves application of a standard 

load to each knee. However, the change in position of the menisci was to be observed in 

the DEA results, so displacement control was chosen in this case.  
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Figure 14. DEA implementation process. The method begins with segmentation of 
subchondral bone from MRI scans. From these scans, 3D bone surface bones are 

generated and registered to weight-bearing CT data for insole-supported and unsupported 
knees. The DEA algorithm is used to compute a contact stress evaluation and the 

resulting calculations are plotted in MATLAB.  
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CHAPTER 4: RESULTS 

4.1 Arch Height Measurements 

For all subjects, a mean drop in arch height of approximately 4.3 mm with a 

standard deviation of 3.18 mm was observed between insole-supported and unsupported 

conditions. Arch height measurements indicate a change in arch height between sitting 

and standing positions for both insole-supported and unsupported conditions. Despite the 

similar arch drop values, the magnitude of the arch height changed between insole-

supported and unsupported conditions, with mean arch height values being larger for 

insole-supported feet. Figure 15 shows the difference in arch height for insole-supported 

and unsupported feet.  

 
 
 

 
 

Figure 15. Arch height data for sitting and standing position for both insole-supported 
and unsupported conditions.  
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4.2 Tibial Rotation 

All absolute tibial rotation and translation values in each Cartesian direction can 

be found in Table 1. The mean absolute value of tibial rotation about the z-axis 

(longitudinal axis) of unsupported knees compared to insole-supported was found to be 

1.02°±1.13°. While the majority of knees had a change in tibial rotation about the 

longitudinal axis of less than 1 degree, three knees showed no substantial change in 

rotation of the tibia along the principal axis between insole-supported and unsupported 

conditions.  

Net tibial rotation and translation values in each Cartesian direction can be found 

in Table 2. The mean value of tibial rotation about the longitudinal axis in the 

unsupported condition compared to the insole-supported condition was found to be 

0.75°±1.33° of internal rotation. A p-value of 0.009 was obtained for a one-tailed one-

sample t-test, indicating that there is a statistically significant difference in tibial rotation 

for the arch-unsupported condition when compared to the arch-supported condition. 

Figure 16 shows the direction and magnitude of tibial rotation for each knee.  

In addition to rotation about the longitudinal axis, movement of the tibia was 

observed along each axis and rotation was observed along both the ML axis and AP axis. 

The largest magnitude of translational change in position was seen in the coronal plane. 

There was also measurable translation in the sagittal and transverse planes. There was 

measureable rotation about the ML axis and AP axis, in addition to rotation about the 

longitudinal axis. The smallest rotational change in tibial position was observed about the 

AP axis, and the largest rotational change was observed about the ML axis.  
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Table 1. Tibial Rotation and Translation Values for all Unsupported Arch Conditions  
Compared to Arch-supported Conditions.  

 

Knee 
Number 

ML  
Translation 

(mm) 

AP 
Translation 

(mm) 

Longitudinal 
Translation 

(mm) 

ML 
Rotation 
(degree) 

AP 
Rotation 
(degree) 

Longitudinal 
Rotation 
(degree) 

1 0.62 5.98 1.62 2.93 0.20 0.22 
2 0.33 3.15 0.98 1.31 0.20 0.20 

3 0.25 4.86 1.73 1.86 1.10 2.56 

4 0.95 0.42 0.39 0.53 0.27 1.68 
5 0.76 3.22 2.29 2.92 1.12 0.17 
6 1.02 5.39 1.76 4.76 1.07 0.23 
7 0.35 2.30 0.90 0.94 0.11 0.01 
8 0.18 1.38 0.64 0.81 0.20 0.25 
9 2.29 9.00  2.20 3.21 0.13 2.50 

10 1.13 0.08 0.42 0.30 0.78 0.25 
11 0.42 1.45 0.26 0.22 0.09 1.06 
12 0.41 1.61 0.75 1.21 0.30 0.49 
13 0.48 2.36 0.52 0.50 0.36 0.80 
14 1.18 4.02 0.97 1.10 0.80 3.82 
15 0.10 1.75 0.61 1.52 0.32 0.78 
16 1.72 7.39 1.82 3.26 0.22 2.89 
17 0.69 2.64 1.45 1.97 0.35 1.24 
18 1.01 5.25 2.69 3.76 0.54 0.03 
19 0.12 4.74 2.12 4.15 0.49 2.06 
20 1.15 1.57 0.93 0.92 0.62 0.04 
21 0.92 1.67 0.04 0.97 0.87 0.13 

Mean 0.77 3.34 1.19 1.86 0.48 1.02 
Standard 
Deviation 

0.56 2.33 0.76 1.36 0.34 1.13 

 
 
 
 
 
 
 
 
 
 
 
 



39 
 

 

Table 2. Magnitude and Direction of Tibial Rotation and Translation Values for 
Unsupported Arch Conditions Compared to Arch-supported Conditions. 

 

 

ML  
Translation 

(mm) 

AP 
Translation 

(mm) 

Longitudinal 
Translation 

(mm) 

ML 
Rotation 
(degree) 

AP 
Rotation 
(degree) 

Longitudinal 
Rotation 
(degree) 

Mean 
0.49 

Lateral 
0.50 

Anterior 
-0.15 

Superior 
0.102 

Extension 
0.186 

Valgus 
0.75 

Internal 
Standard 
Deviation 0.82 4.11 1.43 2.34 0.57 1.33 

 
 

 

 
 

Figure 16. Direction and Magnitude of Change in Tibial Rotation. Internal rotation is 
depicted as positive rotation, and external rotation is depicted as negative rotation. 

 
 
 

4.3 Contact Stress Results 

The DEA contact stress method was used to evaluate contact stress between the 

cartilage surfaces of 21 knee models. Contact stress for insole-supported and unsupported 

knees is depicted in Figures 17 and 18, respectively. These contour plots reflect contact 
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stress magnitude and distribution for insole-supported and unsupported knees. Cooler 

colors indicate lower DEA contact stress computation, while warmer colors indicate 

higher DEA contact stress computation. The majority of contact stresses on all knees 

were small in magnitude. This outcome was expected because all subjects had healthy 

knees. Larger stress values were mainly present on the borders of contact for the 

meniscus and cartilage, or areas of high incongruity. The effect of the meniscus on 

contact stress placement is shown in Figure 19. From this image, it is perceived that the 

meniscus plays a role in contact stress displacement because the majority of contact stress 

is located at the articulation point of the meniscus and cartilage. 
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Figure 17. Contact stress magnitude and distribution for insole-supported knees. 
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Figure 18. Contact stress magnitude and distribution for unsupported knees. 
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Figure 19. The left image shows the placement of the meniscus on an insole-supported 
knee. The right image shows contact stress on the same knee with the meniscus removed.  

 
 
 

Table A-2 shows mean contact stress for both medial and lateral compartments in 

insole-supported and unsupported knees. As seen below in Figure 20, there was no 

substantial change in mean contact stress within each side for either condition. However, 

the mean contact stress on the lateral compartment was approximately 15% smaller than 

the mean contact stress on the medial compartment for both conditions. The results of a 

one-tailed paired t-test indicate that there were no differences comparing the mean 

contact stress for either the lateral and medial compartments, comparing the arch-

supported with the arch-unsupported conditions (p=0.41 for lateral; p=0.45 for medial).  

The magnitudes of maximum contact stress for both the medial and lateral 

compartments for insole-supported and unsupported conditions can be seen in Table A-3. 

Unsupported knees had similar maximum contact stress values for both the medial and 

lateral sides (Figure 21). The majority of the maximum contact stress was located along 

the edge of meniscus and cartilage contact. There were no differences comparing the 

maximum contact stress for either the lateral and medial compartments, comparing the 
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arch-supported with the arch-unsupported conditions (p=0.23 for lateral; p=0.06 for 

medial).  

 
 
 

 
 

Figure 20. Relationship between Mean Contact Stress for Unsupported and Insole-
Supported Conditions.  

 
 
 

 
 

Figure 21. Relationship between Maximum Contact Stress for Unsupported and Insole-
Supported Conditions.  
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4.3.1 Contact Area 

 Contact areas were compared for insole-supported and unsupported knees. 

The mean contact area for the lateral compartment was found to be 13% larger in 

unsupported conditions. For the medial compartment, there was no significant difference 

in mean contact area in insole-supported and unsupported conditions. The relationship 

between contact areas for both the medial and lateral sides for insole-supported and 

unsupported knees is depicted below in Figure 22. There were no differences comparing 

the contact area for either the lateral and medial compartments, comparing the arch-

supported with the arch-unsupported conditions with a one-tailed paired t-test (p=0.13 for 

lateral; p=0.44 for medial). 

 
 
 

 
 

Figure 22. Difference in contact area of lateral and medial compartments for insole-
supported and unsupported knees. 
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A larger contact area on the medial compartment indicates that stress was more 

wide-ranging on the medial side in insole-supported cases compared to unsupported. The 

difference in mean contact area on the medial and lateral sides was expected due to the 

effect of the arch support. When the arch height is increased from a flat arch to a more 

normal arch height, it is expected that the tibia will shift to a more neutral position, 

changing the contact area on each compartment of the knee.  

4.3.2 Joint Force 

 A measureable difference in joint load was observed between insole-supported 

and unsupported knees. The unsupported knees had a smaller mean joint load compared 

to the insole-supported knees. Figure 23 shows the differences observed in applied load 

for each knee. The magnitude of force in each knee model can be seen in Table B-1. Joint 

force is dependent on knee position and subject weight, so it varied from subject to 

subject. The mean joint load was 742.9 N for insole-supported knees and 773 N for 

unsupported knees. On average, joint load was approximately equal to body weight for 

insole-supported knees and approximately 1.1 times body weight for unsupported knees.  

The change in joint load as a percentage of total body weight was compared for 

arch-supported and unsupported conditions (Figure 23).  The mean difference in joint 

force between unsupported conditions and insole-supported conditions was found to be 

approximately 30.5 N. There was no difference comparing the joint load for the arch-

supported with the arch-unsupported conditions (p=0.35). 
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Figure 23. Difference in joint load for insole-supported and unsupported conditions. 
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CHAPTER 5: CONCLUSION 

5.1 Discussion of Results 

 Compared to insole-supported knees, knees with unsupported arch height had a 

mean tibial rotation of approximately 1.02° about the longitudinal axis. It was also 

observed that there was a change in tibial translation and rotation in all directions when 

the arch height was not supported.  Changes in position of the tibia were expected due to 

the presence of the arch support.  

Three knee models did not have a measurable change in tibial rotation between 

insole-supported and unsupported conditions. This outcome is likely a result of the 

subject altering their foot position during their second weight-bearing CT scan so that 

their toes were positioned laterally to their ankle, thereby negating the effect of the arch 

supports on change of tibial rotation. The subject may have also kept their foot in a 

tensed position after the removal of the arch insole, preventing their calcaneus and tibia 

from rotating naturally.  

 There was a measureable shift of the tibia along the ML axis of an average of 0.77 

mm for unsupported knees compared to insole-supported knees. This may indicate signs 

of IBFS. Due to iliotibial band friction syndrome, tightness and shortness of the iliotibial 

band may force both the tibia and patella to shift laterally. Lateral tibial translation may 

also be due to ligamentous laxity. Internal tibial rotation may over-stretch supporting 

cruciate ligaments, effectively decreasing their ability to constrain tibial movements [38, 

39].   

 Mean tibial translation along the AP axis of approximately 3.34 mm was observed 

in unsupported knees. This was the greatest shift in positioning of the tibia observed in 
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any direction. As seen above in Table 2, the direction of the net change along the AP axis 

was found to be anterior. Anterior tibial translation is caused by internal tibial translation 

because the strength of the anterior cruciate ligament is hindered by the internal rotation 

of the tibia. ACL strength is hindered because tibial rotation will cause the ligament to 

stretch and may reduce its laxity. This is the main ligament that prevents translation in the 

anterior direction, so its laxity enables anterior translation of the tibia [43]. This 

translation may also be due to internal rotation pulling the lateral tibial condyle 

anteriorly.  

In addition to tibial rotation, there was noticeable rotation about the ML axis in 

the sagittal plane of an average of approximately 1.86 degrees for unsupported knees in 

comparison to insole-supported knees. This rotation indicates knee flexion or extension. 

This was expected because the arch insole would decrease the distance between the ankle 

and the knee joint by raising the arch height. Removal of the arch insole would increase 

distance between the two joints, causing the knee to extend so that the feet can rest on the 

ground.  

Rotation about the AP axis (in the coronal plane) produced the smallest change in 

position of the tibia (.48 degrees). Foot pronation may lead to development of a valgus 

condition by causing the distal femur and proximal tibia to shift medially. This 

movement, combined with no change in position of the hip, may occur when the tibia is 

rotated internally. This leads the tibia and femur to articulate more closely on the lateral 

side rather than the medial side [36]. Foot pronation and subsequent internal tibial 

rotation cause lateral superior translation of the tibia to accommodate the inward shift of 

the bones.  
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Contact stress is understood to play a significant role in many aspects of joint 

degradation. DEA is a useful technique for the investigation of the effects of arch height 

on tibiofemoral contact stress using a simplified computational methodology. Due to the 

change in position of the tibia due to the arch insole, it is expected that contact stress will 

be altered because of the altered alignment of the tibia and femur.  

Figures 17 and 18 show changes in contact stress magnitude and distribution for 

all knees between insole-supported and unsupported conditions. The change in tibial 

position causes malalignment of the knee joint, leading to differences in contact stress 

area depending on the movement of the tibia. Some of the knees had increased contact 

stress values located near the edge of the cartilage and bone. This is due to displacement 

of the meniscus, which is considered to not move with respect to the tibia. The meniscus 

absorbs much of the force in the knee and shifts positions based on rotation of the tibia. 

Previous work involving DEA methods on a knee model which included meniscus 

showed that the meniscus mainly impacts contact stress around the peripheral tibial 

plateau but regions of peak contact stress near the center of the tibial plateau are 

relatively unaffected by the meniscus [8]. The presence of a meniscus in the knee model 

is thought to increase the contact area of normal knees. A previous study found a mean 

lateral contact area of 420 mm2 and a mean medial contact area of 530 mm2 for healthy 

knee models with a meniscus included and an applied joint load of approximately 112lb 

[69]. The values of contact areas obtained with DEA for this study are consistent with 

values obtained for normal knees in this previous study.  

There was a change in contact area between the medial and lateral sides for 

supported and unsupported conditions. Contact areas for each knee can be seen in Table 
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A-1. Though contact area on the medial compartment remained fairly constant for both 

insole-supported and unsupported conditions, the mean contact area of the lateral 

compartment was 11% greater for unsupported knees in comparison to insole-supported 

knees. On average, the contact area on the medial compartment was approximately 50% 

greater than the contact area on the lateral compartment, which is consistent with findings 

of previous studies [70, 71]. The change in contact area is consistent with a shift in knee 

alignment from normal to valgus. Mean contact area for knees that exhibit knee 

osteoarthritis characteristics has been found to be approximately 1220 mm2 [55]. The 

mean contact area for insole-supported knees and unsupported knees was found to be 718 

mm2 and 742 mm2, respectively, in this study. Since the recruited subjects had healthy 

knees, the contact area is expected to be smaller than that of knees that are showing signs 

of degeneration.  

Mean contact stress on the medial compartment was approximately the same for 

both insole-supported and unsupported conditions. The mean contact stress on the lateral 

compartment was approximately 15% smaller than the mean contact stress on the medial 

compartment. The arch insole caused approximately a 12% increase in the maximum 

medial contact stress, and an 8% decrease in the maximum lateral contact stress.  

 The amount of force applied on each knee varied based on the subject’s weight. 

Due to the change in foot position and subsequent spread of shock absorbed, the amount 

of force absorbed by the knee joint varies. This is partly due to changes in the alignment 

of the joint because of tibial rotation and translation, which may increase joint force in 

other lower extremity areas. An increase in joint force in unsupported knees may be due 

to increased muscle tension because of the position of the foot.  



52 
 

 

 Contact stress exposure is thought to play a role in joint degradation. Effective 

contact stress computation in normal joints is vital in determining the role of contact 

stress in development and progression of knee osteoarthritis.  

5.2 Potential Clinical Impact 

 The findings from this study may be used to predict future development of 

musculoskeletal disorders in the lower limbs. A drop in arch height indicates changes in 

tibial rotation and contact stress at the tibiofemoral joint. If physicians are able to 

attribute lower limb musculoskeletal disorders to problems that arise during pregnancy, 

they may prescribe women to wear orthotic insoles in their shoes throughout their 

pregnancy. This could potentially decrease the population of women who develop knee 

pain and knee osteoarthritis, as well as related musculoskeletal disorders. Preventing 

development of knee osteoarthritis or other lower limb musculoskeletal disorders could 

decrease joint disability and improve the quality of life for women.   

5.3 Limitations 

 Several limitations exist for the current tibial rotation and DEA study. Since this 

was a preliminary study, a small sample size was chosen. Increasing the sample size for 

future studies may lead to more significant results.  

Due to the cross-sectional design of this study, there was no way of knowing 

whether the lasting decrease in arch height was due only to pregnancy effects or whether 

there was a further drop in arch height that occurred after pregnancy. The change in arch 

height was simulated with the aid of orthotic insoles since the study was conducted 

longitudinally with respect to the pregnancy. Since it is possible for arch height to change 

due to other conditions, arch height measurements and weight-bearing CT scans should 
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be taken immediately before and after pregnancy to ensure that any change in arch is due 

to the effects of the pregnancy.  

Another limitation was that the height of the arch insoles was not accounted for. 

The measured thickness of the insoles was approximately 4.5mm, which is equivalent to 

the change in arch height between unsupported and supported arch height. Therefore, it is 

possible that the insoles used in this study raised the position of the foot, rather than raise 

the arch height of the foot. This may explain why only small changes in tibial rotation 

and contact stress were found. In the future, thinner insoles may be used to ensure that 

there is a change in arch height.  

5.4 Future Work 

The current study evaluated the impact of an artificial change in arch height on 

tibial rotation and tibiofemoral contact stresses. Although the study was able to reveal 

insights into the effects of an arch insole, a more complete analysis is desired to 

determine the effects of arch drop due solely to pregnancy issues. The cross-sectional 

design of this study made it impossible to know whether subject’s arch drop was caused 

by pregnancy effects only.  Although implants were used to artificially adjust arch height, 

the minor changes in tibial rotation suggest that the study protocol needs to be 

reconstructed.  

The current study focused solely on the movement of the tibia and assumed a 

steady position of the femur. Rotation at the hip joint may affect posture by altering the 

alignment of the femur and tibia, potentially leading to development of lower limb 

musculoskeletal disorders. Computational analysis of femoral rotation and translation 
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with respect to tibial rotation and translation may provide better understanding of the 

effect of arch height on tibiofemoral contact stress.   

5.5 Summary Statement 

The goal of this research was to investigate whether a drop in foot arch height 

leads to an increase in internal tibial rotation and medial tibiofemoral contact stress in 

postpartum women with flexible foot arches. The study results indicated that a decrease 

in arch height appeared to cause a small increase in internal tibial rotation about the 

longitudinal axis. No significant changes in medial or lateral tibiofemoral contact stress 

were found. Further analysis can be completed to test the effect of arch insoles on other 

lower limb musculoskeletal disorders.  
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APPENDIX A: CONTACT STRESS RESULTS 

Table A-1. Contact Area for Insole-Supported and Unsupported Knees Using  
DEA.  

 

Knee 
Number 

Supported 
Lateral Contact 

Area (mm) 

Supported 
Medial Contact 

Area (mm) 

Unsupported 
Lateral Contact 

Area (mm) 

Unsupported 
Medial Contact 

Area (mm) 
1 440.9 431.5 474.6 621.9 

2 436.4 550.3 429.7 674.2 

3 0.000 478.0 109.5 436.4 

4 355.5 645.0 145.1 552.5 

5 380.7 650.4 259.1 713.3 

6 320.1 393.6 376.6 302.4 

7 134.7 643.6 88.70 496.1 

8 79.50 685.8 67.90 676.0 

9 549.7 540.9 477.0 481.6 

10 144.2 637.5 290.4 664.8 

11 277.7 590.8 392.6 542.3 

12 135.8 575.8 96.80 795.3 

13 103.5 358.5 154.1 305.2 

14 154.0 337.9 192.9 303.0 

15 38.80 362.3 60.30 440.3 

16 86.50 305.7 44.80 300.1 

17 215.2 519.3 264.3 13.00 

18 58.10 496.1 370.3 524.7 

19 416.5 221.6 357.7 234.4 

20 259.1 108.4 468.4 558.3 

21 423.0 549.9 507.8 327.7 
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Table A-2. Mean Lateral and Medial Contact Stress for  
Insole-Supported and Unsupported Knees Using DEA. 

 

 
Insole-Supported Unsupported 

Knee 
Number 

Lateral 
(MPa) 

Medial 
(MPa) 

Lateral 
(MPa) 

Medial 
(MPa) 

1 1.65 0.60 1.75 0.93 

2 1.58 0.92 0.60 1.09 

3 0.00 1.31 0.46 1.15 

4 0.96 1.26 0.25 0.84 

5 1.06 1.33 0.49 1.32 

6 0.86 0.61 1.01 0.86 

7 0.65 0.66 0.69 0.73 

8 0.35 1.43 0.40 1.75 

9 1.28 1.26 1.44 1.18 

10 0.45 1.38 1.36 1.48 

11 0.59 1.03 0.97 0.75 

12 0.84 1.72 0.65 1.58 

13 0.29 0.63 0.47 0.63 

14 1.56 1.14 0.81 0.92 

15 0.29 1.20 0.36 1.39 

16 0.33 0.71 0.43 0.59 

17 0.48 0.85 0.47 0.15 

18 0.31 0.86 1.06 0.90 

19 1.91 0.54 1.40 0.42 

20 0.79 0.49 1.31 1.23 

21 1.18 0.81 1.52 0.64 
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Table A-3. Maximum Lateral and Medial Contact Stress  
Values for Insole-supported and Unsupported Knees  

Using DEA. 
 

 
Insole-Supported Unsupported 

Knee 
Number 

Lateral 
(MPa) 

Medial 
(MPa) 

Lateral 
(MPa) 

Medial 
(MPa) 

1 5.20 1.66 6.16 2.25 
2 5.00 2.64 2.47 2.92 
3 0.00 4.14 3.46 4.01 
4 4.86 4.69 2.90 2.88 
5 4.36 6.38 3.54 5.85 
6 6.20 4.47 6.50 3.85 
7 4.97 3.42 4.19 3.60 
8 3.21 5.32 3.01 5.57 
9 5.09 3.95 4.95 3.92 
10 1.54 3.53 3.40 4.45 
11 2.93 4.49 4.53 4.24 
12 7.14 5.33 4.19 4.91 
13 0.75 3.42 1.37 3.05 
14 6.06 7.80 7.88 8.06 
15 0.47 5.27 0.66 5.13 
16 2.70 5.48 1.95 5.19 
17 1.18 3.81 1.06 0.50 
18 2.88 1.82 5.78 2.16 
19 5.31 4.49 5.46 2.14 
20 2.92 1.28 4.33 2.78 
21 2.16 7.65 3.49 3.49 
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APPENDIX B: KNEE JOINT FORCE 

Table B-1. Knee Joint Force for Insole-Supported and  
Unsupported Knees Using DEA. 

 

Knee 
Number 

Insole-Supported Knees 
Joint Load (N) 

Unsupported Knees 
Joint Load (N) 

1 1085.2 1374.1 

2 1135.3 846.8 

3 563.0 523.7 

4 1087.3 437.3 

5 1295.5 957.2 

6 444.0 567.4 

7 585.2 538.7 

8 1030.9 1395.2 

9 1159.3 1181.2 

10 942.1 1552.8 

11 790.5 697.5 

12 1016.7 1118.3 

13 219.6 270.1 

14 524.4 365.8 

15 519.0 728.9 

16 305.3 171.7 

17 486.2 111.9 

18 396.5 705.8 

19 962.4 720.4 

20 294.2 1230.5 

21 757.5 746.1 
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