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ABSTRACT 

THE EFFECT OF SOFT TISSUE AND BONE MORPHOLOGY ON THE 

STRESSES IN THE FOOT AND ANKLE 

Jinhyuk Kim 

Old Dominion University, 2022 

Director: Dr. Stacie I. Ringleb 

 

The foot and ankle interface with the ground, thus they absorb reaction forces and initiate 

load distribution through the body. The plantar fascia (PF) is a flexible structure that absorbs 

reaction forces and distributes loading across the foot. It is frequently a source of foot pain 

especially when people have plantar fasciitis and/or diabetes mellitus. Finite element (FE) models 

of the foot and ankle were created to examine the function however, the plantar fascia is frequently 

modeled as a 1D tension only spring, which does not represent variations caused by injury and/or 

disease.  

As models move toward being patient specific, understanding what components of a model 

can be generic versus what should be patient specific is critical when minimizing the time to create 

and simulate results. The purpose of this dissertation was to develop 3D finite element foot and 

ankle models including different thickness of 3D solid plantar fascia (i.e., 3mm, 4mm, and 5mm) 

and different ankle positions (i.e., neutral position, 10° dorsiflexion, and 10° plantarflexion). 

Additionally, the effect of different thicknesses of cartilage (i.e., 0.5mm, 1.0mm, and 1.7mm) and 

bone morphology (health and injured) was investigated in a model of the talocrural joint. As the 

thickness of plantar fascia increased, the strains of plantar fascia were increased, and the peak 

plantar pressure moved from hindfoot to forefoot. Also, the peak plantar pressures were highest 

when the foot was in 10° of plantarflexion and lowest in the neutral position. Finally, contact area 

decreased with decreasing cartilage thickness, with a greater decrease in contact area in healthy 

ankles. In 3 models, contact stress increased as cartilage thickness decreased. The fourth model 



 
 

 
 

had little decrease in contact area, thus the contact pressures may have been affected more by bone 

morphology. In conclusion, in models of the foot and ankle, the plantar fascia can be generic if it 

is less than 4 mm thick, a variety of foot positions should be considered, and specific bone 

morphologies should be included in the ankle if there is a known pathology. 
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CHAPTER I 

INTRODUCTION 

1.1 BACKGROUND 

The human foot has several functions such as weight-bearing, absorption of shock, and 

transmitting thrust in motion [1]. The entire human foot experiences forces that are around five 

times higher than body weight in normal gait and thirteen times higher than body weight during 

activity movements such as running and jumping [2]. Thus, during the lifetime, the human foot 

experiences high plantar pressures, shear, and internal stresses [3-5]. Therefore, about 19 percent 

of the US population has an average of 1.4 foot problems every year [6]. Among the foot problems, 

heel pain is one of the most common foot problems [7]. In the US, over 1 million people who 

suffer from plantar heel pain visit physicians [8]. Heel pain varies depending on the age, body 

weight, sex, or running which is the most common activities in people and in athletes [9, 10]. Heel 

pain is  frequently caused by plantar fasciitis and diabetes [11, 12]. Plantar fasciitis is related to 

several risk factors such as the high stress and higher plantar load over the rearfoot area [13, 14]. 

Furthermore, plantar fasciitis is not only related to the foot’s mechanics such as a tight Achilles 

tendon or pes cavus and pes planus foot structures, but also related to the thickness of plantar fascia 

[15]. Specifically, as the plantar fascia thickness increases, the symptoms of the plantar heel pain 

level is increased [16]. Patients with diabetes face foot injuries in different forms than non-diabetic 

feet such as abrasions or blisters, nail extraction, stone bruise, ankle pain, and heel pain. Moreover, 

people with diabetes have more foot and ankle injuries such as foot ulcers, foot deformity, and 

plantar fasciitis than non-diabetics [17, 18]. Because diabetes can damage small and large blood 

vessels, diabetics have an increased risk of developing diabetic neuropathy [19]. Basically, foot 

injuries in patients with diabetes are typically greater than injuries in non-diabetic feet, which is 

frequently caused by the abnormally high plantar pressure [18].  The high plantar pressure can be 



2 
 

 
 

affected by the stiffness of plantar fascia [20]. The plantar fascia with high stiffness affects the 

high arch and the level of heel pain as well [21, 22].  The high stiffness of plantar fascia increasing 

thickness of plantar fascia measured up to 9.1mm thick plantar fascia lead to foot deformities like 

Pes cavus is characterized by high arch of the foot that does not flatten, and increases the foot pain 

level [23]. 

Previous studies have researched the relationship between heel pain and the thickness of 

the plantar fascia using ultrasonography and Magnetic Resonance Imagining (MRI) [24-27]. In 

[27], thirty patients participated to evaluate the relationship between heel pain and the thickening 

plantar fascia. In the first step, the patients measured pain with a visual analog scale (VAS) as well, 

the thickness of plantar fascia measured. Three weeks later, patients were treated and the thickness 

of plantar fascia was measured at the same time. After the treatment, around twenty-nine feet show 

a decreased thickness of plantar fascia and reduced the heel pain. Additionally, the thickness of 

plantar fascia was reduced from 5.71 ± 1.33 mm to 4.89 ± 1.19 mm [27]. Seventy-seven patients 

with heel pain and another seventy-seven subjects joined [24] study to compare the detection of 

plantar fasciitis between magnetic resonance imaging (MRI) and sonography. In [24], the patients 

with plantar fasciitis had increased the thickness of plantar fascia with pain duration in both 

examinations [24].  

The plantar fascia is on the bottom of human foot and spreads from the heel to the toes and 

it is firmly joined to plantar muscle and skin [28]. Thus, the anatomical variability, functional 

morphology, and internal behavior of plantar fascia are not clearly understood. Nevertheless, the 

elastic properties of the plantar fascia were determined by the in vivo study with radiographic 

fluoroscopy system [29]  and in vitro study with load deformation test [30]. However, the 
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deformations and strains of the plantar fascia during actual walking and daily activities have not 

been thoroughly studied yet.       

Thus, 2-dimensional (2D) or 3-dimensional (3D) Finite Element Analysis (FEA) has also 

been used with other methods (e.g., ultrasonography and MRI) to understand internal behavior 

such as the internal stress, strain, or movement of foot elements in stance phase or in dynamic 

locomotion in athletes, diabetes, or plantar fasciitis [3, 31, 32]. In the previous studies, the 3D FE 

model were developed based on CT or MR images to simulate the biomechanical behavior of both 

a healthy and a diabetic foot [4, 33-35] and to analyzed the internal stress in the plantar fascia in 

patients with plantar fasciitis [36, 37]. The 3D FE models including bony structures, cartilage, 

ligaments, plantar fascia with 1D element or 3D solid element, and soft tissue have been simulated 

in the phases of the gait cycle and in the stance phase to understand the etiology of diabetic foot 

and the effect of plantar fascia stiffness during midstance of the gait cycle. In the previous 3D FE 

model, non-linear material properties (solid model) or linear material properties (1D tension only 

spring) was assigned to the plantar fascia. Thus, it contributed to understanding the effect of 

diabetes and plantar fasciitis in the plantar pressure distribution, the peak pressure, and arch height. 

However, the stiffness of plantar fascia was not considered in the 3D FE model with diabetes [4, 

38]  and with plantar fasciitis [39] even though the thickness of plantar fascia was increased in the 

patient with diabetes and with plantar fasciitis. It was not clearly explained how much increase the 

plantar pressure and peak pressure while increasing the thickness of plantar fascia. 

 

1.2 ANATOMY OF FOOT AND PLANTAR FASCIA 

The foot is an important body to absorb and transfer a load, so it supports body weight and 

body balance for activities such as walking, running, and jumping [40]. The foot and ankle joint 
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composed of 26 bones, 33 joints, more than 100 tendons, muscles, and ligaments are one of the 

most complex bony structures in the human body [41-43] (Figure 1). In feet, muscles, ligaments, 

and tendons are attached to bone to hold bones together and to maintain the arch of  foot (Figure 

2). 

 

 
Figure 1 The bone structure segments model of the foot. Medical and lateral view of the foot 

segment (a). Anatomy of the foot bone can be divided into three parts such as hind foot including 

talus and calcaneus, mid foot including navicular, medial cuneiform, internal cuneiform, lateral 

cuneiform, and cuboid and forefoot including five metatarsal and five phalanges (b). 

(a) 

(b) 
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Figure 2 Anatomic dissection showing foot bone structure, the tendons, and ligaments; Achilles 

tendon and plantar fascia. (a) The transverse plane foot view with plantar fascia and transverse 

arch. (b) The lateral view of the foot with plantar fascia and Achilles tendon with the medial 

longitudinal arch [44]. 

 

The foot arch is described in two components are transverse arch and the medial 

longitudinal arch (Figure 2). The transverse arch is increasing the stiffness of foot [45] while  the 

medial longitudinal arch transfers load from Achilles tendon to forefoot and absorbs the ground 

reaction force [40, 46]. The bones are oriented in an arch shape to support bending compressive 

stresses and to transfer the body weight to the ground during standing [47, 48].  

 The longitudinal arch is also supported by the plantar fascia. As shown in Figure 2, the 

plantar fascia is located beneath the skin on the sole, and it is the most important and strong 

ligament in structures of the foot and ankle to support an arch structure of the foot [21]. The plantar 

fascia acts as spring, so the plantar aponeurosis acts to resist tensile stress than compression [49]. 

Substantially, the plantar fascia transfers loads from the Achilles tendon to the forefoot and absorbs 

the ground reaction force during human locomotion [36, 50]. Thus, the arch height response to the 

loading during gait stance. 

The primary role of plantar fascia is to support, transfer, and absorb the body weight and 

ground reaction forces during human locomotion. Consequently, the shape of the bone structure 
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with the plantar fascia can be simplified as a triangle (Figure 3) [51]. The windlass mechanism 

which was modeled by Hicks in 1954 [51], is a mechanical model of the foot during the gait cycle. 

It helps to explain the biomechanical factors and stresses during the weight bearing activities [52].  

 

 
Figure 3 The medical view of bone structure is similar with triangle truss structure. Two upward 

forces on the metatarsal head and toes, and on calcaneus show the ground reaction force, and the 

downward arrow shows the body weight. 

 

 

1.3 COMPUTATIONAL MODELING OF FOOT AND ANKLE 

Finite element modeling and simulation analysis are widely used to understand the 

mechanical interaction between external and internal stresses and strains [4, 36]. In [4], the 3D FE 

model of a diabetic neuropathic and a healthy subject were developed including bones, cartilage, 

and plantar soft tissue to analyze and to compare the plantar pressure in four instants of the phase 

of gait like the static standing, heel strike, loading response, midstance, and push off phases. First, 
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[4] collected the physical plantar pressures data in four instants of the stance phase of gait from 

the two groups. After that, 30 bone segment models were built based on MRI data. The plantar 

fascia (E = 350 MPa), short plantar ligament (E = 250 MPa), and Achilles tendon (E = 250 MPa) 

as 2-node cables with tension only were also generated to support the foot arch. The solid segments 

were imported into the Simpleware software (Synopsys Inc., Mountain view, CA) to generate the 

finite element model. ABAQUS FEA software (Simuleon Tech, Hertogenbosch, Netherlands) was 

used to simulate the 3D FE models. The 3D FE model simulated in the four-stance phase (i.e., heel 

strike, loading response, midstance, and push off) of gait. Additionally, the stiffness of the plantar 

ligament was tested incrementally by a factor of 2 and of 5. For the FE model, the homogeneous, 

isotropic, linear elastic materials used for plate, bones, cartilage, plantar fascia, tendons, and  

ligament. For the plantar soft tissue, the Hyperelastic, second-order polynomial parameters were 

used (Table 1). The simulation data was validated by comparing the results of experimentally 

measured the stress distribution. 

 

Table 1 The parameters for the second-order polynomial plantar soft tissue 

 
C10 

(N/mm2) 
C01 

(N/mm2) 
C20 

(N/mm2) 
C11 

(N/mm2) 
C02 

(N/mm2) 
D1 

(N/mm2) 
D2 

(N/mm2) 
Reference 

Control 

Group 
0.08556 -0.05841 0.03900 -0.02319 0.00851 3.65273 0.0000 

[34] 
Diabetic 

Group 
0.17113 -0.11683 0.07800 -0.04638 0.01702 1.82636 0.0000 

 

[36] also created the 3D FE foot model including a 3D solid plantar fascia without plantar soft 

tissue to measure internal stress in plantar fascia during in stance phase of gait. The 3D FE foot 

and ankle model was developed using CT scan images. 3D solid model was created in Avizo 
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software (VSG SAS, Bordeaux, France). The solid model was imported into the ANSYS software 

(Swanson Analysis, Houston, PA, USA) to create FE model and to analyze the 3D FE model in 

stance phase of gait. The 3D FE model consisted of 27 bones, cartilage, ligaments, and a solid 

2mm thick plantar fascia. The material properties of the 3D FE foot and ankle model were applied 

homogenous, isotropic, and linear elastic material for bones, cartilage, ligaments, and plantar 

fascia (Table 2). The bone segments were meshed with shell element and applied as rigid bodies 

in FE model. The gait stance phase was simulated by applying displacement to the midlines of the 

superior surface of the distal tibia and fibula. On the same time, the Achilles tendon force was 

applied to the posterior aspect of the calcaneus. The 3D FE model was validated by comparing the 

predicted tension and reaction force of plantar fascia with the cadaver study results [36].   

 

Table 2 The linear elastic material properties for bones, cartilage, ligament, and plantar fascia 

 Young’s Modulus  

(MPa) 
Poisson’s Ratio Thickness (mm) Reference 

Bones 7000 0.3 0.15 

[36] 
Cartilages 50 0.1 - 

Ligament 260 0.45 0.1 

Plantar fascia 350 0.45 2 

 

Furthermore, the computational modeling foot and ankle like FEM in [32] was developed to 

analyze the plantar pressure and internal stress in the metatarsal at the balance standing while 

increasing stiffness of soft tissue [32]. The FE model including plantar soft tissue was developed 

using MR images. The FE model consisted of 28 bones, 72 ligaments (two points tension only 

spring), cartilages, plantar fascia (two points tension only spring), and plantar soft tissue. The 

linear elastic materials applied for bones, cartilages ligaments, plantar fascia ( 
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Table 4). The Hyperelastic, second-order polynomial parameters were used for plantar soft tissue 

(Table 3). 

  

Table 3 The coefficients of the second order polynomial material  

C10 (N/mm2) C01 (N/mm2) C20 (N/mm2) C11 (N/mm2) C02 (N/mm2) D1 (N/mm2) D2 (N/mm2) 

0.08556 -0.05841 0.03900 -0.02319 0.00851 3.65273 0.0000 

 

Table 4 The linear elastic material properties for bones, cartilage, ligaments, and plantar fascia 

Component 
Young’s modulus 

(MPa) 
Poisson’s ratio 

 Cross-sectional 

area (mm2) 

Bones 7300 0.3   

Cartilage 1 0.4   

Ligaments 260 -  18.4 

Plantar fascia 350 -  290.7 

     

Moreover, the computational modeling of the ankle is applied to plan surgeries and test the 

function of foot structure [53]. The computational modeling is also used to understand subject 

specific foot injuries and pathology such as ankle replacement surgery [54]. The FE model 

developed to figure out the different of foot and ankle between the foot with total ankle 

replacement by comparing the contact pressure after total ankle replacement. Thus, the FE model 

was included 28 bones, 103 ligaments (tension only truss element), plantar fascia, nine groups of 

muscles, soft tissue, and total ankle arthroplasty consisted of three parts such as tibia plate, mobile 

bearing, and talar component. The linear elastic material properties were applied for bones, 

cartilage, ligament, plantar fascia, and total ankle arthroplasty ( 
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Table 4). The second order hyperelastic polynomial material was used for plantar soft tissue (Table 

3). The predicted plantar pressure and the vertical ground reaction force measured during the gait. 

Finite element analysis may improve our understanding  of biomechanics behavior of foot supports 

such as the foot insole [55]. 

In this dissertation, a 3-dimensional (3D) finite element foot model was conducted to 

determine the effect of thickness of plantar fascia to the strain of plantar fascia, to the plantar 

pressure, and to the peak pressure. The 3D finite element foot model was developed based on the 

CT scan images. The CT scan images were taken from the cadaver of lower limb. The 3D FE foot 

and ankle model included 26 bones: tibia, fibula, talus, navicular, cuboid, 3 cuneiforms, 5 

metatarsals, and 5 phalanges, cartilage, 3D solid plantar fascia, and plantar soft tissue. 

 

1.4 STATEMENT OF PURPOSE 

The foot and ankle frequently experience pain like plantar fasciitis in people [56]. The foot 

injuries are caused by many reasons such as aging, overuse injuries, being overweight or fitting 

shoes [57-60]. Plantar fasciitis causes heel pain and is the most common foot injury. Previous 

studies had various approaches to model of the foot and ankle with patient specific models using 

in vivo [27, 61], in vitro [62, 63], or the computational models [64, 65] to analyze the dynamics 

between the plantar facial thickness and plantar fasciitis or between diabetes and plantar fasciitis. 

In vivo studies [27, 61] have used ultrasound to measure the thickness of plantar fascia because 

the thickness or the stiffness of plantar fascia was related to the heel pain. The average thickness 

of plantar fascia was 3.4mm in control group in both studies. However, the average symptomatic 

thickness of plantar fascia was 5.71mm ± 1.33mm in [27] and 6.14mm ±  1.4mm in [61]. Similarly, 

the thickness of plantar fascia in patient with asymptomatic plantar fasciitis was 4.2mm ± 0.5mm 
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in [61]. Thus, over 4mm thick plantar fascia would be consistent with plantar fasciitis [27, 61]. In 

vitro study, the role of plantar fascia in foot stability [62] and the stiffness of plantar fascia [63] 

were determined by the measured the deformation plantar fascia. The stiffness of plantar was 182.5 

± 37.3 N/mm in the lateral zone, 232.5 ± 53.1 N/mm in the middle zone, and 203.2 ± 56.6 N/mm. 

The overall average stiffness was 209 ± 51.9 N/mm. In the computational studies, the 3D FE foot 

and ankle model including plantar fascia was developed to understand the effect of plantar fasciitis 

in plantar pressure and in internal stress at metatarsal. However, the plantar fascia was developed 

as a 1D spring [65]  or solid model with 2mm thickness [64]. 

 Nevertheless, the relationship between the thicker plantar fascia and plantar fasciitis was 

not clearly analyzed with the plantar pressure and the strain/stress of the plantar fascia in the 

literature. Also, it was studied in midstance or during gait. If we studied about the effect of the 

thicker plantar fascia at the different foot positions such as at 10-degree dorsiflexion and at 10-

degree plantar flexion, we could be analyzed the difference of the transferred loading from Achille 

tendon (calcaneus) to plantar fascia (forefoot) during the changed ankle position. To determine 

how the thickness of the plantar fascia affects the plantar pressures and strains in the plantar fascia, 

three different approaches will be use in the assembly of a 3D finite element foot model.  

As a first step, 3D FE foot and ankle model including various thick plantar fascia was 

developed without plantar soft tissue. The 3D FE foot and ankle model simulated to determine the 

effect of thicker plantar fascia on strain in the plantar fascia, three different thickness of the plantar 

fascia (e.g., 3mm, 4mm, and 5mm) measured by published literature [21, 22] will be included in 

the 3D finite element model without plantar soft tissue. Then, plantar soft tissue was developed, 

and it was imported into the 3D FE foot model to analyze the effect of thick plantar fascia to plantar 

pressure. Plantar pressure at forefoot and hindfoot should be impacted by the thicker plantar fascia 
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and diabetes according to the previously published literature [8, 66]. The 3D finite element foot 

model including plantar fascia and plantar soft tissue will be simulated to figure out the effect of 

thickness of plantar fascia to plantar pressure in three different foot positions such as neutral 

position, 10-degrees dorsiflexion and 10-degrees plantarflexion. In the last, the four FE foot 

models, two healthy models and two patient models including tibia, talus, and cartilage were 

developed to figure out the effect of bone morphology to the contact stress at ankle joint between 

tibial cartilage and talar cartilage. Also, the three different thickness of cartilages such as 0.5mm, 

1.0mm and 1.7mm were applied to tibial cartilage and talar cartilage to figure out the changing of 

the location of the peak contact stress and the contact stress distribution. 
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CHAPTER II 

THE EFFECT OF THE DIFFERENT PLANTAR FASCIA THICKNESS AND TENDON 

LOADING IN 3-D FINITE ELEMENT FOOT MODEL 

 

2.1 INTRODUCTION 

The plantar fascia is a one of thickness ligaments in the human body. It connects from the 

calcaneus to the metatarsal heads to maintain the longitudinal arch of the foot, and absorb the body 

weight and ground reaction force [51]. The plantar fascia also transfers loads from the Achilles 

tendon to the forefoot during walking [46]. As a results, both Achilles tendon loading and plantar 

pressure may contribute to the strain in the plantar fascia. Additionally, a person with plantar 

fasciitis and/or diabetes mellitus can experience foot pain and arch collapse [28].  

The two most common ailments that affect that plantar fascia are diabetes mellitus and 

plantar fasciitis. Diabetes mellitus can change soft tissue structure and function throughout the 

body, however, it has a significant impact in the foot [67]. Foot ulcerations are the most common 

foot pathology in diabetic patients, which are frequently cause by high peak plantar pressures [68]. 

The high plantar pressure in diabetic patients is related to the thickness of plantar fascia [20, 69].   

Plantar fasciitis is the most common cause of heel pain [70]. The pain usually happens 

when  asymptomatic person stands after rest. In  2017, approximately 10% of the people in the 

United States suffer from heel pain [66]. To reduce the heel pain, many physical therapy, steroid 

injections[71], stretching exercises [72], and heel inserts are used for treatment of plantar fasciitis 

[56]. The thickening of plantar fascia can be affected by the plantar fasciitis.  

As a result, understanding the behavior of plantar fascia  during gait, running, jumping, or 

the effect of foot pathology,  many in vivo, in vitro studies, and  computational method like finite 
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element analysis (FEA) are used to figure out the thickening of plantar fascia to plantar pressure 

or internal stress and strain in plantar fascia [24, 28, 69, 73]. 

Nowadays, Finite Element Analysis (FEA) is widely used to understand internal stress and 

strains of the plantar fascia during neutral standing, walking, or running  [36, 64, 73]. Moreover, 

a two or three-dimensional finite element foot model has developed using computed tomography 

(CT) scan or magnetic resonance imaging (MRI) to figure out the effect of stiffness of plantar 

fascia to the strains of plantar fascia, the primary factor of plantar fasciitis, and the effect of 

diabetes in the plantar pressure and the stress/strains in plantar fascia [36, 38, 64].  

 

2.2 STATEMENT OF PURPOSE 

In the case of patients with plantar fasciitis and diabetes, the plantar fascia is typically 

thicker than healthy asymptomatic [27, 74]. Specifically, the average thickness of healthy plantar 

fascia is 2.0 ± 0.5 mm or 2.3 – 4.3 mm with an average of approximately 3.4 mm [66], while 

plantar fasciitis and diabetic plantar fascia is 5.71 ± 1.3 mm and 3.1 ± 1.0 mm [20, 27], respectively.  

Finite element models of the foot typically keep the plantar fascia at a constant thickness 

(i.e., 2mm or the cross-sectional area of  3.2mm2) [46], while prior studies have shown increased 

thickness in patients with plantar fasciitis and diabetes mellitus. Therefore, the purpose of this 

study was to examine the strain of the plantar fascia with different plantar fascia thickness and 

Achilles tendon loading in 3-D finite element foot model during midstance of gait cycle. 

 

2.3 METHODS 

A 3-dimensional finite element foot model was developed using computed tomography 

images of foot cadaver. The CT scan images of cadaver foot were captured at 0.484 mm increments 
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in a neutral, unloaded position, and were processed using an open-source image computing 

platform called 3DSlicer(version 4.10.2) (Figure 4). 

 

 
Figure 4 CT scan image of cadaver foot. The foot cadaver was fixed at neutral position on foot 

holding devices. (a) the CT scan image in the axial plane; (b) The CT scan image in the lateral 

axial plane; (c) the CT scan image in the sagittal; (d) the CT scan image in the coronal. 

   

The bone segments created in 3D Slicer were imported into Geomagic Design X (3D 

Systems, Rock Hill, SC) to smooth the complex bony surfaces and to create geometric bone 

segments. The geometric bone segments were exported into Hypermesh (Altair, Troy, MI) (Figure 

5) and FEBio (FEBio, Salt Lake City, UT) to mesh and simulate the foot in neutral position. 
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Figure 5 The pictures show how to create the foot bony segments from CT scan images. (a) on 

CT scan images, the bone was created separately. (b) the created bone segments were imported 

into Geomagic Design X to create geometric model as (C) figure. (d)  Then, the geometric 

models were imported into Hypermesh to create meshed foot model. 

 

The FE foot model contained 15-foot bony segments, including the tibia, fibula, talus, 

calcaneus, navicular, three cuneiforms, cuboid, metatarsals, and phalanges (Figure 6). The 

metatarsals and phalanges were fused as a single segment of metatarsals and 5 components of the 

phalanges (Figure 7). 
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Figure 6 The meshed foot segments imported into FE Bio software. The foot consisted of 15 

segments including tibia, fibula, talus, calcaneus, navicular, cuboid, three cuneiforms, single 

segment metatarsal, and five segment phalanges. 

 

 
Figure 7 The metatarsal was fused as a single segment (left). Also, the phalanges were also fused 

as 5 components of phalanges (right). 

 

 

The cartilages were created based on CT images using an open-source image computing 

platform called 3DSlicer(version 4.10.2). The cartilage was created from bone to bone to fill the 

gap at each join (Figure 8 and 9). After creating the cartilage in the 3DSlicer, the 3D geometry of 

the bones and cartilage are shown in Figure 9. 
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Figure 8 The CT scan images in three different views with bones (green) with cartilage segments 

(blue); (a) sagittal view, (b) axial view, and (c) coronal view. 

  

 
Figure 9 3D geometric of the bones (green) with cartilage (blue). The bone segments created 

separately except metatarsal and phalanges.  

 

Fifteen cartilage segments (yellow) and the plantar fascia (pink) were also constructed the 

FE foot model (Figure 10) based on CT scan images. The cartilage was created from bone to bone 

to fill the gap at each join including ankle joint between tibia and talus. The 3-dimensional plantar 

fascia was connected to the calcaneus and the heads of the metatarsals created based on 

measurements from the CT images. To understand the effect of thickening plantar fascia, three 

(a) 

(b) (c) 
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different thickness plantar fascia (e.g., 3mm, 4mm, and 5mm) were simulated in the 3D FE foot 

model (Figure 10).  

 

 
Figure 10 The medial view of foot bones with cartilages (yellow) and plantar fascia (pink). 

  

The segments of FE foot model were idealized as linear elastic, homogeneous and isotropic 

including plantar fascia. The material properties obtained from previous literature [4, 31, 38, 75, 

76] (Table 5). 

 

Table 5 Material properties and element types 

 Young’s modulus (MPa) Poisson’s ratio Element type 

Bones 7300 0.3 Tetrahedral solid 

Cartilage 100 0.4 Tetrahedral solid 

Plantar fascia 350 0.3 Tetrahedral solid 

Plate Rigid body   

 

To evaluate the effects of the thickness of plantar fascia and Achilles tendon pulling force 

on plantar fascia responses, the cuboid and the medial cuneiform were fully fixed. The constrains 

has previousl benn established in the cadaver study by [77]. A 0 and 700N axial load was applied 

Cartilage 

plantar fascia 

calcaneus 

tibia 

talus 

cuboid 
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to the top surface of the tibia and fibula, as the Achilles tendon force was increased from zero to 

500N to simulate midstance (Figure 11). Tied surface to surface contact was applied to the bones, 

cartilages, and plantar fascia. Sliding surface to surface contact was used between the calcaneus 

and plate. 

 

 

Figure 11 The 3D-FE foot model in midstance with rigid plate; bones, cartilage (aqua), 3mm 

thickness plantar fascia (green) and strain. The Achilles tendon force increased from 0 to 500N 

and 0 or 700N axial load was applied to the top surface of tibia and fibula. 

 

2.4 RESULTS 

The strain of the 3D FE models, when only the Achilles tendon was loaded from 0 to 500N, 

increased linearly with similar results when the plantar fascia was 3mm and 4mm thick, however, 

the strain with 5mm thick plantar fascia showed higher strain (Figure 12). The results were 

Fixed Displacement 

Sliding Contact Method  

Fixed Displacement 

Axial load  

Tendon 

loading Plantar fascia 
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compared with [78]’s experimental results and [64]’s simulate results. In the current results of 

strain, it indicated that when increased the thickness of the plantar fascia, the strain was also 

increased. In other words, the thick plantar fascia can affect to the plantar pressure in forefoot area. 

With the 700N axial load and for Achilles tendon (AT) force varying from zero to 500N, 

the strain value ranged from 0.0214 to 0.0502. With 3mm plantar fascia, the strain measured from 

0.0214 to 0.0324. With 4mm plantar fascia, the result of strain ranged from 0.0258 to 0.0355. The 

strain with 5mm plantar fascia measured from 0.0389 to 0.0502 (Figure 13). As a results, the strain 

on the plantar fascia was not only affected by Achilles tendon load, but also affected by the axial 

load like body weight. 

 

 

Figure 12 The strain results based on three different thickness plantar fascia compared with an in 

vitro experiment, with increasing Achilles tendon loading. 
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Figure 13 The strain results based on three different thickness plantar fascia with a 700N axial load  

to the top surface of tibia and Achilles tendon loading from 0-500N applied to calcaneus, compared 

with: 1) an in vitro experiment with Achilles tendon loading from 0-500N to the calcaneus at 0-

degree dorsiflexion and 2) with the various toe dorsiflexion at 15°, 30°, and 45°, with Achilles 

tendon loading from 0-500N [77].  

 

2.5 DISCUSSION 

The  purpose of this study  was to create a 3D FE model to measure the relationship between 

loading and plantar fascia strain in simulated midstance phase. The three different thicknesses of 

plantar fascia were tested with various Achilles tendon forces with and without a 700N axial load 

applied to the tibia. The strain in the plantar fascia increased when the Achilles tendon force 

increased and the plantar fascia’s thickness increased (Figure 12 and 13). However, the increase 

in plantar fascia strain did not increase proportionally with its thickness. Under 500N Achilles 

tendon force, the effect of thick plantar fascia with Achilles tendon force and axial load was 2.64% 

between 3mm and 4mm thick plantar fascia and 23.3% between 3mm and 5mm. The difference 

between the model and in vitro experiment from [77] at neutral position varied by 6-17% before 

reaching 300 N of loading. Because of the linear elastic properties of the model, the variation 
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increased to 36% difference from 300-500N of Achilles tendon loading at 5mm thickness plantar 

fascia (Figure 11). As shown in Figure 12, the strain was linearly increase in Achilles tendon forces 

and axial load. With the 700N axial load and for Achilles tendon force varying from zero to 500N, 

the strain value ranged from 0.0214 to 0.0502 (Figure 12). The percent increase in strain was also 

calculated 21.2% at 3mm thickness plantar fascia, 30.15% at 4mm thickness plantar fascia, and 

62.8% at 5mm thickness plantar fascia. In [77] and [64] studies, when increase the angle of toe 

dorsiflexion with Achilles tendon force, the strain of plantar fascia was nonlinearly increased. 

The modeling study, conducted by [64], did not apply axial loads, however, it increased 

loading on the plantar fascia by increasing the angle of dorsiflexing the toes, which increased strain, 

on the plantar fascia, but not as significantly as increasing loading on the Achilles tendon or the 

axial load. However, the strain with 5mm thick plantar fascia was measured much higher than 

other cases (Figure 13).  

 Further investigation of the characterization of soft tissue in this model must be conducted 

to analyze the plantar pressure and stress on hindfoot and forefoot.  This model was also limited 

because it was only axially loaded and should be tested with off axis loads, and with non-linear 

and pathology specific material properties. 

 

2.6 CONCLUSION 

A 3D finite element model with varying plantar fascia thicknesses was developed to 

understand the effect of plantar fascia thickness for a patient with plantar fasciitis and diabetes 

because a thicker plantar fascia was measured from the patients. Results indicated that, plantar 

fascia strain increased with thicker the plantar fascia, which suggests that this should be further 

investigated while examining aspects such as plantar pressure and peak stress on the soft tissue. In 
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future iterations of the model, plantar soft tissues will be included as well as non-linear and 

pathology specific material properties. 
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CHAPTER III 

THE EFFECT OF PLANTAR FASCIA THICKNESS AT VARIOUS FOOT POSITION 

IN A 3-D FINITE ELEMENT FOOT MODEL 

 

3.1 INTRODUCTION 

  The medial longitudinal arch of the foot supports body weight and absorbs ground 

reaction forces [31, 79]. The plantar fascia is one of major soft tissues that to supports the medial 

longitudinal arch and transfers loads during gait, exercise, or running [79]. It is subjected to varying 

stresses such as the repeated tension loading and shear stress [76]. The repeated stresses increase 

the risk of injuries in foot such as plantar fasciitis which changes the properties of the plantar fascia 

[4]. Plantar fasciitis commonly causes inferior heel pain and Achilles tendon tightness, which 

limits the dorsiflexion of the foot [80]. Approximately, 2 million people suffer from plantar 

fasciitis annually in the United States [81].  Many clinical treatments such as stretching and 

orthosis like heel pad and arch supports are used to reduce the symptom of the plantar fasciitis. 

The surgical treatments like plantar fascia release are also used to reduce heel pain [80]. 

Simultaneously, many researchers have developed FE foot model to examine the strains or stresses 

distribution in plantar fascia during walking, standing, or under stretching using FE foot model 

[31, 36]. However, the effect of a thicken plantar fascia was not fully understood about the strains 

in plantar fascia because the FE foot model was simulated with one thickness of plantar fascia. 

Thus, we still need to learn about plantar fasciitis.  

Patients with diabetes and/or plantar fasciitis have 15-100% higher plantar pressure than 

healthy subjects [4]. Additionally, the plantar fasciitis in people with diabetes or without diabetes 

affects the thickness of plantar fascia. Specifically, the healthy plantar fascia thickness has been 

reported 2.3 – 4.3 mm with an average of approximately 3.4 mm [66]. However, plantar fasciitis 
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patients without diabetes or with diabetes, the plantar fascial thickness measures approximately 

4mm or greater [27, 66]. The patient with plantar fasciitis (PF) also measured 64% thicker in 

diabetic patients than patients without diabetes or control group [8, 66] (Table 6).  However, the 

internal stress and strain measurement in plantar fascia have restrictively measured with in vivo 

study and in vitro study because of its intrinsic variability [36, 37]. 

Additionally, the peak plantar pressure of a diabetic foot was measured 50% higher at the 

1st metatarsal head and 39% higher at the 5th metatarsal head than a healthy subject [82]. This 

increase in plantar pressure could be caused by reduced contact plantar surface [82], reduced range 

of joint motion, the incensement in stiffness of soft tissue and plantar fascia, and the deformations 

of foot morphology [20, 83-85]. However, in the studies, the thickness of plantar fascia and planta 

soft tissue were not evaluated and quantitative in the test. 

 As a result, in the other vivo and in the vitro studies were used to investigate the effect of 

plantar fasciitis and to improve our understanding of the functional behavior of the foot and ankle 

joints [78, 86]. The computational modeling of the foot and ankle were also used to figure out the 

relationship between the plantar fascia thickness or plantar pressure and plantar fasciitis. 

Nowadays, many studies have analyzed the relationship between plantar fasciitis and diabetes or 

plantar pressure [21, 87]. Also, some studies have examined foot deformities, degeneration, and 

injuries in patients with diabetes [32, 74]. In previous studies, the plantar pressure was collected 

at a neutral standing position or during gait, so the effect of thicken plantar fascia in the different 

foot positions (e.g., 10-degrees dorsiflexion and 10-degrees plantar flexion) have not been 

addressed yet.  
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Table 6 The thickness of plantar fascia between control group and patient with plantar fasciitis or 

diabetes, which was measured in Sonographic and MRI. 

 Control subjects (mm) 
Patient with plantar fasciitis 

or diabetes (mm) 
Reference  

Facia thickness measured 

by Sonographic 

(n =66) 

3.19 ± 0.43 

(n=81) 

5.61 ± 1.19 
[88] 

Facia thickness measured 

by Sonographic and MRI 

MRI Sonography MRI Sonography 

[24] (n=154) 

3.0 ± 

0.5 

3.2 ± 0.4 
(n=68) 

5.6 ± 1.3 
4.9 ± 0.9  

Facia thickness measured 

by Sonographic 
3.37 ± 1.0 4.75 ± 1.52 [23] 

Fascia thickness 

measured by Sonographic 
2.0 ± 0.5 

2.9 ± 1.2 

3.0 ± 0.8  

3.1 ± 1.0 

[20] 

Fascia thickness 

measured by Sonographic 
- 

(n =39) 

5.71 ± 1.33 
[27] 

  

3.2 STATEMENT OF PURPOSE 

2-dimensional or 3-dimensional finite element method are popular methods to understand 

the internal stress and strains in plantar fascia in static conditions like standing [32, 34, 35, 37, 87, 

89] and dynamic conditions such as walking [31, 36, 90, 91] and running [92]. Furthermore, the 

finite element analysis could help identify feet with increased risk for injury [34]. As 

aforementioned, the thickness of plantar fascia was affected by the foot pathologies and foot 

disease like plantar fasciitis and diabetes (Table 6). However, in previous literature, the thickness 

of plantar fascia was not considered or did not mention the thickness of plantar fascia in a finite 

element model of the human foot. 

A 3D FE foot model with three different thickness of plantar fascia (e.g., 3mm, 4mm, and 

5mm) in three different foot positions: such as neutral position, 10-degrees dorsiflexion, and 10-

degrees plantar flexion to identify the plantar pressure with the different thickness of plantar fascia. 
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The 3D FE foot models were used to predict the effect of thickness of plantar fascia on plantar 

pressure and peak von Mises stress at bones. Furthermore, the plantar pressure of the 3D FE foot 

models was analyzed in different foot positions to examine the how much the foot positions affect 

the plantar pressure in forefoot and rearfoot.  

 

 

3.3 METHODS 

3.2.1 Three-dimensional FE foot model including plantar fascia and plantar soft tissue 

A 3D FE foot model was developed based on the CT images of a cadaver foot, including 

tibia, fibula, talus, calcaneus, navicular, cuboid, three cuneiforms, metatarsals, and phalanges. Also, 

the cartilage at each foot joint was created as single segment that filled the space between the bones 

based on CT images. However, the cartilages of the ankle joint for tibia, fibula, and talus were 

created separately (Figure 14 and 15). The thickness of cartilage was designated based on the 

distance between tibia and talus or talus and fibula (Figure 14). After creating a solid model of 

cartilage, it exported into Geomagic Design X (3D Systems) and Hypermesh (Altair) to create 

geometric model and FE model (Figure 15). The plantar fascia was also created as a solid model. 

In the CT images of a cadaver foot, it was hard to figure out the thickness, morphology, and length 

of plantar fascia, so the thickness of plantar fascia was created from calcaneus to metatarsal head 

for length, and the morphology and thickness of plantar fascia were developed based on the 

published literature (Table 6). The three different thickness of plantar fascia, 3mm, 4mm, and 5mm, 

were created for each foot position. Thus, a total of 9 plantar fascia were created in this research 

(Figure 17, 18, and 19). Four-node tetrahedral solid elements were used to mesh the bones, 

cartilage, plantar fascia, and plantar soft tissue (Table 7).  
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Figure 14 The CT scan images in three views show cartilages (yellow for talus; red for tibia; blue 

for fibula) at ankle joint. (a) the axial view; (b) coronal view; (c) sagittal view. 

 

 
Figure 15 The 3D solid cartilages were created in 3D Slicer (a), and exported into Geomagic 

Design X and Hypermesh to create geometric model (b). The FE model was imported into FEBio 

(c). 

 

 

 

 

 

 

 

 

(b) (a) (c) 
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Figure 16 3D FE foot model including tibia, fibula, talus, calcaneus, cuboid, three naviculars, 

metatarsals, phalange is consisted of  a one segment cartilage at each joint and plantar fascia. The 

cartilages at the ankle joint were created separately. 

 

Table 7 The 3D FE foot model contained a total of 542595 elements. The Each segment showed 

a different number of elements.  

Name of segments Number of Elements Type of Element 

Tibia with tibial cartilage 27127 

4-node tetrahedral solid 

(TET4)  

Talus with talus cartilage 8855 

Fibula with cartilage 32840 

Calcaneus 23503 

Navicular 4513 

Three Cuneiforms 7254 

Cuboid 4500 

Metatarsal 23160 

Phalanges 47912 

other cartilages 37142 

3mm Plantar fascia 75930 

4mm Plantar fascia 83610 

5mm Plantar fascia 89887 

Soft tissue (Fat) 249859 

 

 

  

One Segment Cartilage (Blue) 

One Segment Cartilage 

(Green) 

Tibial Cartilage 

Talar Cartilage 

Fibula Cartilage 
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 The Sagittal (Medial) View 
The Frontal (Anterior) 

View 

a 

  

b 

  

c 

  
Figure 17 The 3-dimensional FE foot model at neutral position in sagittal and frontal view with 

a) 3mm, b) 4mm, and c) 5mm thick plantar fascia. 

 



32 
 

 
 

 The Sagittal (Medial) View 
The Frontal (Anterior) 

View 

a 

  

b 

  

c 

  
Figure 18 The 3-dimensional FE foot model at 10 degree dorsiflexion in sagittal and frontal view 

with a) 3mm, b) 4mm, and c) 5mm thick plantar fascia. 
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  The Sagittal (Medial) View 
The Frontal (Anterior) 

View 

a 

  

b 

  

c 

  
Figure 19 The 3-dimensional FE foot model at 10 degree plantar flexion in sagittal and frontal 

view with a) 3mm, b) 4mm, and c) 5mm thick plantar fascia. 
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For this research, CT scan was used to build the 3-dimensional (3D) geometric model for 

the foot and ankle. CT scans were obtained from the lower limb of a  death male cadaver (unknown 

age) at three different foot positions neutral position, 10-degrees plantar flexion, and 10-degrees 

dorsiflexion (Figure 20). 

 

 Dorsiflexion Plantar flexion 

Neutral Position 

 

10-Degrees 

  
Figure 20 The Computed Tomography (CT) scan was taken with lower limb cadaver in the three 

different foot angle like neutral position, 10-degrees dorsiflexion, and 10-degrees plantarflexion. 

 

The plantar soft tissue was also developed based on the CT images as a 3D solid model 

(Figure 21). After that, the foot model was imported into Geomagic Design X to create as solid 

geometric model and Hypermesh to create FE model like creating bone and cartilage. Before FE 

model was created, the solid foot model was removed the intersection area between bones, 

cartilages, and soft tissue (Figure 22 and 23).    
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Figure 21 The 3D soft tissue of foot created on 3D Slicer (left). After that the 3D Solid foot 

model was imported into Geomagic Design X for creating geometric model and boolean 

intersection area between bones, cartilage, plantar fascia and soft tissue and Hypermesh for 

creating FE model (right). 

 

 

 
Figure 22 The 3D soft tissue foot with Boolean intersection area between bones, cartilage, 

plantar fascia, and soft tissue. 

 

 

 

 

 

Neutral Position 

10-Degrees Plantar Flexion 10-Degrees Dorsiflexion 
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FE foot model with 3mm 

plantar fascia 

FE foot model with 4mm 

plantar fascia 

FE foot model with 5mm 

plantar fascia 

Neutral 

Position 

   

10° 
Dorsiflexion 

   

10° Plantar 

flexion 

   
Figure 23 The 3D FE foot model in various foot positions were developed with three different 

thickness of plantar fascia. 

 

 

The 3D finite element (FE) models including plantar soft tissue and plantar fascia were 

developed using Hypermesh (Altair), and FEBio (FEBio). Homogeneous isotropic elastic 

materials reported in the literature were used (Table 8) [31, 35, 36, 75, 93].  

 

Table 8 Material properties and element types for bone, cartilage, plantar fascia, and plantar soft 

tissue 

 Young’s modulus (MPa) Poisson’s ratio Element type Reference 

Bone 7300 0.3 3D-Tetrahedral solid [35, 36] 

Cartilage 100 0.4 3D-Tetrahedral solid [31] 

Plantar fascia 350 0.3 3D-Tetrahedral solid [75] 

Soft tissue 2.49 0.49 3D-Tetrahedral solid [93] 

Plate Rigid body    
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3.2.2 Numerical simulations 

To evaluate the effect of thickness of plantar fascia in various thickness of plantar fascia 

and various combination of foot positions on plantar pressure responses, a 700 N axial load was  

applied to the top surface of tibia and fibula. Only vertical movement was allowed at the top surface 

of the tibia and fibula (Figure 24). The five phalanges were also fixed in all six degrees of freedom 

(DoF). The sole of the foot contacted to the top surface of a rigid plate (Figure 25). At the ankle 

joint, the tied surface to surface methods was used. Total 9 FE foot models simulated under the 

given conditions (Figure 23).  

 

 
Figure 24 The 3D FE foot model was simulated under 700N axial load. The tibia and fibula only 

allowed to move in vertical movement. The phalanges were also fixed in all 6 degrees of 

freedom. 

 

Tibia and fibula only 

allowed moving in vertical 

movement 

Fixed phalanges in all 6 

degrees of freedom 

700N Axial load 

Tied or sliding contact methods 

applied between tibia and talus 

Tied contact methods applied 

between foot sole and plate 
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Figure 25 The tied contact method applied between foot and plate. The contact area was selected 

like the highlighted area on foot sole. 

 

3.4 RESULTS 

In  the neutral position, the max stress ranged from 0.11104 – 0.11192 MPa at heel and 

from 0.10597 – 0.10628 MPa at forefoot in 3mm thick plantar fascia. At 10-degrees dorsiflexion, 

the peak stress ranged from 0.12713 – 0.12875 MPa at heel and 0.14709 – 0.14845 MPa at forefoot  

At 10-degrees plantar flexion, the peak stress ranged from 0.13131 – 0.13283 MPa at heel and 

0.15783 – 0.15891 MPa at forefoot. The plantar pressure was a tendency for an increase at forefoot 

and rearfoot areas at two different foot positions. Thus, while changing the foot position, the 

plantar peak stress at heel and at forefoot was also increased to 10% between neutral and 10° 

dorsiflexion,  measured 14% higher stress between neutral and 10° plantar flexion at heel. The 

stress increased up to 32% between neutral and 10° dorsiflexion and up to 42% between neutral 

and 10° plantar flexion at forefoot (Table 9, Figure 26, 27, and 28).  
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Table 9 The peak stress at heel and at forefoot with three different thickness of plantar fascia in 

various foot positions 

Foot positions 
Thickness of 

plantar fascia  

Peak Stress at heel 

(MPa) 

Peak Stress at forefoot 

(MPa) 

Neutral Position 

3 mm 0.11192 0.10597 

4 mm 0.11144 0.10613 

5 mm 0.11104 0.10628 

10-degrees of 

dorsiflexion 

3 mm 0.12875 0.14709 

4 mm 0.12758 0.14807 

5 mm 0.12713 0.14845 

10-degrees of 

plantar flexion 

3 mm 0.13283 0.15783 

4 mm 0.13210 0.15835 

5 mm 0.13131 0.15891 

 

The internal stress at the bone was not only affected by the thickness of plantar fascia but 

also affected by the position of foot (Table 10). The peak stress in neutral position ranged from 

1.54 MPa to 6.64 MPa with 3mm plantar fascia, from 1.47 MPa to 6.03 MPa with 4mm plantar 

fascia, and from 1.39 MPa to 5.52 MPa with 5mm plantar fascia (Figure 29). The peak stress of 

6.64 MPa measured at cuboid with 3mm plantar fascia (Figure 29). In 10-degree dorsiflexion, the 

peak stress also predicted from 1.49 MPa to 9.31 MPa with 3mm plantar fascia, from 1.35 MPa to 

7.97 MPa with 4mm plantar fascia, and from 1.30 MPa to 7.93 MPa with 5mm plantar fascia 

(Figure 30). The peak stress of 9.31 MPa measured at the cuboid (Figure 30). In 10-degree plantar 

flexion, the peak stress measured from 1.55 MPa to 3.99 MPa with 3mm plantar fascia, from 1.62 

MPa to 4.10 MPa with 4mm plantar fascia, and from 1.59 MPa to 3.90 MPa with 5mm plantar 

fascia (Figure 31). The peak stress of 4.10 MPa measured at the head of  the 2nd metatarsal (Figure 

31). While reducing the thickness of plantar fascia, the peak stress was gradually decreased up to 

98% at calcaneus or increased up to 63% at 5th metatarsal, but the peak stress at some of bone 

segment such as talus, cuboid, 2nd metatarsal, 4th metatarsal, and 5th metatarsal with 4mm plantar 

fascia was shown a little bit different peak stress. 
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Neutral position 
a) 3mm thick 

plantar fascia 

b) 4mm thick 

plantar fascia 

c) 5mm thick 

plantar fascia 

Peak stress at 

forefoot 
0.10597 MPa 0.10613 MPa 0.10628 MPa 

Peak stress at heel 0.11192 MPa 0.11144 MPa 0.11104 MPa 

Plantar stress 

   
Figure 26 The plantar stresses at neutral position in axial views with a) 3mm, b) 4mm, and c) 5mm 

thick plantar fascia. 
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10° dorsiflexion 
3mm thick 

plantar fascia 

4mm thick 

plantar fascia 

5mm thick 

plantar fascia 

Peak stress at 

forefoot 
0.14709 MPa 0.14807 MPa 0.14845 MPa 

Peak stress at heel 0.12872 MPa 0.12758 MPa 0.12713 MPa 

Plantar Stress 

   
Figure 27 The plantar stresses at 10° dorsiflexion in axial views with a) 3mm, b) 4mm, and c) 

5mm thick plantar fascia. 
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10°  plantar 

flexion 

3mm thick 

plantar fascia 

4mm thick 

plantar fascia 

5mm thick 

plantar fascia 

Peak stress at 

forefoot 
0.1578 MPa 0.1583 MPa 0.1589 MPa 

Peak stress at heel 0.1328 MPa 0.1321 MPa 0.1313 PMa 

Plantar stress 

   
Figure 28 The plantar stresses at 10° dorsiflexion in axial views with a) 3mm, b) 4mm, and c) 5mm 

thick plantar fascia. 

 

Table 10 The peak stresses in the segments of FE foot model with three different thickness of 

plantar fascia (e.g., 3mm, 4mm, and 5mm) in three different foot positions 

 Peak von Mises Stress (MPa) 

Bone 
Neutral Position 10° Dorsiflexion 10°  Plantar Flexion 

3mm 4mm 5mm 3mm 4mm 5mm 3mm 4mm 5mm 

Talus 2.36 2.45 2.37 2.28 2.12 2.50 3.05 2.99 2.88 

Calcaneus 1.70 1.67 1.64 5.99 2.14 2.08 3.87 2.43 2.50 

Navicular 1.54 1.47 1.39 1.49 1.35 1.30 1.84 1.78 1.69 

Cuboid 6.64 6.03 5.52 9.31 7.97 7.93 1.55 1.62 1.59 

1st Metatarsal 1.53 1.62 1.64 2.35 2.25 1.56 2.14 1.92 1.69 

2nd metatarsal 2.27 2.48 2.62 4.04 3.01 2.44 3.89 4.10 3.86 

3rd metatarsal 2.73 3.10 2.95 2.71 2.81 3.54 2.77 2.79 3.22 

4th metatarsal 1.95 1.87 1.81 2.43 2.11 2.12 2.82 1.84 1.87 

5th metatarsal 1.86 3.21 3.58 4.86 4.56 4.22 3.99 3.54 3.90 
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Figure 29 The peak von Mises stress of bones in 3D FE foot model at neutral position with three 

different thickness plantar fascia. 

 

 
Figure 30 The peak von Mises stress of bones in 3D FE foot model at 10° dorsiflexion with three 

different thickness plantar fascia. 
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Figure 31 The peak von Mises stress of bones in 3D FE foot model at 10° plantar flexion with 

three different thickness plantar fascia. 

 

 
Figure 32 The stresses at rearfoot and forefoot area are measured in various foot positions with 

three different thickness of plantar fascia. 
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3.5 DISCUSSION 

The finite element foot and ankle model were developed to study the effect of the stiffness 

of plantar fascia in various foot positions on the internal stress at bones and the plantar pressure. 

The predicted plantar pressure and planter pressure distribution were in general comparable to the 

experimental measurement or the previous published research [4, 32, 34]. In current study, the 

current predicted plantar stress and internal stress at bone were compared with the simulated data 

which was form the previous published research. Thus, the difference between the current study 

and the previous published literature may be caused by the loading conditions, material properties, 

and the different morphology of foot. 

The simulated peak plantar pressure of the two models at static standing measured 0.11 

MPa for healthy FE foot model and 0.237 MPa for diabetic FE foot model in [4]. In the current 

study, the peak stress measured 0.111 MPa at neutral positions, 0.1478 MPa at 10-degrees of 

dorsiflexion, and 0.159 MPa at 10-degrees of plantar flexion. The peak plantar pressure of [4]’s 

study in diabatic data showed 72% higher than the current simulated data. The difference may be 

caused by the material properties of plantar soft tissue, because second order hyperelastic 

polynomial parameter was used for plantar soft tissue in [4]. Also, the loading conditions were not 

same. In [4], the specific loading conditions were applied to the FE model, but the 700N axial load 

applied in the top surface of tibia and fibula in current FE foot model.  

The peak plantar pressure also measured 0.168 MPa for the FE foot model and 0.130 MPa 

for the F-scan during standing in [34]. The FE model predictions between [34] and the current 

study showed a 40% difference, but the difference between the current plantar stress and the F-

scan data of [34]. showed 16% different. The difference may be also caused by the non-linear and 

linear material properties and loading conditions (365N ground reaction force and 165N Achilles 
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tendon loading in [34]’s study) in predicted measurement and F-Scan data. Furthermore, the 

difference may be caused by the material properties of soft tissue. The second order polynomial 

was applied to plantar soft tissue, but linear elastic material property was applied in the current 

study. 

The plantar pressure in the current 3D FE foot model ranged from 0.10597 MPa to 0.15891 

MPa, which was similar the results of the predicted peak pressure at forefoot area [76]. The 

difference between the current study and [76] may be caused by the material properties of soft 

tissue. The hyperelastic polynomial material properties were applied in the plantar soft tissue in 

[76]. In the current study, when increased the thickness of plantar fascia, the peak plantar stress at 

forefoot area was increased, but the peak plantar stress at heel was decreased. However, the plantar 

pressure in [76] in rearfoot was increased when increased the stiffness of plantar soft tissue.  

The stance phase of gait can be divided three different positions, i.e., heel strike, midstance, 

and push-off [94]. The peak force in stance phase of gait showed two peak forces at midstance and 

push-off, so the shape of stance phase of gait in the peak force showed M curve. In the normal 

walking, the peak force at midstance was higher than the peak stress at push-off. However, in the 

pathological walking, the peak stress at push-off was higher than the peak stress at midstance [94]. 

In the current study, while the thickness of plantar fascia and the foot positions was changed, the 

stress distribution was not changed much each other’s. However, the peak plantar stress at the 

forefoot was increased, but the peak plantar stress at rearfoot was decreased when increasing 

thickness of plantar fascia. Also, when changing the foot position and increasing the thickness of 

plantar fascia at the same time, the higher peak stress measured at forefoot area than neutral 

position of FE foot model. Also, the peak plantar pressure tended to increase at 10 degrees 

dorsiflexion and 10 degrees plantar flexion and especially 10 degrees plantar flexion. Furthermore, 
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the plantar stress distribution at neutral position and 10-degrees dorsiflexion was widely spread 

out at rear foot and forefoot. In the other research, the distribution of stress showed similar pattern 

with the current study [32, 95, 96]. The stress was not measured under five phalanges area because 

the tied contact method was not applied in the area. However, In [86]  the plantar pressure 

measured by F-scan (Tekscan Inc., Boston, MA) measured stress at rearfoot and forefoot including 

toe [86]. The peak stress in [86] at 1st toe. In [34], the peak stress measured by F-scan during 

standing measured around the center of heel. The stress distribution could be affected by the 

experimental environment. In the current study, with increased the thickness of plantar fascia, the 

peak stress was moving from 1st metatarsal to 5th metatarsal, so the stress distribution was also 

slightly moved to 5th metatarsal. Also, the peak stress was distributed around 3rd, 4th, and 5th 

metatarsal head in neutral position and 10-degrees dorsiflexion. However, peak stress in the 10-

degrees plantar flexion was distributed widely from 1st metatarsal to 5th metatarsal. As a result, it 

was necessary to look at different foot positions.    

 

3.6 CONCLUSION 

3D finite element foot models with varying foot positions and plantar fascia thicknesses 

were created to examine changes that may occur in pathologies and injuries such as diabetes and 

plantar fasciitis. Because less flexible feet lead to higher plantar pressures the thicker plantar fascia 

that is measured in people with diabetes and plantar fasciitis, may contribute to foot ulceration, 

foot injury, or foot pain. In [97], the peak plantar pressure was significantly increased in all diabetic 

groups. Furthermore, the contact time between foot and ground was increased in diabetic group in 

[82]. In [37], the plantar pressure also was increased when increased the stiffness of plantar fascia.  

In the current study, the peak plantar pressures were also affected by the changing foot position. 
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The higher peak plantar pressure measured at 10° dorsiflexion and 10° plantar flexion than neutral 

position. As a results, the peak plantar pressure may have been affected by the diabetes, the 

stiffness of plantar fascia, and foot positions in 3D FE foot model. Thus, FE foot models should 

consider the range of foot positions.  

To simplify the analysis in this study, the homogeneous linear elastic material properties 

were assigned to the bony and soft tissue structures including plantar fascia and plantar soft tissue. 

FE analysis was performed in FEBio (version 2.7), but the version of FEBio didn’t support the 

second order polynomial material properties. As a results, linear elastic material properties were 

applied instead of the polynomial material property. Moreover, the plantar fascia only supported 

the structure modelled. The long plantar ligament and short plantar ligament were not included. In 

future iterations of the model, the two plantar ligaments will be conducted with non-linear material 

properties. Furthermore, the other major ligaments should also be added to the ankle joints. 
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CHAPTER IV 

THE EFFECT OF PATIENT SPECIFIC BONE GEOMETRY ON CONTACT STRESS 

IN 3D-FINITE ELEMNET HINDFOOT MODEL 

 

4.1 INTRODUCTION 

Foot injuries (e.g., ankle sprains and fractures) and disease (e.g., diabetes) can alter the 

mechanics of the hindfoot. These alterations increase your risk of developing ankle osteoarthritis 

over just normal aging. Also, the bone morphologies and the cartilage thickness can change with 

how to use foot like professional athletes (e.g., soccer players and runners). Previous research has 

studied the difference of foot morphology between barefoot and shod in running or between 

normal people and soccer group [98, 99]. 

The density of the articular surface of ankle joint was measured and compared between 

control group and soccer group in [99]. The density at ankle joint was measured differently 

between soccer group and control group. In the soccer group, the higher density measured than 

control group. The higher articular contact stress also measured in soccer group. In [98] studied 

about foot morphology between barefoot and shod in running. The feet morphology between 

unshod feet and shod feet measured significantly different with foot length and foot width [98].  In 

the different foot types such as planus, neutrally aligned, and cavus, the foot morphology in each 

foot type is shown different foot morphology . Specially, the dimension of bones (e.g., calcaneus, 

talus, navicular, and cuboid) measured significantly differently in each model [100]. 

Furthermore, the thickness of cartilage may also affect the articular contact stress at the 

ankle joint. In the previous study, the cartilage thickness was measured to identify the effect of 

pathological degeneration, the difference between healthy individual and ankle instability, and 

inflammatory joint disease. [101] measured the thickness of cartilage with 35 ankle cadavers 
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measured in the ranges 1.54 to 2.53mm at the former and the latter 2.07 to 2.98mm [101]. They 

measured the cartilage thickness separately in four distinct areas on each segment square using 

Swann and Seedhom technique. [102] measured the cartilage thickness of 16 healthy volunteers 

using MRI. The thickness of cartilage measured from 0.57mm to 0.89mm. According to the 

previous studies, the cartilage thickness is affected by the age, foot pathology, or foot disease  

(Table 11 and Table 12).  

 

Table 11 The thickness of cartilage at ankle including the measurement methods. 

Author Talus  Methods 

[103] 

Control Group 
Chronic ankle 

Injured Group 
Age 

LOGIQe system - 

Ultrasound 
0.45±0.083mm 0.427±0.094mm 

21.0±2.5 years 

21.2±1.8 years 

Author  
Fibula 

(mm) 

Tibia 

(mm) 

Talus 

(mm) 

Age 

(mean) 
Methods 

[104] 
mean 0.85 1.16 1.10 

61.5 years 
Stereophotography system 

- ATOS max 2.06 2.18 2.38 

[102] 
mean x 0.89 0.72 

22-27 years MR images 
max x 1.54 1.30 

[101] mean x 1.35 1.16 65.1 years 
in Vitro needle force probe 

technique 

[105] mean x 1.14 1.22 
51 

years 

in Vitro needle force probe 

technique 

 

Table 12 The mean thickness of cartilages in two groups, healthy and patient with ankle injuries. 

 Healthy Group Patient Group 

Model 1 

healthy 

cadaver 

Model 2 

from web 

Model 3 

patient- total ankle 

replacement 

Model 4 

patient- 

fuse ankle joint 

The cartilage thickness 

(mm) 
1.5 0.55 0.5 0.85 

Age Over 70 years Unknown 72 years 72 years 
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4.2 STATEMENT OF PURPOSE 

The thickness of cartilage was not considered in the previous 3D FE models. Also, the 

previous studies were conducted to investigate the difference between shod and unshod foot and 

between athletes and normal group concerning different foot width and length, density at the distal 

tibia and proximal talus. However, the mechanical analysis like the contact stress and the contact 

stress distribution has not widely studied. Thus, the aim of this study was to figure out the 

relationship between the bone morphology and cartilage thickness in the peak stress and the stress 

distribution in the talocrural joint. 

 

4.3 METHODS 

4.3.1 Development of the 3D FE model of bone  

The 3D finite element models of the talocrural joint including tibia, talus, and cartilage 

were developed based on three different computed tomographic (CT) scans (Figure 33) (one death 

of the male cadaver in which the age was unknown and two for ankle patients before surgery) and 

one generated in MRI (BodyParts3D) which was taken from Japanese adult males and females of 

average height and weight. The geometries of two of the 3D FE models were constructed based 

on the CT scan images taken before surgery. One patient received a total ankle replacement (TAR) 

and the other received an ankle fusion. All CT images were imported into an open-source image 

computing platform called 3DSlicer (version 4.10.2) to create solid tibia and talus models, and the 

solid models were exported into Geomagic Design X (3D Systems) and Hypermesh (Altair) to 

generate geometric and solid finite element models. The 3D FE foot model were imported into 

FEBio (Figure 34). The linear elastic material properties for the bones were assigned as 17000 

MPa for Young’s modulus and 0.3 for the Poison’s ratio. The cartilage was assigned isotropic 

linear elastic material properties (E = 12MPa and v=0.42) [106]. 
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 Sagittal Coronal Transverse 

Cadaver  
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Patient #1 

 
  

Patient #2 

 
 

 

Figure 33 The three CT scan images. One is from a death male cadaver foot (unknown age) and 

another two CT scan images were from two patients before ankle surgery. 

 

Table 13 The information about the two patients 

 Patient #1, male Patient #2, female 

Age (years) 72.7 72 

Weight (kg) 80.0 80 

Height (cm) 165 165 
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Cartilage 

thickness 
FE model from 

cadaver (left) 

FE model from 

BodyParts3D 

(left) 

FE model from patient 

(left) 

FE model from 

Patient (right) 

0.5mm 

    

1.0mm 

    

1.7mm 

    
Figure 34 The 3D FE foot model including tibia, talus, and cartilage was created in three 

different thickness articular cartilage. 

 

4.3.2 Creating cartilage 

The articular cartilage was added to the FE model by tracing the articular surface and 

extruding it to the desired thickness on the tibia and talus. In the published research, the cartilage 

thickness ranged from 1.06mm to 1.63mm at tibia, from 0.94mm to 1.62mm at talus, from 1.16 to 

1.37mm at tibia, or 0.427 – 0.45mm, 0.85-2.38mm at talus (Table 11 and Table 14). In a 

computational model of the talocrural joint, cartilage was created to fill the joint space between 
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the tibia and talus, resulting in 1.7mm thickness of cartilage. Based on the prior literature, uniform 

cartilage thicknesses of 0.5mm, 1.0mm, and 1.7mm were created along the local bone surface 

(Figure 35). The cartilage was modeled as an isotropic linear elastic material property (E = 12MPa 

and v=0.42) [106]. A single tension only linear spring (k=50N/mm) placed to prevent anterior-

posterior movement) [106] . 

 

Table 14 The articular cartilage thickness at tibia and talus was measured in previous research.  

Research Tibia (mm) Talus (mm) Reference 

Shepherd et al., 1999 1.06 – 1.63 0.94 – 1.62 [101] 

Paschos et al., 2014 1.07 ± 0.15 1.57 ± 0.16 [107] 

Cher et al., 2016 1.3 – 1.5 1.6 ± 0.1 [108] 

Millington et al., 2007 
1.16 ± 0.14 1.1 ± 0.18 

[104] 
 2.38 ± 0.4 

 

 

Figure 35 The articular cartilage was extruded along local bone surface normal between tibia and 

talus to a uniform thickness of 0.5mm, 1.0mm, and 1.7mm. (a) geometric model of the articular 

cartilage; (b) FE model of the articular cartilage.  

  

 

(a) 

(b) 
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4.3.3 Simulations 

To evaluate the effect of thickness of articular cartilage in various foot models, the 700 N 

axial load on the top surface of tibia was applied, and the top surface of tibia only vertical 

movement was allowed (Figure 36). The single tension only linear spring (k=50N/mm) was placed 

to prevent anterior-posterior movement between the tibia and talus [106]. The sliding element to 

element method was applied between tibial cartilage and talar cartilage. The contact area was also 

measured at tibial cartilage. The contact area was selected as the contact stress was higher than  

0.5MPa in tibial cartilage. The anterior and posterior of surfaces at the base of the talus were fully 

fixed in six degrees of freedom (DoF) (Figure 37).  

 

Figure 36 The 3D FE foot model was simulated under 600N axial load. 

 

 

Fixed in 6DoF 

600N Surface of tibia only allows 
to move vertical movement 

Sliding contact method in 
ankle joint 
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Figure 37 The inferior view of talus. The talus at anterior and posterior calcaneal surface was fixed 

in  six degrees of freedom. 

 

4.4 RESULTS 

In this research, four different foot models were built to understand the effect of foot bone 

morphology in the joint between tibia and talus. Furthermore, the three different thicknesses of 

cartilage were applied to analyze the stress distribution and the peak stress in the contact surface. 

The FE predictions characterized a peak von Mises stress and the stress distribution across the 

joint contact surface including contact area.  

The peak talocrural contact stress in the healthy group ranged from 2.03 MPa to 6.16 MPa 

was similar between Model 1 and Model 2 (Figure 38). In the Model 1 and Model 2, the peak 

contact stress increased as the cartilage thickness decreased (Figure 38). In Model 3, before total 

ankle replacement, the peak contact stress increased from 1.05 MPa to 3.61 MPa as cartilage 

thickness decreased from 1.7mm to 0.5mm. However, the peak contact stress did not increase as 

much as it did in the healthy models. Further, in Model 4, the peak contact stress decreased from 

2.41 MPa to 1.93 MPa when the cartilage was thinner (Figure 38). The differences between the 

Posterior 
calcaneal surface 

Anterior 
calcaneal surface 

Fixed in 6DoF 
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peak stress trends in the healthy versus. injured models may be explained by contact area and the 

stress distribution across the joint contact surface. Specifically, in Model 1 and Model 2, the 

contact areas decreased from 491mm2 to 263mm2 and from 413mm2 to 138mm2 as the thickness 

of cartilage decreased, respectively (Figure 39, 40, and 41). The contact area in Model 3 and Model 

4 did not decreased as much as in Model 1 and Model 2 (Figure 39). The contact stress area was 

decreased from 454 mm2 to 302 mm2 in model 3 and from 490 mm2 to 421 mm2 in Model 4 (Figure 

42 and 43). As well, the stress distribution in all models was spread widely in the contact area 

when increased thickness of cartilage. However, the shape of stress distribution showed differently 

in each FE talocrural joint model.  

FE predicted contact stress distributions is shown in Figure 40, Figure 41, Figure 42, and 

Figure 43. The contact stress distribution was spread out from the middle of medial area to the 

lateral side while increasing the thickness of cartilage in Model 1 (Figure 40). The contact stress 

distribution in Model 2 was concentrated at the corner of  posterior and lateral side in both 0.5mm 

and 1.0mm thick cartilage. However, the contact stress distribution with 1.7mm thick cartilage was 

mostly spread out at the corner of the anterior/medial side and lateral side (Figure 41). The stress 

distribution of the Model 3 had total ankle replacement surgery scattered in anterior and medial 

side in 0.5mm and 1.0mm thick cartilage. However, with the 1.7mm thick cartilage in Model 3, 

the stress distribution spread out in all over the contact surface (Figure 42), and the lowest peak 

contact tress measured in all four-foot models. The contact stress distribution in Model 4 was 

similar to Model 3. However, the area of stress distribution was shown changed by increasing the 

thickness of cartilage (Figure 43).       
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Figure 38 The peak stress at the tibial cartilage surface. The peak stress measured in two 

different group such as healthy group and patient group. 

 

 
Figure 39 The contact areas in various thickness of cartilage in the FE ankle models including 

tibia and talus. 
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Figure 40 The distal view of the tibial articular cartilage in Model 1. The three different stress 

distributions  showed similar stress distribution, but the peak stress was decreased when the 

thickness of cartilage increased. 
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Figure 41 The distal view of the tibial articular cartilage in Model 2. The peak stress and the stress 

distribution with 0.5mm and 1.0mm thick cartilage measured on the tibial articular cartilage.  
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Figure 42 The distal view of the tibial articular cartilage in Model 3. The peak stress and the 

stress distribution with 0.5mm and 1.0mm thick cartilage measured on the tibial articular 

cartilage. 
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Figure 43 The distal view of the tibial articular cartilage in Model 4. The peak stress and the 

stress distribution with 0.5mm and 1.0mm thick cartilage measured on the tibial articular 

cartilage. 
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4.5 DISCUSSION 

The computational model like FE model has widely used to compare the physical 

measurement and the predicted data from the FE model [106]. The FE model was also used to 

understand inner stress for total ankle replacement in the foot [54]. The current FE models were 

developed to understand the effect of foot injuries and pathologies on ankle contact stress. The FE 

models were simulated to figure out the contact peak stress and the contact stress distribution for 

both healthy subjects including one death male cadaver with unknown age and BodyParts3D which 

was created from MRI and two patients with ankle injuries. The peak contact stress ranged from 

1.05 MPa to 6.16 MPa with the various thickness of cartilage in all models.  

The 3D FE talocrural joint models of cadaver and MRI model were developed from 

Geomatic Design X for geometric model and  Hypermesh software for finite element model. And  

the FE models were simulated in FEBio. However, the FE ankle mode of [106] was developed and 

simulated in ABAUQS (ABAQUS Inc.) and the contact stress results were imported into 

MATLAB. The contact stress with 1.7mm thick cartilage was measured from 2.92 MPa to 3.69 

MPa in physical measurements and from 2.47 MPa to 3.74 MPa in FE model [106]. Also, the stress 

distribution showed very similar each other in previous study [106]. The current peak stress with 

1.7mm thick cartilages ranged from 1.05 MPa to 2.58 MPa. Additionally, the stress distribution 

also showed very different pattern of the stress distribution. Thus, the peak stress showed over 80% 

difference between the current results and the published literature. In the model of [43], the FE 

ankle models were developed like model1 including tibia, fibula, talus, ankle ligament, and 1.7mm 

cartilage and Model 2 including tibia, fibula, talus, calcaneus, ankle ligaments, and 1.7mm 

cartilage. In [43], the predicted contact stress from 2.05 MPa to 2.31 MPa [43]. Thus, the FE foot 

model also affected by the number of bone segment. 



64 
 

 
 

The contact stress and distribution were affected by the bone morphology or thickness of 

the cartilage. The stress distribution may have been affected by the foot position while taking CT 

scan images (Figure 44). As shown in Figure 44b, the anterior area of tibia contacted the talus, and  

the angle of tibia was perpendicular to the talus. However, in the Model 4 (Figure 44c), the angle 

of tibia was not perpendicular to the talus as Model 3. The stress distribution was also affected by 

the smoothing of the segments. Also, the CT scans for Model 3 and Model 4 were not taken with 

high resolution, so the solid model which was created based on CT scan was not smooth as much 

as a real bone segment.   

In the future, the effect of bone smooth should be compared to know how much smoothing 

influences results. Because the FE model was segmented from CT scan, so when creating the  

smooth FE model from CT scan, it required a 4-step processes as showed in Figure 45. 

 

 
 Figure 44 The lateral view of CT scan. (a) CT scan taken from a death cadaver (Model 1); (b) 

the angle of tibia was perpendicular to the talus but bone spur was on the tibia (Model 3); (c) but 

the tibia in this picture was not perpendicular to the talus (Model 4) 
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Figure 45 The FE model was developed based on CT scan images. As a first step, the rough solid 

model created in Slicer, then the geometric model developed by the Geomagic Design X 

software. Finally, the smooth FE model was created in Hypermesh. 

 

4.6 CONCLUSION 

Stress distributions at the talocrural joint vary based on cartilage thickness and bony 

morphology. Therefore, when creating patient specific models including the hindfoot these 

parameters should not be generalized. Also, when taking the CT scan image, the foot position 

should be considered because the location of peak contact stress could be affected by the angle of 

tibia and talus. Furthermore, the resolution of CT scan should be considered because the bone 

shape and contact surface at a joint  

 

 

(a) CT Scan images (b) Solid Model 

(c) geometric model (d) FE model 
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CHAPTER V 

DISCUSSION AND CONCLUSION 

 

Foot and ankle are the one of critical structures in the lower limb. The ankle joint consists 

of  the lower leg like the load-bearing for gait and other activities like running and jumping [109]. 

As a results, a large force of around five times body weight in normal gait and up to thirteen times 

body weight during running and jumping is acting on the foot and ankle [109].  Thus, the foot and 

ankle are surrounded by many muscles, tendons, and ligaments to generate propulsion, to absorb 

the ground reaction force, to consist of the foot structure like the longitudinal arch (Figure 46).  

 

Figure 46 The medial view of tibiotalar joint with ligaments (left) [110]. The medial and anterior 

view of foot with muscles. 

 

As previously mentioned, the foot construction consists of 26 bones and 33 joints. In the 

current model, the bony structure consisted of 15 segments including the tibia, fibula, talus, 

calcaneus, navicular, cuboid, three cuneiforms, single segment metatarsal, and 5 segment 

phalanges. Also, the cartilage was created as a single segment in all foot joints except the ankle 

joints between tibia, fibula, and talus.  
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The plantar fascia is frequently a source of foot pain when people have injuries, like plantar 

fasciitis and in people with foot problems caused by diabetes mellitus. Thus, the plantar fascia and 

plantar soft tissue were also created using an open-source image computing platform called 

3DSlicer.  

3D finite element foot and ankle models including three different thickness of 3D solid 

plantar fascia (i.e., 3mm, 4mm, and 5mm) and different ankle positions (i.e., neutral position, 10° 

dorsiflexion, and 10° plantar-flexion) was developed to figure out the effect of different 

thicknesses of plantar fascia and ankle positions to peak plantar pressure and plantar pressure 

distribution. Additionally, 3D FE model of the talocrural joint was investigated to analyze the 

thickness of cartilage (i.e., 0.5mm, 1.0mm, and 1.7mm) and bone morphology in healthy and 

injured ankle.  

All tissues were idealized as linear elastic, homogenous and isotropic. The material 

properties were adopted form previous literature (Table 15). 

 

Table 15 The material properties for all tissues 

 Young’s modulus (MPa) Poisson’s ratio Element type Reference 

Bone 7300 0.3 3D-Tetrahedral solid [35, 36] 

Cartilage 
100 0.4 3D-Tetrahedral solid [31] 

12 0.42 3D-Tetrahedral solid [106] 

Plantar fascia 350 0.3 3D-Tetrahedral solid [75] 

Soft tissue 2.49 0.49 3D-Tetrahedral solid [93] 

Ligament 50N/mm 1D tension only [106] 

Plate            Rigid body  
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When the thickness of plantar fascia increased, the peak plantar pressure (PP) moved from 

hindfoot to forefoot. Also, the peak stress was also affected by the foot positions. The peak plantar 

stress ranged from 0.106 MPa to 0.112 MPa at neutral position. However, when changed the foot 

position, the peak stress ranged from 0.127 MPa to 0.148 MPa at 10° dorsiflexion, and from 0.131 

MPa to 0.159 MPa at 10° plantar flexion. Finally, the contact stress at the ankle joint was affected 

by the bone morphologies. The peak contact stress ranged from 2.03 MPa to 6.16 MPa in the 

healthy group and from 1.05 MPa to 3.61 MPa in the patient group.  

The conclusion of this dissertation, plantar fascia thickness does impact both the strain in 

the plantar fascia and the plantar pressure, especially, when the plantar fascia is greater than 4mm. 

The different foot positions could show greater plantar pressure, thus FE foot models should 

consider the range of foot positions. Moreover, the bone morphology and cartilage thickness do 

effect contact stresses in the ankle, therefore, those parameters should be considered when using 

models to answer clinical questions. 

 

5.1 LIMITATIONS 

The flexible links like ligament, muscles, and tendons were not included in the 3D FE foot 

model because the foot joints were fully connected without any movements and rotation in the 

joints (Figure 16). 

One of thick and strong ligaments, the plantar fascia, was constructed between the 

calcaneus and the metatarsals, having a uniform thickness of 3mm, and 4mm, and 5mm in the 

current model. The plantar fascia was one of the important ligaments to support the medial 

longitudinal arch. Hence, many researchers have studied about the role of plantar fascia [111], the 

stiffness of plantar soft tissue to the diabetic foot [32], the stiffness of plantar fascia [37],  and the 
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effects of plantar fasciitis and diabetes to the foot [4, 82, 112]. However, in the previous studies, 

it was focused on plantar soft tissue in the foot with diabetes and plantar fasciitis, so the plantar 

fascia was modeled as 1D tension only spring or 3D solid model without mention the thickness of 

plantar fascia. Even though, the different stiffness of plantar fascia was tested in [37], but the 

plantar fascia was developed as 1D spring. The morphology and mechanical material properties of 

plantar fascia in patients and in healthy subjects was also studied [2, 67, 113]. As a results, linear 

and non-linear material properties for plantar fascia were simulated in a finite element analysis [4, 

37, 38, 64, 83]. However, in this study, the non-linear material properties were not applied in the 

FE foot model because FEBio didn’t support the 5 terms incompressible Mooney-Rivlin 

Hyperelastic material property (Table 16). As a result, the linear material properties for the plantar 

fascia were only simulated in the current 3D FE foot model (Table 16). 

 

Table 16 Linear and non-linear material properties for plantar fascia. 

Linear Material Properties 

 Thickness 
Young’s modulus, 

E (MPa) 
Poisson’s ratio, v Reference 

Plantar fascia - 350 0 - 0.45 [4, 32, 54, 75, 96] 
 

5-term Incompressible Mooney-Rivlin Hyperelastic (MPa) Reference 

C10 C01 C20 C11 C02 
[64] 

-222.1 290.97 -1.1257 4.7267 79.602 

 

Furthermore, the plantar fascia was developed based on the CT scan images. The CT scan images 

were taken with 0.484mm increments in a neutral and unloaded position. However, the 

morphology and thickness of plantar fascia was not possible to measure  out in the CT scan images. 

Thus, the morphology of plantar fascia was developed based on the other literature and anatomy 

of plantar fascia. 
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5.2 PILOT WORKED TOWARD FUTURE WORK 

For future work, the ankle ligaments such as tibiocalcaneal ligament and anterior tibiotalar 

ligament, posterior tibiotalar ligament should be included to represent ankle joint movement such 

as dorsiflexion and plantar flexion (Figure 47). Furthermore, the metatarsal and sesamoid were 

also developed as a foot anatomy. In the current 3D FE model, the metatarsal segment was 

developed as a single segment in current research (Figure 48), and the sesamoid was not included 

in the 3D FE model. As a result, the highest stress concentrated at 5th metatarsal head. However, 

the metatarsal was created as an individual segment as shown in Figure 48 and the sesamoids were 

developed like Figure 47, the peak stress on metatarsals was measured 1st metatarsal head. As well, 

the plantar stress distribution was also affected by the metatarsal and sesamoid structure (Figure 

50). Thus, the sesamoid model should be included. 
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Figure 47 The 3D FE foot model including 18 bone segment, plantar fascia, ankle ligaments, 

short and long ligaments, soft tissue. 

 

Figure 48 The axial view of the metatarsal. The metatarsal consists of 5 segments, but one of 

metatarsal was developed as a single segment (left). Another metatarsal developed as individual 

segment (right) 
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Figure 49 The stress at metatarsal was changed by the metatarsal structure.  
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Figure 50 The plantar stress distribution and the peak plantar stress was affected by the bone 

structure like metatarsal and sesamoids. 

 

To validate this model, in vitro experiments are required. A six degree of freedom closed 

kinetic chain device was designed and prototyped to collect the experimental data. The 1st 

generation device was developed to control the angle of a cadaver using two servo motors (Figure 

51). After preliminary testing with a cadaver (Figure 52) the motors could not move the foot 

through its range of motion smoothly.  

(a) the single metatarsal and  
without sesamoid 

(b) 5 segment metatarsals and  
with sesamoid 
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Figure 51 The single position control device developed using two servo motors and it tested 

under 66.6 lb.  

    

Figure 52 The device tested with the cadaver. The device was operated from neutral position 

(left) to 20° plantar flexion (right) 

 

Therefore, the second load device was designed and developed with a high torque servo motor 

(Figure 53 and 54). After building the device, it was tested with a 15lb 3D printer (Figure 54). 

However, the angular velocity was too fast, and the coupling shaft could not fully hold the top 

plate. Thus, the 3rd generation device was designed with worm gear and spur gear to reduce the 

angular velocity and increase the torque on the top plate (Figure 55 and 56). 
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Figure 53 The 2nd generation foot and ankle positioning device designed with the five-servo 

motors. 

 

 
Figure 54 The 2nd generation device tested with 25lb 3D printer. 
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Figure 55 The 3D design device of the gear box including 25:1 worm gear and 1:7 spur gear box 

(Left) and  the 3rd generation ankle positioning device with 5 gear boxes (Right). 

 

         

Figure 56 The real 3rd generation gear box (left) and the fully assembled foot and ankle loading 

device (right). 
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