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ABSTRACT 

Adult-acquired flatfoot (AAF) is a common foot deformity characterized by medial 

longitudinal arch collapse, excessive hindfoot eversion, and pain and intolerance, which 

was associated with a variety of lower limb symptoms, such as patellofemoral pain, ankle 

pain, plantar fasciitis, and lower back pain. AAF individuals lack a stable arch support that 

attenuates shock absorption, gait efficiency and plantar foot fatigue. Posterior tibial tendon 

dysfunction (PTTD) is the common cause of AAF. Understanding the compensatory 

mechanism led by PTTD could provide guidance for conservative and surgical treatments. 

Meanwhile, orthotic and surgical treatments are normally prescribed depending on the 

AAF stages. Customized foot orthoses (i.e., arch support) have been used clinically to 

provide stability and relieve pain in early-stage. In stages III and IV, mid/hindfoot 

arthrodesis are recommended to treat severe foot deformity. These salvage treatments 

unavoidably impair mid/hindfoot mobility and may lead to foot pain and joint 

degeneration over time. Clinicians and researchers endeavor to optimize procedures to 

correct the foot misalignment and alleviate pain, whilst the procedures are normally 

empirical. Existing literature targeted on the muscle and joint biomechanics of AAF and 

may not adequately address the internal loading distribution essential to understand and 

improve the biomechanical performance of treatments with the existing foot models. 
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Therefore, the overall purposes of the study were to investigate the internal biomechanical 

characteristics of the flatfoot and identify the effects of orthotic and surgical treatments 

by adopting the musculoskeletal multibody and finite element foot models. The 

biomechanical study evaluated the effects of tibialis posterior (TP) weakness and foot 

orthosis on the lower limb mechanics of AAF. Subsequently, we investigated the 

performance of customized foot orthosis (different arch support heights) and mid/hindfoot 

arthrodesis. 

The first study examined the impacts of TP weakness on lower limb mechanics in 

individuals with foot orthosis via gait analysis and musculoskeletal modelling. The results 

indicated that TP weakness increased the ankle joint force in the superior-inferior direction 

but decreased in the anterior-posterior direction. The flexor hallucis longus and flexor 

digitorum longus forces increased with the decreased TP strength. Foot orthosis 

significantly reduced the second peak knee force, peak ankle force, and most muscle 

forces. We believed that TP weakening might cause compensatory muscle activation and 

attenuated joint load. The orthosis could correct aberrant muscle and joint mechanics in 

flatfoot individuals with TP weakness. 

The second study investigated the internal foot biomechanics by reconstructing a muscle-

driven foot-orthosis finite element (FE) model from a volunteer with flexible AAF. The 

model enabled a three-dimensional representation of the plantar fascia and its interactions 

with surrounding osteotendinous structures. The volunteer walked in foot orthosis with 

different arch heights (low, normal, and high). Muscle forces during stance were estimated 
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by the multibody model and then applied to drive a FE foot model. The foot FE model 

was validated by comparing the predicted foot pressures with measurements. The results 

indicated that peak foot pressures decreased as the arch support height increased. However, 

peak pressures of midfoot increased during all simulated instants. Meanwhile, the plantar 

fascia loading decreased by 5% to 15.4% in proximal regions but increased for foot 

orthosis with high arch support in the middle and distal regions. Although arch support 

could decrease the peak foot pressure and plantar fascia loading, the excessive arch height 

may induce high midfoot pressure and loadings at the central portion of the plantar fascia. 

The third study evaluated the influence of mid/hindfoot arthrodeses on the internal foot 

loading with the developed foot FE. The severe flatfoot model was developed from the 

flexible flatfoot through the attenuation of ligaments and the unloading of the posterior 

tibial muscle. The simulations of five mid/hindfoot arthrodeses (subtalar, talonavicular, 

calcaneocuboid, double, and triple arthrodeses) and a control condition (no arthrodesis) 

were performed simultaneously in the detailed foot multibody dynamics model and FE 

model. Muscle forces calculated by a detailed multi-segment foot model and ground 

reaction force were used to drive the FE model of the foot. The internal foot loadings 

among the control and those arthrodeses conditions were compared. The results indicated 

that the navicular heights in double and triple arthrodeses were higher than that in other 

procedures, while the subtalar arthrodesis had the smallest values. Compared to the control 

condition, five mid/hindfoot arthrodeses reduced the peak plantar fascia stress. However, 

double and triple arthrodeses increased the peak medial cuneo-navicular joint contact 
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pressures and peak foot pressures as well as the metatarsal bones stresses. The proposed 

computational platform can predict the biomechanical factors that lead to the 

postoperative symptoms in patients with flatfoot, thus assisting the optimization of the 

surgical procedures. 

In conclusion, this study adopted musculoskeletal multibody and FE models to investigate 

the lower limb mechanics and internal foot mechanics of AFF. This study identified the 

compensatory muscle activation and attenuation of the joint load caused by TP weakness 

that might be restored by the orthosis. Meanwhile, a muscle-driven flatfoot FE model was 

developed and validated. The proposed model was adopted to investigate the effects of 

orthosis insoles and five mid/hindfoot arthrodeses on the internal foot mechanics of AAF. 

The developed foot models could provide a simulation platform that can perform 

pathomechanics analysis, orthotic insole optimization and preoperative analysis for 

surgical treatment for the flatfoot. 
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CHAPTER 1 INTRODUCTION 

1.1 Adult Acquired Flatfoot 

Adult acquired flatfoot (AAF) is a complex foot pathology characterized by the loss of 

medial longitudinal arch (MLA) under static and dynamic conditions, and companied by 

the symptomatic, progressive foot deformity (Richie, 2007). AAF is traditionally 

described as posterior tibial tendon dysfunction (PTTD), which refers to the failure of the 

tendon. Although these pathologies share similar key symptoms, they represent two 

different conditions. PTTD mainly focuses on the condition associated with pain and 

swelling along the tendon, which neglects other factors that contribute to the development 

of AAF. Specifically, patients with early-stage PTTD have no apparent symptoms in the 

foot. However, AAF comprises a broad spectrum of ligament and tendon failures, resulting 

in significant foot deformity and disability. Generally, AAF can be classified as flexible 

and rigid. Clinical symptoms and imaging features, including hindfoot eversion, forefoot 

abduction, and swelling and tenderness along the posterior tibial tendon, are presented in 

different AAF stages (Myerson, 2003). 

The prevalence of AAF ranged from 19% to 27 % (Munro & Steele, 1998; Otsuka et al., 

2003; Pita-Fernandez et al., 2017). Other studies reported a prevalence of 37% in patients 

with associated comorbidity (Lauterbach et al., 2010). The lack of normal arch support in 

AFF contributed to the inability of vibration absorption during weight-bearing conditions, 

which increased the possibilities of lower limb dysfunction and low-quality life (Munro 

& Steele, 1998). Clinical studies have shown that flatfoot was associated with many lower 
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limb injuries, including patellofemoral pain, ankle pain, and plantar fasciitis (Chuter & 

Jonge, 2012; Guler et al., 2009; Riskowski et al., 2013). As the condition progresses, these 

patients could have more complaints about the loss of function and changes in the foot 

posture (Shibuya et al., 2010).  

The presence of AAF has also been associated with poor health status (Shibuya et al., 

2010). Patients with AFF commonly suffer from various symptoms, including foot pain 

and immobility. Efficient and timely treatments can delay or hinder the progress of foot 

deformity and improve life quality. Foot orthoses were frequently prescribed to provide 

stability and pain relief by modifying the foot and lower limb misalignment for early-stage 

AFF (Banwell et al., 2014; Kosonen et al., 2017; Telfer et al., 2013). As flatfoot progresses, 

the foot structure may become fixed or stiff (in stages III and IV). Surgical treatments, 

such as hindfoot joint arthrodesis and triple arthrodesis, were adopted to help patients 

alleviate pain and restore locomotion function (Abousayed et al., 2016). 

1.2 Etiology and Pathophysiology 

AFF could attribute to various factors, including intrinsic and extrinsic factors. Identifying 

the factors and their contributions can enhance the understanding of AFF and figure out 

the optimal solution for the AFF treatment. It has been reported that obesity and footwear 

habits have been associated with the development of foot deformity (Otsuka et al., 2003). 

Additionally, preexisting deformity (asymptomatic flexible flatfoot), foot injury, and 

valgus orientation of the subtalar joint could also make the foot more susceptible to 

becoming flat (Dyal et al., 1997; Funk et al., 1986; Kohls-Gatzoulis et al., 2009; Mann & 

Thompson, 1985; Mosier et al., 1999; Probasco et al., 2015). 

AFF may also be instigated or accelerated by neuropathic foot (Charcot's foot), joints 



3 

degeneration (ankle, talonavicular, and tarsometatarsal joints), and the supporting 

structures dysfunction (Henry et al., 2019). The neuropathic foot typically results from 

diabetes mellitus, leprosy, and profound peripheral neuritis. Other factors, such as 

inflammatory arthropathy, osteoarthritis, and fractures, also contributed to the 

degeneration of the foot-ankle complex joint (Henry et al., 2019). Meanwhile, 

tendinopathy of the supporting structures, such as PTTD, tear of the Spring 

(calcaneoanvicular) ligament, and tibialis anterior (TA) rupture, could lead to AAF 

(Abousayed et al., 2017). It should be noted that PTTD is one of the most significant 

causes of AFF and has received great attention. 

1.3 Treatments, Complications, and Recurrence 

Flatfoot commonly demonstrates abnormal foot kinematics (e.g., excessive rearfoot 

eversion), altered muscle activations and symptoms (e.g., patellofemoral pain and foot 

pain). In the early stages of the disease, conservative treatments are often prescribed to 

alleviate foot pain. Many studies have been performed to understand the roles of foot 

orthoses in the intervention of flatfoot (Chen et al., 2010b; Cobb et al., 2011; Esterman & 

Pilotto, 2005; Hurd et al., 2010; Johanson et al., 1994; Kosonen et al., 2017; Mundermann 

et al., 2003; Murley & Bird, 2006; Murley et al., 2010; Otman et al., 1988; Redmond et 

al., 2000; Rome & Brown, 2004; Zammit & Payne, 2007). Different foot orthoses posting 

in both the forefoot and rearfoot were widely used to investigate the rearfoot kinematics 

and kinetics. The prescribed foot orthoses varied in thickness and inclination design have 

been used to modify the foot misalignment (Banwell et al., 2014). Medially posted insoles 

(MPI) have also been used to investigate the kinematics of rearfoot in flatfoot (Kosonen 

et al., 2017; Liu et al., 2012). Additionally, subject-specific foot orthoses based on foot 

morphology have also been used to correct the aberrant foot kinematics (Chen et al., 

2010b). Although foot orthoses could modify foot deformity and alleviate pain, previous 
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studies have not shown that foot orthoses can completely cure AFF (Vulcano et al., 2013). 

The foot orthosis with improper design may even deteriorate the flatfoot condition.  

As the condition deteriorates, the flatfoot becomes stiffer with signs of arthritis and pain。 

In such a case, surgical treatment will be necessary for the AFF. According to the stages 

and symptoms of AAF (Henry et al., 2019), various surgical treatments were selected to 

treat the patients, including ligaments reconstruction, calcaneal lengthening and 

osteotomy, and mid/hindfoot arthrodesis. As for early-stage AFF (stage IIA), the medial 

calcaneal osteotomy, along with tendon repair or transfer, could be adopted to modify the 

hindfoot deformity and provide satisfactory functional outcomes for patients (Kou et al., 

2012; Myerson et al., 2004). Subtalar arthroereisis has also been widely used in early-

stage AFF due to its minimal invasion and minor morbidity (Saxena et al., 2016). 

Mid/hindfoot arthrodesis were normally adopted in end-stage AFF when the calcaneus 

osteotomy and tendon reconstruction failed or patients suffered from severe foot 

deformity or osteoarthritis (Henry et al., 2019). Single, double, and triple arthrodesis were 

typically adopted to control the hindfoot eversion, forefoot varus and alleviate foot pain 

(Henry et al., 2019). Although these procedures can achieve good clinical outcomes in the 

short term, the long-term side-effects of hindfoot/midfoot arthrodesis cannot be ignored. 

Previous clinical studies showed that the long-term dissatisfaction rate of these surgical 

treatments ranged from 3.5 – 80 % (Mosca, 2010; Zaw & Calder, 2010). Long-term 

follow-up of patients has shown that many of them had degenerative arthritis of the 

surrounding joints, non-union of the lateral ankle column and stress fractures, ankle and 

pain in the midfoot and toes (Barmada et al., 2012; Graves et al., 1993; Knupp et al., 2011). 

So far, most clinical research on flat foot surgery has focused on radiological 

investigations (Barmada et al., 2012; Graves et al., 1993; Knupp et al., 2011). The 

biomechanical analysis behind the complications of flatfoot surgery needs to be further 
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strengthened.  

1.4 Formulation of Problem Statement 

Effects of PTTD and foot orthoses on lower limb mechanics 

PTTD is one of the essential factors in the formation of AAF. Previous studies have 

revealed that the foot kinematics of PPTD patients altered, such as reduced hindfoot 

dorsiflexion and increased hindfoot eversion (Ness et al., 2008; Sammarco & Hockenbury, 

2001). PTTD also contributed to attenuated tibialis posterior (TP) muscle and altered foot 

muscle recruitment during walking stance (Simonsen et al., 2019; Simpson et al., 2015). 

The changed foot muscle forces and lower limb joint mechanics may be responsible for 

the symptoms of the lower limb (Simonsen et al., 2019). 

To modify the aberrant foot kinematics and muscle mechanics resulting from PTTD, 

conservative treatments, such as foot orthotics, have been adopted in the early stages of 

flatfoot (Desmyttere et al., 2018; Jafarnezhadgero et al., 2017; Kosonen et al., 2017; Telfer 

et al., 2013). However, existing studies normally used joint angles or moments to evaluate 

the effects of foot orthosis on flatfoot (Desmyttere et al., 2018; Jafarnezhadgero et al., 

2017; Kosonen et al., 2017; Telfer et al., 2013). The joint contact force is a more direct 

metric that may be used to determine the cause of secondary knee issues, such as pain and 

cartilage wear (Miyazaki et al., 2002). However, the joint contact force was seldom 

reported in patients with flatfoot. Meanwhile, the muscle forces have rarely been included 

in flatfoot-related studies (Desmyttere et al., 2018; Jafarnezhadgero et al., 2017; Kosonen 

et al., 2017; Telfer et al., 2013). Calculation of joint contact and muscle forces could 

provide insights into the biomechanical effects of foot orthoses on the lower limb joint in 

AAF, especially in patients with PTTD. 
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Therefore, it is significant to figure out how the PTTD affects the foot muscle recruitment 

and lower limb mechanics in AAF. Meanwhile, whether foot orthoses can correct the 

abnormal lower limb mechanics remains unclear.  

Effects of customized foot orthoses on internal foot loading 

Foot orthosis affects the lower limb kinematics and kinetics and the internal foot loading 

distribution. The finite element (FE) technique is one of the most popular computational 

approaches to evaluate comprehensive foot internal biomechanical responses to different 

load situations (Wang et al., 2016b). The FE model has been adopted to investigate the 

biomechanical effects of orthotic insoles on the foot-ankle complex (Chen et al., 2015a; 

Cheung & Zhang, 2008; Zhang et al., 2020). Although previous studies have established 

many foot FE models to estimate the foot biomechanics, these models were normally 

limited to simplified geometries (such as string-modeled plantar fascia), which cannot 

sufficiently demonstrate the stress and strain distribution of fascia (Cheng et al., 2008; Yu 

et al., 2016). Previous studies also ignored the interaction between bulk soft tissue and 

plantar fascia (Akrami et al., 2018; Chen et al., 2015b), which might underestimate the 

plantar fascia loading (Peng et al., 2020a). Additionally, most studies used muscle force 

derived from literature data (Zhang et al., 2020) or simplified loading conditions, such as 

static loading (Cheng et al., 2008; Yu et al., 2016) in the foot-orthosis FE model.  

Therefore, it is essential to establish a subject-specific muscle-driven foot-orthosis FE 

model and investigate the effects of foot orthosis design on the internal foot loading 

distribution.  

Effects of mid/hindfoot joint arthrodesis on internal foot loading 

As the flatfoot deformity progresses, the foot structure could become fixed or rigid (in 
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stages III and IV). Mid/hindfoot arthrodeses, including subtalar, talonavicular, 

calcaneocuboid, double (talonavicular and calcaneocuboid), and triple (subtalar, 

talonavicular, and calcaneocuboid), are widely used to help patients correct foot alignment, 

relieve pain and restore function (Bernasconi et al., 2017; Burrus et al., 2016; Chen et al., 

2014b; de Groot et al., 2008; Hintermann et al., 2020; Weinraub & Heilala, 2007). Though 

clinically effective, these salvage procedures inevitably affect the mobility of the 

mid/hindfoot and could contribute to the degenerative changes of unfused joints (Barmada 

et al., 2012; de Groot et al., 2008; Weinraub & Heilala, 2007). A previous study reported 

that talonavicular arthrodesis was associated with an increased risk of adjacent joint 

deformities and progressive osteoarthritis (Weinraub & Heilala, 2007). Isolated 

calcaneocuboid joint arthrodesis also caused degenerative arthritis in the surrounding 

joints (Barmada et al., 2012). Additionally, some patients with triple arthrodesis developed 

osteoarthritis around the midfoot joint (de Groot et al., 2008). The complications could be 

associated with the alteration and transfer of internal foot loading distribution due to joint 

fusion. Therefore, the postoperative biomechanical evaluations of these procedures should 

be noted (Bernasconi et al., 2017; Burrus et al., 2016; Chen et al., 2014b; de Groot et al., 

2008; Hintermann et al., 2020; Weinraub & Heilala, 2007).  

Computational modelling based on finite element (FE) analysis can be used to evaluate 

the internal stress and strain distribution of soft tissue and bony structures for the 

musculoskeletal system. Previous FE foot models have investigated the functional 

outcomes of surgical treatments on flatfoot (Iaquinto & Wayne, 2011; Portilla et al., 2020a; 

Portilla et al., 2020b; Wong et al., 2017; Wong et al., 2021b). However, these simulation 

studies were confined to static conditions (Iaquinto & Wayne, 2011; Portilla et al., 2020a; 

Portilla et al., 2020b). Although some studies used the foot muscle forces and GRF to 

drive the foot FE model, the muscle forces were normally obtained from 

electromyography (EMG) or previous literature, which could not provide subject-specific 
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boundary conditions for the FE model (Wong et al., 2017; Wong et al., 2021b). The effects 

of mid/hindfoot arthrodesis on the internal foot dynamics in patients with flatfoot during 

walking warrant further investigation.  

Therefore, it is significantly important to establish a subject-specific musculoskeletal 

multibody driven-FE foot model and investigate the effects of mid/hindfoot arthrodesis 

on internal foot biomechanics during the stance phase.  

1.5 Objectives of the Study 

To address the existing technical and clinical problems in AAF, three objectives were 

proposed in this study. 

• Firstly, this study will explore the impact of TP muscle-weakening on lower limb 

mechanics in flatfoot adults with foot orthosis by utilizing musculoskeletal 

multibody modelling. The muscle compensation mechanism for the weak TP 

muscle associated with AAF would be observed. Additionally, the effects of foot 

orthoses on the lower limb joint and muscle mechanics could be examined. 

• Secondly, this study will establish a subject-specific muscle-driven foot-orthosis 

FE model and determine the effects of arch support height on the internal foot 

biomechanics. This study will be the first attempt to account for the plantar fascia 

and bulk soft tissue interaction. The supporting force induced by the ground or the 

insole interface could be applied to the plantar fascia via the fascia and bulk soft 

tissue interface. The improvement of the model could better represent the external 

loading on ligamentous structures, which could provide more knowledge for the 

orthotic treatment in flatfoot. 
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• Thirdly, this study will quantify the influences of five mid/hindfoot arthrodeses 

on the internal foot biomechanics with a combined musculoskeletal multibody 

model and FE model. This study will report an evaluation of internal foot 

mechanics with five mid/hindfoot arthrodeses during walking. Additionally, the 

detailed multi-segment foot musculoskeletal multibody modelling will be used to 

drive the foot FE model with surgical simulation. 

1.6 Outline of the Dissertation 

Chapter 1 provides a basic overview of the AAF. It points out the current status of AAF, 

including etiology and pathophysiology. The chapter also indicated the intervention 

procedures and existing problems in flatfoot intervention. Finally, this chapter summarizes 

outlines the current issues and highlights the overall importance of this research. 

Chapter 2 is the summary of the literature on the AAF. Firstly, this chapter describes the 

basic information of the locomotion system of the foot-ankle complex, including the 

anatomy and biomechanics of the foot-ankle complex, followed by the pathomechanics 

and classification of the AAF. Then, the intervention procedures of the conservative and 

surgical treatments for flatfoot are introduced. This chapter also summarizes the existing 

biomechanical evaluation methods for the flatfoot.  

Chapter 3 describes the overview of the sub-studies and methods used in these sub-

studies. The sub-studies include three aspects: 1) the effects of TP muscle weakness on 

the lower limb muscle forces and joint mechanics, 2) the effects of foot orthoses 

parameters on the internal foot biomechanics, and 3) the mid/hindfoot arthrodesis on the 

internal foot biomechanics. The method part can be divided into several parts: gait analysis, 

foot pressure, surface electromyograph, musculoskeletal multibody modelling, and FE 
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model.   

Chapter 4 quantifies the effects of TP weakness and foot orthoses on flatfoot adults by 

adopting a musculoskeletal multibody modelling approach. In the model, the default TP 

muscle strength was reduced to mimic the TP weakening. This chapter includes data 

collection, musculoskeletal modelling, statistical analysis. 

Chapter 5 proposes a muscle-driven foot-orthoses FE model and examined the effects of 

foot orthoses on the internal foot biomechanics. In this chapter, experimental data, 

including marker trajectories, ground reaction force (GRF), foot pressure data, and 

Magnetic Resonance Imaging (MRI) of the right foot, were collected for the modelling. 

The musculoskeletal multibody model is used to calculate foot muscle forces. Then, the 

foot-orthoses FE model is driven by the foot muscle forces and GRF data. 

Chapter 6 develops a subject-specific musculoskeletal multibody driven - FE foot model 

and investigates the effects of mid/hindfoot arthrodesis on internal foot biomechanics with 

the proposed model. Five mid/hindfoot arthrodeses were simulated in the detailed multi-

segment foot model and FE model simultaneously. This chapter also compares the internal 

foot biomechanics of walking stance among five mid/hindfoot surgical approaches. 

Chapter 7 summarizes the main findings and limitations of this study. This chapter also 

provides some suggestions for future work. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Locomotion System of Foot-ankle Complex 

The foot-ankle complex is one of the most complicated structures in the human 

musculoskeletal system. It comprises 28 bones, 33 joints, detailed ligaments, tendons, and 

extrinsic/intrinsic muscles. The sophisticated, complex foot can offer the required stability 

for upright walking with minimum energy consumption and flexibility for shock 

absorption. A malfunctioned foot-ankle complex system can impair the alignment and 

posture of the lower limb during walking stance, which may result in lower limb pain and 

walking instability (Riskowski et al., 2013). Investigation of the internal anatomy and 

function of the foot can provide more detailed biomechanical information for injury 

prevention, rehabilitation, and surgical treatment.  

2.1.1 Anatomy of the foot-ankle complex 

Bones 

The bones of the foot are often classified into tarsals, metatarsals, and phalanges. (Figure 

1). The tarsals are a group of bones that are situated in the ankle area of the foot. The 

metatarsals are a group of five bones that link the tarsals and phalanges of the foot. The 

foot bony structure can also be divided into hindfoot, midfoot, and forefoot.  
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Figure 1. Bony structure of the foot. 

The hindfoot contains proximal tarsal bones (the talus and calcaneus). The talus and the 

distal portion of the leg (tibia and fibula) form the ankle joint, which transmits the foot-

ground contact force from the calcaneus to the tibia. The calcaneus is located beneath the 

talus and forms the heel, which can sustain weight during early and midstance.  

The midfoot contains distal tarsal bones, namely the navicular, cuboid, and three 

cuneiforms (lateral, intermediate, and medial). The navicular bone is located in the middle 

row of the tarsal bones and articulates with the talus posteriorly, three cuneiforms 

anteriorly, and the cuboid bone laterally.  

The forefoot includes metatarsals and phalanges. The metatarsals have five similar bones, 

articulating with cuneiform and cuboid bones posteriorly. The phalanges consist of 

fourteen bones.  

Muscles 

The foot muscles are essential in controlling the foot-ankle complex posture and stability 
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during static and walking stances. The foot muscle attaches to the foot bones through the 

tendon and usually crosses a joint. According to attachment and acting area, the foot 

muscles are generally classified into extrinsic and intrinsic muscles. 

 

Figure 2. The extrinsic foot muscles. 

Extrinsic muscles originate from the lower limb (femur, tibia, and fibula) and insert into 

the foot (Figure 2). The extrinsic foot muscles are located at the leg's anterior, posterior, 

and lateral compartments. These muscles are primarily responsible for the foot's inversion-

eversion and plantarflexion-dorsiflexion during walking stance.  

Four extrinsic foot muscles, including the TA, extensor hallucis longus (EHL), extensor 

digitorum longus (EDL), and fibularis tertius are located at the anterior compartment of 

the leg and primarily act to dorsiflex and invert the foot at the ankle joint. The TA is the 

strongest dorsiflexor in the foot. The EHL and EDL are located on the lateral side, and 

they are primarily responsible for foot dorsiflexion and toe extension. 

The foot muscles in the posterior compartment are the largest out of the three. The muscles 

include the soleus (SL), the TP, gastrocnemius, flexor hallucis longus (FHL), and flexor 
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longus digitorum (FDL). They can control the plantarflexion and inversion of the foot. 

These muscles can be split into superficial and deep layers, separated by septa. The 

gastrocnemius and SL muscles combine in the superficial layer to form the calf muscle, 

which inserts into the calcaneus via the Achilles tendon. The Achilles tendon enables the 

superficial posterior leg muscles to plantarflex the foot and stabilize the ankle joint while 

walking, running, or jumping. In the deep layer, three muscles (TP, FHL, and FDL) also 

act to control the motion of the foot-ankle complex. TP muscle, which inserts into the 

plantar surfaces of the medial tarsal bones via the posterior tibial tendon, controls the 

posture and mobility of the lower leg and foot. The TP also contributes to the stability of 

the medial longitudinal foot arch when the foot inverts and plantarflexes during walking. 

The FDL muscle is positioned medially in the posterior compartment of the leg and may 

flex the second to the fifth toes. However, the FHL muscle is located at the lateral side and 

controls the flexion of the great toe. 

When it comes to the lateral compartment of the leg, two muscles mainly regulate foot 

eversion, namely the peroneal longus and brevis. The peroneal longus muscle is the larger 

one and controls the eversion and plantarflexion of the foot. Meanwhile, it is responsible 

for the stability of the lateral longitudinal arch and transverse arch. On the contrary, the 

peroneal brevis is a smaller muscle that sits underneath the peroneal longus and is 

responsible for controlling the eversion of the foot. 
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Figure 3. The intrinsic foot muscles. 

In contrast to the extrinsic foot muscles, the intrinsic foot muscle's origin and insertion 

attachments are situated inside the foot. They are primarily responsible for fine motion 

control of the foot. During weight-bearing conditions, these intrinsic muscles may assist 

in the reduction of ground impacts as well as the preservation of the foot arches. The 

intrinsic muscles are classified into two categories based on their location: dorsal and 

plantar (Figure 3).  

The dorsal compartment of the foot has two intrinsic foot muscles: the extensor digitorum 

brevis and the extensor hallucis brevis. These two muscles are smaller than the extrinsic 
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foot muscle and primarily extend the metatarsophalangeal and interphalangeal joints. 

There are ten intrinsic foot muscles in the plantar aspect of the foot. These muscles 

collaborate to maintain the foot arches and separately to regulate forefoot movement. The 

muscles are classified into four levels, from superficial to deep.  

There are three muscles in the first layer of the plantar aspect: abductor digiti minimi, 

abductor hallucis, and flexor digitorum brevis. The abductor hallucis muscle is situated on 

the medial side of the sole and regulates the great toe's abduction and flexion. The flexor 

digitorum brevis muscle is located in the center of the sole and is in charge of lateral toe 

flexion. The abductor digiti minimi muscle is on the lateral side and can control the flexion 

and abduction of the toes.  

In the second layer, there are two muscles: quadratus plantae and the lumbricals muscles. 

The quadratus plantae muscle is linked to the tendons of the FDL and can assist the FDL 

in flexing the four lateral toes. The lumbrical muscles contain four branches, which can 

flex metatarsophalangeal joints and extend interphalangeal joints. 

There are three muscles in the third layer of the foot sole. The flexor hallucis brevis muscle 

can flex the great toe at the metatarsophalangeal joint and is situated on the medial side of 

the foot. The adductor hallucis is divided into two sections: oblique and transverse heads. 

It is responsible for regulating the great toe's adduction and maintaining the foot's 

transverse arch. The flexor digiti minimi brevis is located on the lateral side of the foot 

and can flex the proximal phalanx of the fifth toe. 

The dorsal and plantar interossei are located at the fourth layer. The plantar interossei 

muscles are positioned between the metatarsals (second to fifth), and each muscle 

originates from a particular metatarsal. The plantar interossei muscles can abduct and flex 
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the third to fifth metatarsophalangeal joints. There are four dorsal interossei, each of which 

originates from two metatarsals. The metatarsophalangeal joints act to abduct and flex the 

second to fourth digits. 

Tendons and Ligaments 

The tendons of the foot-ankle complex are widely distributed inside the foot, and they 

connect the extrinsic and intrinsic foot muscles to the foot bony structures (Figure 4). The 

Achilles tendon is the largest soft tissue in the shank area, spanning from the calf muscle 

to the heel. It connects the gastrocnemius and SL to the calcaneus posteriorly and can pull 

the heel during end-stance. This movement enables the following activities: jogging, 

leaping, ascending stairs, and toe-to-heel standing. The posterior tibial tendon connects 

the TP muscle with the midfoot bones and is significant in the foot. TP muscle can 

maintain the MLA during weight-bearing conditions via the posterior tibial tendon.  

Ligaments are strong connective tissue made of fibrous fibers that link bones and provide 

stability for foot joints. The ligaments of the foot-ankle complex are classified into many 

categories, including those that stabilize the ankle joint, those that stabilize the upper 

ankle, those that stabilize the subtalar ligament, and those that stabilize the midfoot and 

forefoot (Figure 5). The plantar aponeurosis is the strongest ligament inside the foot, 

which can absorb vibration and maintain the foot arch under weight-bearing conditions. 

To maintain the stability of the ankle joint, several major ligaments combine the bones 

surrounding the ankle joint. The anterior talofibular ligament connects the fibular to the 

talus neck, which can help to stabilize the ankle joint and avoid excessive internal rotation. 

In contrast, the posterior talofibular ligament attaches the fibula and talus posteriorly to 

support the ankle and subtalar joint. The calcaneofibular ligament originates from the tip 

of the fibula and inserts into the calcaneus. It serves the same purpose as the anterior 
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talofibular ligament. The deltoid ligament has a complicated structure that begins at the 

medial malleolus and extends to the talus, calcaneus, and navicular. The deltoid ligament 

is split into two sections: deep and superficial. The posterior and anterior tibiotalar 

ligaments form the deep compartment of the deltoid ligament, and the superficial 

compartment is formed by the talocalcaneal and talonavicular ligaments. This ligament is 

extremely strong and rarely torn completely. 

Two ligaments connect the tibia and fibula in the foot-ankle complex: the anterior inferior 

tibial fibular ligament and the interosseous membrane. These two ligaments are made of 

muscular fibrous tissue and serve to connect the tibia and fibula. The subtalar ligament 

(also known as the cervical ligament) attaches the talus to the calcaneus and helps to 

stabilize the subtalar joint. To integrate the hindfoot and midfoot, the plantar 

calcaneonavicular ligament, plantar/dorsal cuneocuboid ligament, bifurcate ligament, and 

dorsal talonavicular ligament are utilized. These ligaments are of importance to maintain 

the stability of the midtarsal joint and the foot arch. 

In the midfoot, plantar/dorsal cuboideonavicular ligament, plantar/dorsal cuneocuboid 

ligament, dorsal cuneonavicular ligament, and dorsal intercuneiform ligament can support 

the transverse arch of the foot and preserve midfoot stability. The plantar/dorsal 

tarsometatarsal ligament and the plantar/dorsal transverse metatarsal ligament can also 

help maintain the foot's transverse arch and connect the midfoot forefoot. 

In the forefoot, the superficial transverse metatarsal ligament and the deep, transverse 

metatarsal ligament are responsible for the metatarsal combination, which enables the 

metatarsals to move together. The metatarsals and toes are connected by the plantar 

metatarsophalangeal ligament, collateral metatarsophalangeal ligaments, and 

metatarsophalangeal joint capsule. The collateral interphalangeal ligament, plantar 
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interphalangeal ligament, and interphalangeal joint capsule collaborate to keep the 

phalanges together and protect them from injuries. 

 

Figure 4. Main tendons of the foot. 



20 

 

 

Figure 5. Ligaments of the foot. 
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Joints and Motion 

The foot's joints are formed when two or more bones come together. The foot-ankle 

complex comprises 33 joints that offer flexibility for walking, running, and jumping. The 

motion of the foot-ankle complex is ascribed to the mobility of many major joints, 

including the ankle joint, subtalar joint, midtarsal joint, and tarsometatarsal joint complex 

(Figure 6).  

The ankle joint is a synovial joint, which can transmit force between the shank and foot. 

This articular cartilage-covered joint is between the tibia and fibula's distal extremities 

and the talus's proximal portion. The medial and lateral malleolus, together with the 

surrounding ligaments, can help to stabilize the talus underneath the tibia. The talar 

mortise is formed by the articular surfaces of the tibia, medial and lateral malleolus, and 

allows little or no inversion or eversion at the ankle joint (Hicks, 1953). The ankle joint is 

a plantar/dorsiflexion uniaxial hinge joint.  

The subtalar joint is formed by the talus and the calcaneus and mainly performs inversion 

and eversion during walking. There are three articular surfaces in the joint, and the largest 

is located at the posterior part. Inversion and eversion ranges of motion may reach 30° 

and 18°, respectively (Ball & Johnson, 1996). It becomes more hypermobile when a joint 

suffers from an injury or disease, such as a sprain or fracture. The subtalar joint had a 

larger eversion in individuals with posterior tibial tendon impairment (Pomeroy et al., 

1999). 

The midtarsal joint is a complex joint between the hindfoot and midfoot, and includes the 

talonavicular and calcaneocuboid articulations. The transverse tarsal area rotates around 

several midtarsal joint axes, such as the longitudinal and oblique axes (Hicks, 1953). The 
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midtarsal joint can execute flexion and extension, abduction, and adduction. 

The tarsometatarsal joint complex (Lisfranc's joint) is used to connect the midfoot and the 

forefoot. The tarsometatarsal complex is comprised of three cuneiform bones and a cuboid 

that articulates with the base of each metatarsal. There are three components in the 

tarsometatarsal joint complex. The first is the medial component, made up of the medial 

cuneiform and the first metatarsal. The intermediate and lateral cuneiforms articulate with 

the second and third metatarsals in the middle portion, respectively. The cuboid articulates 

with the fourth and fifth metatarsals concurrently in the lateral portion. The tarsometatarsal 

joint complex allows for a relatively small range of motion in the sagittal plane. The range 

of motion for the two medial tarsometatarsal joints is only 1 – 4° in the sagittal plane 

(Angin & Demirbüken, 2020; Chen et al., 2016). However, the three lateral 

tarsometatarsal joints have higher ranges of motion (Glasoe et al., 1999; Ouzounian & 

Shereff, 1989).  

There are five metatarsophalangeal joints in the forefoot between the metatarsal bones and 

the corresponding proximal phalanx. The metatarsophalangeal joints allow more sagittal 

plane mobility (flexion and extension) and limited transverse plane movement. The 

hyperextension of hallux can reach about 96°, while the maximum plantarflexion is 

approximately 34° (Wrobel et al., 2004). Except for the great toe with a single 

interphalangeal joint, each toe has two interphalangeal joints. The interphalangeal joints 

are hinge joints with high plantar/dorsiflexion(Angin & Demirbüken, 2020). 



23 

 

Figure 6. Joints of the foot. 

2.1.2 Biomechanics behaviour of the foot 

Walking, running, and sitting-to-stand are common activities for the foot-ankle complex. 

Regular walking is the most frequent activity per day among these activities. The foot 

must bear the whole-body weight during walking, absorb ground vibration, and maintain 

a steady posture. However, aberrant gait may harm gait stability, produce lower limb 

malrotation, increase joint stress, and even cause lower limb injury. Thus, understanding 

the kinematics and kinetics of the lower limb joint throughout the gait cycle is critical for 

providing advice for injury prevention, rehabilitation intervention, and treatment. The 

foot-ankle structure can perform a variety of motions, including dorsi/plantarflexion, 
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adduction/abduction, and eversion/inversion (Alvarez-Perez et al., 2019). Detailed foot 

movement definition is shown in Figure 7. 

 

Figure 7. Ankle planes and movements. (Reprinted from “Robot-assisted ankle 

rehabilitation: a review”, by M.G. Alvarez-Perez, 2019, Disability and Rehabilitation: 

Assistive Technology, 15(4), pp. 395. Copyright 2019 by Taylor and Francis Group). 

Gait cycle 

Human gait is the pattern of limb movements that occurs during locomotion, and it is 

linked with the neurological, musculoskeletal, and cardiorespiratory systems of the 

individual. With the observed kinetic and kinematic information, such as cadence, stripe 

length, joint angles, and GRF, gait may assist in understanding the unique features of 

movement. Clinicians and researchers routinely use gait analysis to diagnose 

musculoskeletal disorders associated with walking. This method allows them to 

understand their patients better and develop the most effective treatment methods for the 

particular diseases or injuries impacting their ability to move.  
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The whole gait cycle is defined as the sequence of heel strikes made by the same lower 

limb after another (Pirker & Katzenschlager, 2017). The gait cycle includes the stance and 

swing phases (Figure 8). The stance phase starts from the heel strike and concludes with 

the toe-off moment of the same foot, which accounts for about 60% of the whole gait 

cycle. Several gait events occur during the stance phase, including heel contact, loading 

response, midstance, and terminal stance. The swing phase accounts for 40% of the whole 

gait cycle. During the swing phase, four distinct moments are often observed: the pre-

swing, the toe-off, the mid-swing, and the terminal swing. 

 

Figure 8. Phases of the normal gait cycle.(Reprinted from “Gait disorders in adults and 

the elderly: A clinical guide”, by W. Pirker & R. Katzenschlager, 2017, Wien Klin 

Wochenschr, 129(3-4), pp. 82. Copyright 2017 by Springer).  

Ground Reaction Force 

The GRF is the force generated by the ground that acts on the lower limb during foot-

ground interaction. The GRF vector includes anterior-posterior, medial-lateral, and 

vertical force. The vertical GRF is greater than the other two components. Researchers 

and clinicians have paid more attention to the vertical ground response force because it is 

closely associated with posture dysfunction. Understanding the characteristics of vertical 
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GRF may provide more information for human biomechanics, benefiting clinicians and 

researchers in evaluating abnormal gaits (Alam et al., 2017) and intervention outcomes 

(Dai et al., 2014).   

Force plate devices, such as the Kistler force plate (Kistler Instrumente AG, Winterthur, 

Switzerland) and the AMTI force plate (AMTI, Washington, USA), can be used to monitor 

GRF. The force plate can also be used to calculate the three-dimensional force vectors and 

center of pressure (COP) of the stance limb. The GRF is presented throughout the stance 

phase and varied according to the timeslots. The vertical GRF was generated at the heel 

strike and was decreased to zero at the toe-off. The vertical GRF curve contains two peaks 

and one valley, and the peak values of the force vary with walking speed. (Figure 9).  

 

Figure 9. Representative vertical ground reaction force and foot posture during 

normal walking. 

The COP moves along with the foot position and body weight centre during the stance 

phase. It usually begins at the lateral border of the heel at heel strike and continues along 
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with the middle of the foot until it reaches the metatarsophalangeal joints. Then, the COP 

travels medially to the hallux and finishes at toe-off. A more detailed foot COP is presented 

in Figure 10. 

 

Figure 10. Pathway of the Centre of Pressure (CoP) in normal gait. (Reprinted from 

“Clinical gait analysis: theory and practice.”, by C. Kirtley, 2006, Elsevier Health 

Sciences. Copyright 2006 by Elsevier). 

Foot Muscle activity  

The extrinsic and intrinsic foot muscles play an essential role in regulating foot motility 

and balance during level walking. The central nervous system activates the foot muscles 

in a particular position to generate muscular forces to propel movement. 

Electromyography (EMG) device can detect electrical muscle activity after the muscle 

fibers receive the stimulus. Thus, the EMG can provide helpful information on muscle 
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activity, especially for evaluating muscle strength and function of movement. The EMG 

of the foot muscles is presented in Figure 11. 

 

Figure 11. Phasic pattern of electromyographic (EMG) activity of the muscles of the ankle and foot 

during level walking in healthy adults. (Reprinted from “Basic biomechanics of the musculoskeletal 

system”, by M. Nordin & V.H. Frankel, 2012, Lippincott Williams & Wilkins. Copyright (2012) by 

Lippincott Williams & Wilkins)  

The anterior component of the extrinsic foot muscles, including the TA, extension 

digitorum longus, and extension hallux longus, are activated primarily during the early 

stance and swing phases. These muscles can regulate the ankle joint's posture and ensure 

the joint's stability. On the other hand, other extrinsic foot muscles are engaged during the 

stance phase because they are responsible for the progression of the foot posture 

throughout the stance. Compared to the extrinsic foot muscles, the intrinsic foot muscles 

prefer to regulate the delicate movement of the internal foot joints and offer stability under 

weight-bearing situations. Furthermore, the intrinsic plantar foot muscles are engaged to 

contribute to foot stiffness and preserve the foot arch under weight-bearing conditions 
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(Farris et al., 2019).  

The foot arches 

The foot arches are divided into medial longitudinal, lateral longitudinal, and transverse 

(Figure 12). These arches are formed by the tarsal and metatarsal bones and maintained 

by the foot muscles, ligaments, and tendons when the foot is subjected to weight-bearing 

forces. The shape of the arches allows the foot to achieve a spring-like characteristic, 

which facilitates the foot to support the body weight and absorb the vibration induced by 

the foot-ground contact.  

 

Figure 12. Foot arches 

The MLA is the tallest and longest of these arches, and it has received the most attention. 

Several bones form the MLA on the medial side of the foot: calcaneus, talus, navicular, 

three cuneiform bones, and the first three metatarsals. Because of its height and small 

joints, the MLA can be flexible. When this arch bears weight, the arch height decreases, 

which results in higher stresses in the tiny joints. The MLA, on the other hand, can rapidly 

recover the original form once the distributing force is removed. The soft tissues such as 

the deltoid ligament, spring ligament, and plantar fascia can help maintain the MLA shape. 
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The posterior tibialis, TA, and peroneus longus (PL) are also crucial in supporting the arch 

under dynamic weight-bearing conditions. However, ligament and tendon dysfunction, 

such as PTTD, may damage the arch's flexibility and structure and lead to foot deformity 

(flatfoot). 

The lateral longitudinal arch (LLA) is flatter than the MLA and nearly touches the ground 

while standing. The LLA comprises the calcaneus, talus, cuboid, and fourth and fifth 

metatarsal bones. The LLA extends posteriorly from the plantar surface of the calcaneus 

to the highest point at the talocalcaneal articulation and anteriorly to the heads of the fourth 

and fifth metatarsals. The LLA's primary joint is the calcaneocuboid joint, which also 

restricts mobility during walking. The LLA is more rigid than the MLA and is 

characterized by its solidarity. To keep the LLA intact, two ligaments (the long plantar 

ligament and the plantar calcaneocuboid ligament) and extensor foot muscles work 

together to connect the LLA's foot bones.  

The foot contains multiple transverse arches, including anterior, middle, and posterior 

portions. The transverse arch is also vital in maintaining the foot rigid under weight-

bearing conditions. Previous research has shown that the transverse arches could account 

for more than 40% of the longitudinal stiffness of the foot. The transverse arch is situated 

in the foot's coronal plane. The heads and shafts of the metatarsals form the anterior and 

middle transverse arches, respectively. These two arches, from the first to the fifth 

metatarsal, are complete. The cuboid and three cuneiform bones created the posterior 

transverse arch and have concavities throughout the shape of half-domes. The peroneal 

longus tendon and posterior tibial tendon can support the foot arch during dynamics 

walking. Additionally, the arch can be strengthened by the dorsal ligaments, plantar 

ligaments, and small intrinsic foot muscles.  
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The windlass mechanism, used to explain the process of lifting things using rope and 

windlass, has been adopted to illustrate foot mechanics. The foot anatomy might be 

described as a triangle in the sagittal plane, formed by the plantar fascia, calcaneus, 

midtarsal joint, and great toe. The plantar fascia tightens the triangle when the first 

metatarsophalangeal joint dorsiflexes, which decreases the distance between the calcaneus 

and metatarsal heads. Then, the loading of the plantar fascia and the height of the MLA 

could increase. 

When the whole foot lays flat on the ground, the first metatarsophalangeal joint is in a 

neutral position, and the plantar fascia is relaxed. When vertical loading is applied to the 

foot structure, the foot can be flatter. The triangular shape of the foot structure aids in the 

dispersion of vertical loading placed on the foot and plantar fascia, which is beneficial. 

However, the increased plantar fascia loading could prevent the arch from further collapse. 

When it comes to pulling the heel, the greater toe is dorsiflexed, which causes the plantar 

fascia to wrap around the metatarsal heads. As a result, the plantar fascia is tightened and 

contributes to a stiff lever in the foot that effectively propels the foot. Through the windlass 

mechanism, the foot could adapt to various ground conditions, which allows the foot to 

absorb vibration in a loose status and move forward with a rigid state (Flores et al., 2019). 

More detailed information about the plantar fascia windlass mechanism can be seen in 

Figure 13. 
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Figure 13. Plantar fascia mechanism of function. (Reprinted from “Adult Acquired 

Flatfoot Deformity: Anatomy, Biomechanics, Staging, and Imaging Findings”, by D.V. 

Flores et al., 2019, RadioGraphics, 39(5), pp. 1452. Copyright 2019 by Radiological 

Society of North America).  

2.2 Pathoanatomy and Pathomechanics of Adult Acquired Flatfoot 

Flatfoot is often characterized by the collapse of the MLA and the valgus of the hindfoot 

under weight-bearing conditions. Although studies have shown that the flatness of the foot 

structure decreases throughout the first decade of life (Cappello & Song, 1998; Rodriguez 

& Volpe, 2010), the prevalence of flatfoot (up to 23%) among the adult population cannot 

be overlooked (Butterworth et al., 2012). Previous studies have indicated that 

tendinopathy of the supporting structures, such as dysfunction of the posterior tibialis 

tendon, tear of the spring (calcaneoanvicular) ligament, and TA tendon rupture, could 

contribute to the development and progression of the AAF (Cifuentes-De la Portilla et al., 
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2019a; Flores et al., 2019; Myerson, 2003). The malfunction of these soft tissues may 

reduce the foot's supporting capacity under weight-bearing conditions, which could lead 

to plantar foot fatigue and pain as well as walking inefficiency. 

The MLA is the one of the most significant mechanical structure in foot-ankle complex. 

Flatfoot individuals have lower MLA arch height during weight-bearing conditions when 

the ligaments and tendons are dysfunctional. Meanwhile, individuals with flatfoot have 

more contact areas in the midfoot regions than normal feet, and the center of pressure 

shifts medially during standing and weight-bearing situations (Flores et al., 2019). In 

flatfoot deformity, the talonavicular joint's joint axis is also misaligned (Figure 14). 

 

Figure 14. Normal alignment and malalignment in AAF. (Reprinted from “Adult 

Acquired Flatfoot Deformity: Anatomy, Biomechanics, Staging, and Imaging 

Findings”, by D.V. Flores et al., 2019, Radiographic, 39(5), pp. 1443. Copyright 2019 

by Radiological Society of North America). 

Under static and dynamic conditions, the movement and posture of the lower limb are 
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closely coupled. Because of the coupling mechanism, the pronated foot may lead to the 

kinematics alteration of the lower limb (Chuter & Jonge, 2012; Kosashvili et al., 2008; 

Riskowski et al., 2013). Gross et al. (2011) investigated the kinematical interaction of 

lower extremity and pronated foot and found subjects with flatfoot demonstrated the 

excessive internal rotation of the lower limb and delayed external rotation of the tibia. As 

a result of the rotated limb, the patellofemoral and tibiofemoral joints become misaligned, 

which could cause abnormal contact loading on the lateral patellofemoral and medial 

tibiofemoral joints. Additionally, the prolonged foot pronation will result in an anterior 

pelvic tilt. Previous clinical studies have shown that an excessively pronated foot is linked 

with various lower limb symptoms, including patellofemoral pain and ankle pain, plantar 

fasciitis (Chuter & Jonge, 2012; Guler et al., 2009; Riskowski et al., 2013). Meanwhile, 

the unstable foot arch shape may affect the loading distribution around the foot and the 

associated muscles, such as the TA and TP, EDL, and PL and PB (Birinci & Demirbas, 

2017; Mulligan & Cook, 2013; Murley et al., 2014; Shibuya et al., 2010). Knowledge of 

the biomechanics of AAF may improve our understanding of pain relief, thus guiding foot 

orthoses optimization and surgical treatment procedures.  

2.2.1 Ligament and tendon dysfunction 

The foot arch is maintained by various structures, including closely aligned foot joints, 

intrinsic muscles, ligaments, and tendon structures. The ligaments, such as the plantar 

fascia, spring ligament, deltoid ligaments, and talocalcaneal ligaments, are the main 

contributors to the stable foot arch during static weight-bearing (Flores et al., 2019). When 

it comes to dynamic weight-bearing conditions, the foot muscles are the main contributor 

to foot posture and movement. Due to its high connection to the midfoot bones through 

multiple tendon attachments, the posterior tibialis is regarded as the primary stabilizer of 

the foot arch under dynamic loading conditions (Funk et al., 1986; Pomeroy et al., 1999). 
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Other extrinsic foot muscles, such as the FDL, FHL, gastrocnemius, and SL, are crucial 

in maintaining foot posture. The intrinsic foot muscles primarily provide local stability for 

foot structures (Farris et al., 2019). These components work together to keep the foot arch 

stable in the normal foot. However, when these soft tissues were dysfunctional (such as 

the ligament tear), these components could not withstand vertical loading, which may 

contribute to the development and progression of foot arch collapse in adulthood 

(Abousayed et al., 2017).  

The posterior tibialis muscle is the primary invertor of the hindfoot, particularly in the late 

stance and terminal midstance. In conjunction with the windlass mechanism of foot 

anatomy, the posterior tibialis can invert the subtalar joint and make the midfoot less 

flexible and contribute to foot propulsion (Flores et al., 2019; Myerson, 2003). However, 

failure of the posterior tibialis tendon makes it challenging to invert the hindfoot and lock 

the midfoot structure properly. In such a scenario, the midfoot is unlocked, and the foot 

may become free during push-off, making propulsion inefficient. To accomplish the same 

movement, secondary supporting tissues, such as the plantar fascia, may be subjected to 

more loading to maintain the foot arch (Douglas, 2020; Richie, 2007). Excessive and 

repetitive loading can damage the microstructure of the ligaments and tendons and cause 

dysfunction of these supporting structures, such as plantar fasciitis (Chen et al., 2019; 

Erdemir et al., 2004). These ligaments are typically utilized to stabilize the arch and 

restrict excessive mobility. The Deltoid ligaments may inhibit hindfoot over-eversion, and 

the plantar fascia can reduce foot elongation and elevate the foot arch. However, 

attenuated ligaments cannot compensate for the malfunction of the posterior tibialis 

tendon and hinder the excessive eversion of the hindfoot (Deland et al., 2005).    
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2.2.2 Kinematic and kinetics 

AAF is likely to induce biomechanical and physiological alterations in the foot and ankle. 

Previous studies have indicated that the peak eversion of the rearfoot and the range of 

motion increased in flatfoot individuals during stance (Chuter & Jonge, 2012; Kothari et 

al., 2015; Levinger et al., 2010). The foot deformity can impair the foot's ability to absorb 

shock and cause higher stress on the plantar fascia. According to previous studies (Chuter 

& Jonge, 2012; Ness et al., 2008; Shibuya et al., 2010), repetitive tension on the plantar 

fascia may cause plantar fasciitis and heel pain. Besides that, aberrant foot motion may 

directly affect the ankle joint's dorsiflexion and plantarflexion. Levinger et al. (2010) 

investigated the kinematics of normal and flatfoot with computed tomography (CT) 

images. They discovered that the talocalcaneal and talonavicular joints were more 

adducted in the flatfoot compared to the normal foot. When it comes to the kinematics of 

the ankle joint, individuals with flatfoot had higher joint moments and aberrant ground 

loading forces than those with normal feet (Banwell et al., 2014). It is hypothesized that 

aberrant kinematics and kinetics of the ankle joint would accelerate the progression of 

lower limb dysfunction and pain (Shibuya et al., 2010). 

Excessive foot pronation can affect the kinematics and kinetics of the knee joint and 

increase stress in the lateral patellofemoral joint and medial tibiofemoral joint, even lead 

to cartilage degradation and knee pain (Abourazzak et al., 2014; Chuter & Jonge, 2012; 

Guler et al., 2009; Kosashvili et al., 2008; Riskowski et al., 2013; Tong & Kong, 2013). 

Retrospective research of approximately ten thousand military teenagers was performed 

to examine the connection between flatfoot and anterior knee pain and found that 

individuals with moderate or severe flatness were likely to suffer from anterior knee pain 

(Kosashvili et al., 2008). Further, Gross et al. (2011) recruited two thousand participants 

to study the association between flatfoot and the incidence of knee pain and tissue damage 
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in adults aged over 50. They discovered that flatfoot deformity is related to recurrent knee 

complaints and cartilage degradation in the medial tibiofemoral compartment. 

2.2.3 Muscle activity 

Excessive foot pronation is likely to affect the muscles morphology and muscle activations 

during weight-bearing stance (Angin et al., 2018; Birinci & Demirbas, 2017; Mulligan & 

Cook, 2013; Murley et al., 2014; Wang et al., 2016a; Zhang et al., 2017). Murley et al. 

(2014) have used ultrasound to examine the connection between foot type and 

morphometry of muscles in the lower leg and observed that flatfoot is linked with a larger 

PL muscle and TA tendon, as well as a thinner Achilles tendon. Zhang et al. (2017) found 

that individuals with flatfoot have larger FDB, FDL, and abductor hallucis but smaller 

abductor digiti minimi. It is believed that altered muscular strength affects foot kinematics. 

Previous studies also indicated that flatfoot could lead to tight Achilles tendon and triceps 

surae (Richie, 2007; Van & Sangeorzan, 2003). The triceps surae govern the dorsiflexion 

of the ankle joint complex during weight-bearing stance. Increased gastrocnemius 

muscular force is believed to increase midfoot tension and cause instability on the foot 

through the Achilles tendon (Richie, 2007; Van & Sangeorzan, 2003).  

2.3 Classification and Assessment of Flatfoot 

2.3.1 Classification of flatfoot 

Flatfoot is characterized by a low or absent MLA of the foot and valgus of the hindfoot 

and forefoot abduction. Flatfoot is thought to be caused by the attenuated foot soft tissues 

strength and/or the bone-ligament complex (Bouchard & Mosca, 2014). The prevalence 

of FF among children and adolescents ranges from 20% to 44% (Jerosch & Mamsch, 1998; 

Pfeiffer et al., 2006). Although studies indicated that infants were born with flexible 
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flatfoot and that the flatness of the foot structure decreased during the first decade of life 

(Cappello & Song, 1998; Rodriguez & Volpe, 2010), the prevalence of flatfoot among the 

adult population could be as high as 27% (Golightly et al., 2012; Shibuya et al., 2010). In 

general, there are two types of adult flatfoot, namely rigid and flexible flatfoot.  

Individuals with flexible flatfoot only exhibit arch collapse during weight-bearing 

conditions and may recover the normal arch once the load is removed. Adults with flexible 

flatfoot may be asymptomatic, but the aberrant mobility and potential clinical issues 

caused by flatfoot cannot be disregarded. One of the most common causes of flexible 

flatfoot is TP muscle dysfunction, which results in hindfoot eversion (Johnson, 1983). In 

the early stages of the disease, patients usually experience vague pain and soreness from 

the distal to the medial malleolus along the course of the TP tendon (Johnson, 1983). 

However, a rigid flatfoot is often characterized by the collapse of the MLA in both weight-

bearing and non-weight-bearing situations. The rigid flatfoot is frequently observed in 

conjunction with a tarsal coalition or a vertical talus. Rigid flatfoot may also be caused by 

TP tendon failure, mainly in individuals with severe PTTD (Johnson, 1983). Patients with 

rigid flatfoot presented a variety of symptoms, including foot pain and restricted foot 

mobility.  

Foot orthoses can correct AAF in the early stage. However, when conservative treatments 

fail or the foot abnormalities become too severe, surgery treatments are inevitable for 

patients. 

2.3.2 Evaluation methods 

The function of the foot is normally assumed to be associated with foot shape and posture. 

Abnormal foot posture could lead to a wide variety of pathomechanics in the 

musculoskeletal system. Foot unique anatomical features, such as the shape of the MLA, 
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have long been employed as criteria for determining the foot type. Different techniques 

were employed to categorize the foot types (Keenan et al., 2007; Menz, 1998; Redmond 

et al., 2008). However, there was no generally recognized technique for the classification 

of foot types. Previous research has primarily used morphological characteristics of the 

foot to determine the foot type during static weight-bearing or movement (Keenan et al., 

2007). In general, the techniques may be classified into the following categories: 

anthropometric measurements, footprint indices, radiographic assessment, 6-item foot 

posture index (FPI 6). 

Anthropometric values 

Anthropometric techniques mainly utilized bony eminences or foot surface land-markers 

to determine foot posture. Anthropometric parameters, such as navicular drift, longitudinal 

arch angle, and rearfoot angle, were utilized to represent the inner foot structures. 

Menz (1998) adopted navicular drift to describe the foot structure. The navicular drift is 

defined as the distance between the neutral and resting positions of the navicular 

tuberosity's most medial border in the transverse plane (Figure 15). McPoil and Cornwall 

(2007) adopted the longitudinal arch angle to evaluate the dynamics of foot posture 

(Figure 16). The value is the angle between the two lines formed by the midpoint of the 

medial aspect of the first metatarsal head, the midpoint of the medial malleolus, and the 

navicular tuberosity. Additionally, the rearfoot angle between a longitudinal line bisecting 

the rearfoot (calcaneus) and a bisecting line of the distal one-third of the lower leg was 

also used to determine the posture of the hindfoot (in the frontal plane) in static and 

dynamic conditions (Jung et al., 2009). The rearfoot angle measurement during walking 

is shown in Figure 17. Navicular drop (Figure 18) is also a key parameter that indicates 

the change of navicular tuberosity in the sagittal plane between weight-bearing and 50% 
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weight-bearing on foot (Brody, 1982). 

 

Figure 15. Measurement of navicular “drift”. (Reprinted from “Alternative techniques 

for the clinical assessment of foot pronation”, by H. B, Menz, 1998, Journal of the 

American Podiatric Medical Association, 88(3), pp. 126. Copyright 1998 by 

Radiological Society of American Podiatric Medical Association). 

 

Figure 16. The longitudinal arch angle (LAA). (Reprinted from “Prediction of dynamic 

foot posture during running using the longitudinal arch angle”, by McPoil & Cornwall, 

2007, Journal of the American Podiatric Medical Association, 97(2), pp. 103. Copyright 

2007 by Radiological Society of American Podiatric Medical Association). 
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Figure 17. Measurements of rearfoot angle. (Reprinted from “Effect of medial arch 

support on displacement of the myotendinous junction of the gastrocnemius during 

standing wall stretching”, by D.Y. Jung et al., Journal of Orthopaedic & Sports Physical 

Therapy, 39(12), pp. 869. Copyright 2009 by Journal of Orthopaedic & Sports Physical 

Therapy). 

 

Figure 18. Measurement of navicular drop. (Reprinted from “Prediction of dynamic 

foot posture during running using the longitudinal arch angle”, by McPoil & Cornwall, 

2007, Journal of the American Podiatric Medical Association, 97(2), pp. 124. Copyright 

2007 by Radiological Society of American Podiatric Medical Association). 

Valgus index and arch height are also utilized to assess the foot type. In terms of the Valgus 

index (Figure 19), a positive value suggested a medial movement of the ankle. In contrast, 

a negative value showed a lateral shift of the ankle (Williams & McClay, 2000). The arch 

height is the distance between the prominent navicular bone and the supporting surface 
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(Hawes et al., 1992). 

 

Figure 19. Technique for the calculation of the valgus index (VI). (Reprinted from 

“Alternative techniques for the clinical assessment of foot pronation”, by H. B, Menz, 

1998, Journal of the American Podiatric Medical Association, 88(3), pp. 123. Copyright 

1998 by Radiological Society of American Podiatric Medical Association). 

Footprint indices 

Foot posture analysis can be performed with foot footprints. The footprint can be captured 

(including shape and direction) under stationary or walking conditions, and these 

parameters can reflect the structural information of the foot (Figure 20). In general, 

measuring the width or area of the contact on the impression can be a straightforward and 

objective method of determining the foot posture. Current studies have used a variety of 

variables to classify the foot posture (Hawes et al., 1992). More detailed information about 

the calculation of the footprint parameters is illustrated in Figure 20. 
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Figure 20. Illustration of foot index. (Reprinted from “Footprint Parameters as a 

Measure of Arch Height”, by Hawes et al., 1992, Foot & Ankle International, 13(1), pp. 

24. Copyright 1992 by SAGE Publications). 

Radiographic evaluation 

The characteristics of the foot (including the height of the MLA) can be measured directly 

from X-rays at completely overlapping positions (Henry et al., 2019; Saltzman et al., 

1995). It is believed that certain angles and indices may indicate foot type indirectly. The 

following is a summary of the most often used radiographic measurements. 

The foot abnormality can be identified using the talonavicular coverage angle. The 

talonavicular coverage angle can be used to indicate forefoot abduction and is defined by 

two lines of the articular surfaces of the talus and navicular on the anteroposterior 
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radiograph. The talonavicular coverage angle is more than 20° in patients with flatfoot 

(Williamson et al., 2015). Previous studies also adopted talonavicular uncoverage 

percentage and talus-first metatarsal angle to determine the conditions of flatfoot 

deformity. Patients with flatfoot normally have a higher talonavicular uncoverage 

percentage (> 30%) and talus-first metatarsal angle (16 ° ) compared to normal foot 

(Williamson et al., 2015; Younger et al., 2005). More details about the foot parameters of 

the anteroposterior radiograph can be seen in Figure 21.  

 

Figure 21. Common radiographic parameters in a stage IIb flatfoot patient measured 

on weightbearing anteroposterior radiograph. (A) Talonavicular coverage angle, (B) 

Talonavicular uncoverage percentage, (C) Talo–first metatarsal angle. (Reprinted from 

“Adult-Acquired Flatfoot Deformity”, by Henry et al., 2019, Foot & Ankle 

Orthopaedics, 4(1), pp. 3. Copyright 2019 by SAGE Publications). 

The Meary’s angle (angles between talus and axis of the first metatarsal) in the lateral 

radiograph is also used to represent the foot posture (Younger et al., 2005). Younger et al. 

(2005) indicated that the Meary’s angle is normally more than 20° in patients with flatfoot 

(Figure 22).  
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Figure 22. Meary’s angle. (Reprinted from “Adult-Acquired Flatfoot Deformity”, by 

Henry et al., 2019, Foot & Ankle Orthopaedics, 4(1), pp. 4. Copyright 2019 by SAGE 

Publications). 

The hindfoot radiograph has been used to identify the hindfoot valgus in previous studies 

(Saltzman & El-Khoury, 1995; Williamson et al., 2015). The hindfoot radiograph can 

obtain the hindfoot moment arm and hindfoot alignment angle (Williamson et al., 2015). 

Previous studies showed that patients with flatfoot have higher hindfoot moment arm (> 

+10 mm) and larger hindfoot angle (＞22°) compared to the normal foot. More details are 

shown in Figure 23. 
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Figure 23. The hindfoot alignment angle. The hindfoot alignment angle, as measured 

on Saltzman hindfoot radiographs, is formed by the intersection of the longitudinal axis 

of the tibial shaft and the axis of the calcaneal tuberosity. (A) Measurement in flatfoot 

patient; (B) measurement in a normal control. (Reprinted from “New Radiographic 

Parameter Assessing Hindfoot Alignment in Stage II Adult-Acquired Flatfoot 

Deformity”, by Emilie et al., 2015, Foot & Ankle International, 36(4), pp. 420. 

Copyright 2015 by SAGE Publications). 

Six-item Foot Posture Index (FPI-6) 

The FPI-6 is a new method for evaluating the foot's posture that uses predefined criteria 

and straightforward scales (Figure 24). This technique is more effective than other 

measuring methods in clinical settings, and it is more convenient and time-saving (Keenan 
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et al., 2007). This approach adopted six parameters to identify the foot type and the 

severity of foot deformity. The six items include talar head palpation, malleolar curvature, 

calcaneal inversion/valgus, talonavicular prominence, congruence of MLA, and forefoot 

abduction/adduction (Figure 24). These items are used to assess the alignment of the 

forefoot and rearfoot (Redmond et al., 2008). The scores for each item range from -2 to 

+2, with negative scores indicating supination and positive scores indicating pronation. 

The total score of six items varies from -12 to +12. With an FPI score higher than or equal 

to +6, many studies categorized the foot as pronated (Barton et al., 2011; Morrison & 

Ferrari, 2009; Nielsen et al., 2010).  

 

Figure 24. The six-index foot posture gait cycle. (Reprinted from “Relationship between 

foot posture and dental malocclusions in children aged 6 to 9 years: A cross-sectional 

study”, by Ana et al., 2018, Foot & Ankle International, 97(19), pp. 3. Copyright 2018 

by Wolters Kluwer Health, Inc.). 
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2.4 Conservative (Orthotic) Intervention 

Foot orthoses are devices that insert into the shoes to provide support, distribute the foot 

pressure, correct the flexible misalignment, and constrain the painful joints. Foot orthoses 

designed for patients with flexible flatfoot have been widely used to modify the 

misalignment of foot posture and alleviate pain (Banwell et al., 2014; Cobb et al., 2011; 

Kosonen et al., 2017; Telfer et al., 2013). Many studies have been performed to investigate 

the roles of foot orthoses in the intervention of flatfoot (Chen et al., 2010b; Cobb et al., 

2011; Esterman & Pilotto, 2005; Hurd et al., 2010; Johanson et al., 1994; Kosonen et al., 

2017; Mundermann et al., 2003; Murley & Bird, 2006; Murley et al., 2010; Otman et al., 

1988; Redmond et al., 2000; Rome & Brown, 2004; Zammit & Payne, 2007). The foot 

orthoses for flatfoot can be divided into prefabricated and customized orthoses.  

2.4.1 Prefabricated orthoses 

Prefabricated orthoses are less costly since they are mass manufactured based on the 

general foot size. The orthoses can be distinguished by their designs, materials, and 

components (arch support, medial posting, and heel pad cushion). In general, the 

prefabricated orthosis's supporting structure and cover material can contribute to 

misalignment correction and pain relief. The supporting components may be strong 

enough to support the MLA, while the cover material could be soft enough to redistribute 

foot pressure. Previous studies have reported that the prefabricated arch support orthoses 

could alleviate foot pain and correct the static rearfoot alignment (Desmyttere et al., 2018; 

Peng et al., 2020b). However, these prefabricated orthoses can normally ignore the 

patients’ characteristics, such as flatfoot severity, hallux, foot symptoms, and body weight, 

which may attenuate the functional outcomes of the foot orthoses in patients with flexible 

flatfoot (Banwell et al., 2014; Cobb et al., 2011). 
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Peng et al. (2020b) have evaluated the effects of prefabricated foot orthoses on the lower 

limb biomechanics. The foot orthoses contained arch support and medial forefoot posting. 

The insoles were made of fabric with embedded cushioning silicon at the heel region. 

They found that foot orthoses could reduce the force in the patellofemoral and ankle joints. 

Hurd et al. (2010) have modified the off-the-shelf orthoses, seen in Figure 25. The orthoses 

included a 4° lift for the first and second toes in the forefoot portion and an additional 15° 

lift with the arch support. The orthoses had three layers: a polyurethane base, a poron layer, 

and a cambrelle cover. They compared new orthoses with existing off-the-shelf orthoses 

in flexible flatfoot and found that the new design could prevent the forefoot from excessive 

eversion during walking. 

 

Figure 25. Posterior (A) and medial (B) views of the new off-the-shelf insert. (Reprinted 

from “Comparative biomechanical effectiveness of over-the-counter devices for 

individuals with a flexible flatfoot secondary to forefoot varus”, by Hurd et al., 2010, 

Clinical Journal of Sport Medicine, 20(6), pp. 429. Copyright 2010 by Wolters Kluwer 

Health, Inc.). 

2.4.2 Customised orthoses 

Customized foot orthoses, instead of prefabricated foot orthoses, are often obtained based 
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on a plaster cast or a foot scanner. The orthoses are designed by an expert podiatrist with 

population variation and are especially suitable for individuals with severe foot 

misalignment and symptoms (Hirschmüller et al., 2011). Custom-made foot orthoses are 

regarded as the gold standard for individuals with flatfoot and have been studied 

extensively by researchers and clinicians. A previous study has also reported that 

customized foot orthoses were more effective in controlling the hindfoot eversion than 

prefabricated orthoses (Cheung et al., 2011). Various techniques are used to acquire the 

foot shape for customized foot orthoses. These methods include plaster cast, foam box, 

scanned foot in relaxed standing, scanned foot in corrected standing, and scanned foot 

geometry in corrected sitting (Telfer et al., 2012). 

The California Biomechanics Laboratory (UCBL) insole is one of the most commonly 

foot orthoses in managing flatfoot pronation (Figure 26). The orthosis is composed of hard 

plastic and is built over a cast of the foot with manual correction. It has solid medial, 

lateral, and post walls and encompasses the heel and midfoot. The UCBL can maintain the 

subtalar joint stability by controlling the hindfoot valgus/varus and forefoot 

abduction/adduction (Elattar et al., 2018). Additionally, this design can realign the 

calcaneus and improve the pulling angle of the Achilles tendon.  
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Figure 26. The UCBL foot orthoses. (Reprinted from “Uses of Braces and Orthotics for 

Conservative Management of Foot and Ankle Disorders”, by Elattar et al., 2018, Foot 

& Ankle Orthopaedics, 3(3), pp. 3. Copyright 2018 by SAGE Publications). 

The three-quarter length orthoses designs were also used in previous studies (Bishop et 

al., 2016; Telfer et al., 2013). Bishop et al. (2016) has adopted a customized insole 

fabricated by an experienced podiatrist. The orthosis is made of 4-mm thick polypropylene, 

an ethylene-vinyl acetate heel post, and a 1.5 mm cover material. Further information can 

be seen in Figure 27. They have investigated the effects of foot orthoses on the kinematics 

and kinetics of the foot and found that foot orthoses could significantly delay the peak 

eversion of the hindfoot. 

 

Figure 27. Low-Dye (A) and modified taping (B) techniques applied to the feet of 

participants. (Reprinted from “Effects of taping and orthoses on foot biomechanics in 

adults with flat-arched feet”, by Bishop et al., 2016, Medicine & Science in Sports & 

Exercise, 48(4), pp. 690. Copyright 2016 by Wolters Kluwer Health, Inc.). 

Telfer et al. (2013) also adopted the three-quarter length semi-rigid foot orthoses in the 
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adult with flexible flatfoot. The foot orthoses are designed by using computer-aided design 

software based on individual characteristics. Furthermore, the exterior rearfoot posts were 

adjusted in 2° increments from 6° lateral to 10° medial (Figure 28). These orthoses were 

fabricated with three-dimension (3D) printed polylactide material. They found that 

increased medial posting significantly reduced the peak rearfoot eversions and peak ankle 

eversion moments.  

 

 

Figure 28. Extrinsic rearfoot posting in computer aided design foot orthoses (FOs). 

(Reprinted from “Effects of taping and orthoses on foot biomechanics in adults with 

flat-arched feet”, by Telfer et al., 2013, Journal of Biomechanics, 46(9), pp. 1490. 

Copyright 2013 by Elsevier). 

Customized full-length foot orthoses were also adopted for an adult with flexible flatfoot 

in previous studies (Cobb et al., 2011; Hsu et al., 2014; Tang et al., 2015). Cobb et al. 

(2011) has adopted the full contact orthoses with solely arch support and found that the 

foot orthoses significantly reduced the rearfoot dorsiflexion of midstance compared to the 

flat insole.  

Some studies have adopted the arch support orthoses with medial rearfoot and/or forefoot 

posting (Hsu et al., 2014). Hsu et al. (2014) reported the effects of foot orthoses with arch 
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support and medial forefoot and rearfoot posting (Figure 29). The posting angles of the 

orthoses in the forefoot and rearfoot were determined based on the measured rearfoot 

varus angles. They found that foot orthoses with this design significantly reduced the 

forefoot eversion angle and ankle inversion moment. One study also investigated the 

effects of foot orthoses with both arch support and medial forefoot posting on rearfoot 

kinematics and indicated the orthoses significantly reduced the excessive rearfoot valgus 

moment and peaks pressures of heel and forefoot region.  

 

Figure 29. Orthoses with forefoot and rearfoot posting. (Reprinted from “Orthoses 

posted in both the forefoot and rearfoot reduce moments and angular impulses on lower 

extremity joints during walking”, by Hsu et al., 2014, Journal of Biomechanics, 47(11), 

pp. 2620. Copyright 2014 by Elsevier). 

Additionally, previous studies have adopted 3D printed orthoses with customized full-

length designs for adults with flatfoot (Xu et al., 2019; Zhang & Vanwanseele, 2019). Xu 
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et al. (2019) has adopted customized foot orthoses with computer-aided design software 

for adult patients with symptomatic flatfoot. The orthoses are composed of two layers, 

including a 3D printed base layer and cover layer (Figure 30). The base layer consisted of 

the three-quarter orthosis and was printed with ethylene-vinyl acetate. They found that the 

customized orthoses significantly reduced the peak pressure in the metatarsal region 

compared to the prefabricated insole. (Zhang & Vanwanseele, 2019) has also adopted two 

layers; the base layer was composed of the conventional three-quarter length orthosis and 

forefoot correction. They found that the forefoot correction in the foot orthoses caused the 

lateral shift of the center of pressure trajectory. In that case, the loading in the lateral part 

increased, which could be beneficial for the everted hindfoot. 

 

Figure 30. Customized 3D printed insole and prefabricated insole. (Reprinted from 

“Comparative study of the effects of customized 3d printed insole and prefabricated 

insole on plantar pressure and comfort in patients with symptomatic flatfoot”, by Xu et 

al., 2019, Medical science monitor: international medical journal of experimental and 

clinical research, 25(11), pp. 3512. Copyright 2019 by Med Sci Monit). 

2.4.3 Summary 

Although previous studies have proposed and tested various foot orthoses for flatfoot, 

there is a lack of consensus on the foot orthoses design and their configurations on foot 
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kinematics and kinetics (Banwell et al., 2014; Cobb et al., 2011; Kosonen et al., 2017; 

Telfer et al., 2013). Foot orthoses with arch support are one of the most common 

considerations in clinicians due to their function in relieving foot pain and distributing 

foot pressure. However, the prescribed foot orthoses with sole arch support cannot modify 

the excessive hindfoot eversion of stance phase; the additionally medial forefoot posting 

can be considered for flatfoot posture correction (Desmyttere et al., 2018). Compared to 

prefabricated foot orthosis, customized foot orthoses can provide better functional 

outcomes in hindfoot correction and pain relief due to their consideration in individual 

variance (Cheung et al., 2011). However, the biomechanical effects of foot orthoses on the 

internal foot mechanics and lower limb joint mechanics during walking conditions are 

limited and require further investigation.  

2.5 Surgical Intervention 

According to the stages and individual symptoms of AAF (Henry et al., 2019), various 

surgical treatments are selected. The main surgery procedures normally consist of several 

types, including ligaments and tendon surgery, bones lengthening and osteotomy, and 

mid/hindfoot arthrodesis (Table 1).  

Table 1. Stages of Adult-Acquired Flatfoot Deformity (Henry et al., 2019) 

Stage Physical Deformity  Radiographic  Treatment Options 

I 

PTT tenosynovitis 

or tendinosis; able to 

single heel raise 

Normal 

radiographs 

early PTT 

degeneration 

Nonoperative (foot orthoses, 

bracing)  

Tenosynovectomy, PTT repair, 

tendon transfer; ± medial 

calcaneal osteotomy 
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Stage Physical Deformity  Radiographic  Treatment Options 

II 

A 

 

Flexible deformity 

Hindfoot eversion  

Talonavicular 

uncoverage 

<30% 

Medial calcaneal osteotomy 

Lateral column lengthening  

FDL tendon transfer 

The first TMT fusion  

Spring ligament reconstruction 

(stage IIB)  

medial cuneiform osteotomy 

Gastrocnemius recession or 

Achilles tendon lengthening 

B 

PTT degeneration, 

elongation 

Forefoot abduction 

Talonavicular 

uncoverage 

>30% 

III 

Rigid deformity 

Disruption of PTT 

Lateral pain 

Degenerative 

changes in triple 

Talonavicular fusion, subtalar 

fusion, calcaneocuboid fusion 

Gastrocnemius recession or 

Achilles tendon lengthening 

IV 

A 

 

Flexible deformity 

Tibiotalar valgus 

Lateral talar tilt + 

ankle 

arthritis 

MCO/LCL (IVA) 

Double/triple arthrodesis (IVB) 

Deltoid ligament reconstruction 

Total ankle arthroplasty 

Ankle fusion 

Gastrocnemius recession or 

Achilles tendon lengthening 

B 
Fixed deformity 

Tibiotalar valgus 

FDL: flexor digitorum longus; LCL: lateral column lengthening; MCO: medial calcaneal osteotomy; MRI: 

magnetic resonance imaging; PTT: posterior tibial tendon; TMT: tarsometatarsal. 

2.5.1 Tendon and ligaments surgery 

Surgery treatment on the posterior tibialis tendon (tenosynovectomy, tendon repair, and 

transfer) could be performed for the stage I AAF if the conservative management failed. 

The procedures applied on the posterior tibialis tendon could alleviate pain. However, they 

are insufficient to correct the misalignment of the hindfoot eversion (Henry et al., 2019). 

Flexor digitorum longus tendon transfer is another procedure to treat the dysfunction of 

posterior tibialis tendon and stage II flatfoot due to its ability to control the inversion of 

the hindfoot. However, the procedure was also insufficient to help the foot restore normal 
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arch (Vora et al., 2006). Spring ligament reconstruction is also an essential approach in 

treating the stage IIB AAF, which can assist patients in maintaining the foot arch and 

correcting the excessive talonavicular abduction. It should be noted that these procedures 

were normally performed together with the medial cuneiform osteotomy (MCO) and 

lateral column lengthening (LCL) procedures (Abousayed et al., 2017; Flores et al., 2019).  

Deltoid ligament reconstruction is another procedure used in end-stage AAF (stage IV) 

(Flores et al., 2019). Patients showed flexible deformity and ankle joint valgus in this stage, 

and radiographic images indicated valgus talar tilt and/or ankle arthritis. Deltoid ligament 

reconstruction (anterior tibial tendon graft and PL autograft) can be adopted as a 

supplement for other procedures that can correct the excessive valgus tilt of the talar by 4° 

(Ellis et al., 2010).  

Previous studies have reported that gastrocnemius- SL complex could become short 

because of the worsening flatfoot (hindfoot eversion increase and collapse of MLA) 

(Abousayed et al., 2017; Flores et al., 2019). The shortened gastrocnemius- SL could 

impose more loading on the soft tissues through the foot bony structures and then 

accelerate the progression of flatfoot deformity. Gastrocnemius recession or Achilles 

lengthening was believed to effectively reduce the loading on the supporting ligaments of 

the foot arch and delay the deterioration of AAF along with other surgical correction 

procedures (Chang et al., 2020).  

2.5.2 Bony osteotomy 

MCO has been used in AAF deformity (Figure 31), especially for patients with flexible 

hindfoot valgus and minor forefoot abduction (Myerson, 1996; Trnka et al., 1999). As for 

the MCO, four surgeries treatments have been proposed in previous clinical studies: 
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medial calcaneal displacement osteotomy, rotational displacement osteotomy, opening 

wedge osteotomy of the lateral calcaneus, and closing wedge osteotomy in the medial side 

(Trnka et al., 1999). Among these procedures, medial calcaneal displacement osteotomy 

was the most popular approach for correcting flexible hindfoot valgus (Myerson, 1996). 

Previous clinical studies have reported that the MCO procedures could modify the 

collapse of MLA,  hindfoot valgus, and excessive loading in the Spring ligament and 

deltoid ligament together with the FDL tendon transfer (Myerson, 1996; Trnka et al., 

1999). However, it should be noted that this procedure could be less effective in correcting 

the midfoot abduction (Trnka et al., 1999). 

 

Figure 31. Medial calcaneal osteotomy. (Reprinted from “Surgical treatment of the 

adult acquired flexible flatfoot”, by Gestelet al., 2015, Acta Orthopædica Belgica, 81(2), 

pp. 178. Copyright 2015 by PMC). 

The LCL approach has also been used in managing flatfoot deformity (Figure 32). 
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Compared with medial calcaneal osteotomy, LCL was more effective in controlling the 

midfoot abduction. It was hypothesized that LCL could increase the loading in the PL and 

plantar fascia. Then the increased plantar fascia tension could lift the MLA through the 

windlass mechanism. The LCL procedure was normally performed by inserting a 10 mm 

tricortical iliac crest graftis in the calcaneus osteotomy site (Raines & Brage, 1998). A 

double osteotomy (MCL and LCL) is also adopted in treating AFF. The double osteotomy 

could fully combine the advantages of MCL and LCL and assist the patients in restoring 

normal foot arch (Mosier-LaClair et al., 2001). 

 

Figure 32. Lateral column lengthening (Evans procedure). (Reprinted from “Surgical 

treatment of the adult acquired flexible flatfoot”, by Gestelet al., 2015, Acta 

Orthopædica Belgica, 81(2), pp. 179. Copyright 2015 by PMC). 

Opening wedge medial cuneiform osteotomy or cotton osteotomy is another procedure in 

flatfoot correction, which could modify the forefoot varus deformity in stage IIB flatfoot 

(Boffeli & Schnell, 2017). As for this procedure, the wedge-shaped bone graft (Figure 33) 



60 

was inserted into the medial cuneiform osteotomy site (Romeo et al., 2019). After hindfoot 

fusion or osteotomy, the procedure could elevate the MLA and correct the residual forefoot 

varus.   

 

Figure 33. Postoperative (titanium wedge) anterior-posterior and lateral weight-bearing 

radiographs. (Reprinted from “Medial cuneiform opening wedge osteotomy for 

correction of flexible flatfoot deformity: trabecular titanium vs. bone allograft wedges”, 

by Romeo al., 2019, BioMed Research International, pp. 5. Copyright 2019 by Hindawi).  

2.5.3 Mid/hindfoot arthrodesis or arthroereisis 

The first tarsometatarsal fusion (Figure 34) is a procedure that fuses the first metatarsal 

base and the medial cuneiform for flatfoot reconstruction and posterior tibialis tendon 

insufficiency (Cohen & Ogden, 2007). Previous clinical studies have indicated that this 

procedure could achieve a high union rate in flatfoot patients (Thompson et al., 2005). 
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This procedure could be used to modify the excessive forefoot varus and the 

hypermobility of the hallux, which is recommended for flatfoot patients with the first 

tarsometatarsal joint osteoarthritis and fixed forefoot varus.  

 

Figure 34.The first tarsometatarsal fusion. (Reprinted from “Medial column 

procedures in the acquired flatfoot deformity”, by B.E. Cohen and F. Ogden, 2007, Foot 

and Ankle Clinics, 12(2), pp. 5. Copyright 2007 by Elsevier).  

Subtalar joint arthroereisis is a minimal surgical procedure used in controlling excessive 

subtalar joint eversion (Figure 35). This procedure is conducted with sinus tarsi implants, 

including self-locking wedge, axis-altering, and impact blocking devices. The sinus tarsi 

are located within the sinus tarsi and do not affect the articular cartilage of the subtalar 

joint. Although some studies have reported that this procedure could assist hindfoot 

realignment, the complications resulting from the subtalar joint arthroereisis (sinus tarsi 
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pain and malposition) should also be noted (Bernasconi et al., 2017; Needleman, 2005). 

 

Figure 35. Biomechanical classification of sinus tarsi implants. (Reprinted from 

“Current topic review: subtalar arthroereisis for the correction of flexible flatfoot”, by 

R.L. Needleman, 2005, Foot & Ankle International, 26(4), pp. 341. Copyright 2005 by 

Elsevier). 

Midfoot and hindfoot arthrodeses (Figure 36) have also been used in AAF across different 

stages (stage II-IV) (Davies et al.; Johnson et al., 2000). Subtalar arthrodesis is the 

procedure by fusing the subtalar joint posteriorly, which could alleviate pain and restore 

normal hindfoot alignment for stage II and III AFF. However, subtalar fusion alone could 

increase the loading of the adjacent joints and accelerate the deterioration of adjacent joint 

arthritis (Davies et al.; Johnson et al., 2000). Talonavicular arthrodesis has been used to 

control the early hindfoot valgus secondary to PTTD. This procedure alone restricted the 

hindfoot motion and provided support for the MLA. Talonavicular fusion is most suitable 

for older patients with lower physical activity and high BMI (Crevoisier, 2011; Weinraub 

& Heilala, 2007). Calcaneocuboid distraction arthrodesis can also be used to correct the 

AFF orientated from the PTTD and had less influence in hindfoot motion. However, a 

previous study also indicated that this procedure alone could not maintain the MLA (Chen 

et al., 2014b). Double arthrodesis (talonavicular and calcaneocuboid) can increase the 

stability of MLA and alleviate lateral column pain after talonavicular arthrodesis. 
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Therefore, this procedure is suitable for patients with osteoarthritis in talonavicular or 

calcaneocuboid joints (Mann et al., 1998). Triple arthrodesis can correct subtalar eversion, 

forefoot abduction and provide stable arch support for patients with rigid flatfoot, flexible 

flatfoot with advanced PTTD, and flatfoot with severe osteoarthritis of the hindfoot 

(Graves et al., 1993, Jarde et al., 2002, Sullivan and Aronow, 2002).  

 

Figure 36. X-ray images of feet after various arthrodesis. (Reprinted from 

“Maintenance of longitudinal foot arch after different mid/hind-foot arthrodesis 

procedures in a cadaveric model”, by Y. Chen, 2014, Clinical Biomechanics, 29(2), pp. 

172. Copyright 2014 by Elsevier). 

2.5.4 Summary 

According to the stage of flatfoot, various surgical procedures are selected for AFF. The 

surgical technique may be customized to an individual's features and deformities, such as 
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body weight, hindfoot valgus, forefoot varus, and foot joint complications. Less restrictive 

methods are more appropriate for patients in early-stage AFF since they may assist them 

in preserving foot arch and rectifying foot deformity without limiting the range of foot 

mobility. However, more restricted operations are unavoidable when patients have 

significant foot deformities, or prior treatments have failed to restore normal function 

(Flores et al., 2019; Iaquinto & Wayne, 2011). Nevertheless, clinicians and researchers are 

unlikely to consensus on the optimal surgical procedures for helping patients regain foot 

function while causing fewer complications (Wang et al., 2016b). Therefore, an increasing 

amount of attention has been drawn to investigating surgical biomechanics, which can 

provide guidance for surgical procedures. 

2.6 Biomechanical Evaluation Techniques of Flatfoot 

2.6.1 Pedobarograph 

Although the evidence is inconclusive, foot posture is associated with lower limb injuries. 

Plantar pressure analysis, also known as pedobarography, is a method used to investigate 

the relationship between foot posture and lower limb biomechanical activities. Previous 

studies have compared the foot pressure between the normal foot and flatfoot (Buldt et al., 

2018a; Buldt et al., 2018b; Carson et al., 2012; Chuckpaiwong et al., 2008; Han et al., 

2011; Hillstrom et al., 2013; Jonely et al., 2011; Ledoux & Hillstrom, 2002; McKay et al., 

2017; Rao et al., 2011; Song et al., 1996; Wong et al., 2008). Table 2 summarizes the foot 

pressures analysis for individuals with flatfoot. 
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Table 2. Summary of foot pressures analysis for flatfoot 

Authors Foot posture 

measurement 

Participant information Gait 

protocols 

Significant findings 

Chuckpaiwong 

et al. (2008) 

 

Navicular 

height 

Arch angle 

Rearfoot 

angle 

Planus group: 34 participants, 

24.7 ± 4.3 years 

Normal group: 16 participants, 

25.2 ± 3.3 years 

Walk with 

1.8 m/s ± 

5% 

Run with 3.3 

m/s ± 5% 

Flatfoot compared to 

normal: peak pressures 

and maximum force 

decreased 

Han et al. (2011) Navicular 

height 

Rearfoot 

angle 

Normal group: 10 participants, 

20.6 ± 0.7 years. 

Planus group: 9 participants, 

22.1 ± 1.6 years. 

Barefoot 

walking 

Flatfoot compared to 

normal: the peak 

pressure in the heel 

region, 4-5th metatarsal 

head decreased, and 

COP tend to be straight 

in forefoot 

Hillstrom et al. 

(2013) 

RCSP  

FF-RF angle 

Normal group: 27 participants, 

33.1 ± 9.8 years 

Planus group: 22 participants, 

35.6 ± 11.0 years, 

Rectus group:12 participants 

33.1 ± 9.8 years 

Barefoot 

walking 

Flatfoot compared to 

normal: Center of 

pressure excursion 

index decreased 

 

Ledoux and 

Hillstrom (2002) 

RCSP  

 

Normal group: 11 participants, 

age 26.6 years  

Planus group: 8 participants, 

age 25.6 years 

Barefoot 

walking ten 

times 

Flatfoot compared to 

normal: max force in 

subhallucal area 

increased. 

Rao et al. (2011) RCSP  

FF-RF angle 

Normal group: 27 participants, 

33.1 ± 9.9 years  

Planus group: 22 participants, 

age 35.6 ± 11.1 years 

Rectus group:12 participants 

33.1 ± 9.8 years 

Walk at a 

comfortable 

speed with 

simulated 

mid-gait 

Flatfoot compared to 

normal: peak pressure 

2nd Metatarsal 

increased. 

Song et al. 

(1996) 

RCSP  

FF-RF angle 

Subtalar 

angle 

Planus group: 10 participants, 

25.8 ± 3.4 years 

Normal group: 11 participants, 

25.6 ± 4.0 years 

Barefoot 

walking at a 

comfortable 

speed 

Flatfoot compared to 

normal: COP moved 

medially. 

Wong et al. 

(2008) 

FPI 6 Normal group: 38 participants, 

27.5 ± 12.4 years  

Planus group: 16 participants, 

25.7 ± 9.5 years 

Cavus group: 29 participants, 

31.9± 11.3 years 

Barefoot 

walking 

along an 8-

m walkway 

Flatfoot compared to 

pes cavus: COP moved 

medially. 

COP: center of pressure; RCSP: resting calcaneal stance position; FF-RF: forefoot to rearfoot angle; FPI 6: six foot 

posture index 

Individuals with flatfoot have higher peak pressure, pressure-time integral, maximum 

force, force-time integral, contact area, central forefoot, and thumb toe in the medial arch, 

whereas these variables are lower in the lateral and medial forefoot (Buldt et al., 2018a; 
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Buldt et al., 2018b; Carson et al., 2012; Chuckpaiwong et al., 2008; Han et al., 2011; 

Hillstrom et al., 2013; Jonely et al., 2011; Ledoux & Hillstrom, 2002; McKay et al., 2017; 

Rao et al., 2011; Song et al., 1996; Wong et al., 2008). The center of pressure shifts to the 

medial inside in the flatfoot. 

2.6.2 Ultrasound evaluation of soft tissue 

The forces produced by the internal and external foot muscles and the forces transferred 

via the plantar fascia act on the rearfoot, midfoot, and forefoot joints. Muscle strength and 

function have been related to foot posture, which can cause distinct foot kinematics 

between flatfoot and normal foot (Buldt et al., 2015). Muscular morphology (cross-

sectional area and thickness) may reflect muscle function, such as strength, which has 

been used to investigate the connection between foot muscles and foot posture (Maughan 

et al., 1983). 

Angin et al. (2014) has investigated the morphology of the foot muscles and ligaments in 

flatfoot through the ultrasound method. The foot structures and scanning method were 

shown in Figure 37. They found individuals with flatfoot had smaller abductor hallucis, 

FHB, and PER muscles but larger FDL and FHL. Additionally, flatfoot individuals had 

thinner plantar fascia in the middle and anterior sections. 
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Figure 37. Scanning structures and scanning protocol definitions with Ultrasound 

system. (Reprinted from “Ultrasound evaluation of foot muscles and plantar fascia in 

pes planus”, by S. Angin, et al., 2014, Gait & posture, 40(1), pp. 49. Copyright 2014 by 

Elsevier). 

Murley et al. (2014) also investigated the size of TA, TP, PL, and Achilles tendon. They 

found that low-arched participants had thicker PL muscle and TA tendon but thinner 

Achilles tendon. Zhang et al. (2017) further investigated the morphology of the extrinsic 
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and intrinsic foot muscles of recreational runners with asymptomatic over-pronated feet. 

They found that individuals with over-pronated feet have larger size of abductor hallucis, 

flexor digitorum brevis and longus, and smaller abductor digiti minimi than controls. 

Individuals with excessive limb movement may regulate the excessive internal rotation of 

the foot by increasing the morphology of abductor hallucis and FDB, thus avoiding 

overuse injury. Angin et al. (2014) have examined the extrinsic foot muscle of flatfoot and 

found that the cross-sectional area of FHL and FDL is greater in flatfoot than the normal 

foot. These two muscles contribute to the shape of the MLA, which are similar to the TP 

muscles (Hintermann et al., 1994). It is hypothesized that these two muscles could produce 

greater forces, which might compensate for the TP weakness and rearfoot misalignment. 

Biomechanical information about the intrinsic and extrinsic foot muscle morphology 

provides insight into their role in the foot posture. 

2.6.3 Motion capture analysis 

Previous studies have adopted the motion analysis method to investigate the kinematics 

in flatfoot individuals (Hosl et al., 2014; Kruger et al., 2019; Levinger et al., 2010; Shin 

et al., 2019). The summary of the kinematics of flatfoot is shown in Table 3. 

Table 3. Foot kinematics of flatfoot subjects with multi-segment foot model 

Authors 

Foot 

posture 

measure

ment 

Participant information 

Gait 

analysis 

protocol and 

models 

Significant findings 

Levinger et 

al. (2010) 

Radiogra

phic 

measure

ments  

 

Normal group: 10 participants, 

24.3 ± 8.7 years  

Planus group: 9 participants, 

20.1 ± 1.3 years 

 

Walking at a 

comfortable 

speed 

Oxford foot 

model 

Planus compared to normal foot: 

forefoot plantar-flexion, forefoot 

abduction, and rearfoot internal 

rotation increased; forefoot 

adduction decreased. 
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Authors 

Foot 

posture 

measure

ment 

Participant information 

Gait 

analysis 

protocol and 

models 

Significant findings 

Hosl et al. 

(2014) 

observed 

signs of 

flatfoot 

Normal group: 11 participants, 

11.2 ± 3.1 years 

Symptomatic flatfeet group: 14 

participants, 11.6 ± 2.0 years 

Asymptomatic flatfeet group: 21 

participants, 11 ± 2.6 years 

 

Not 

mentioned 

Oxford Foot 

Model 

Flatfoot compared to normal foot： 

hindfoot eversion, forefoot 

supination, and abduction increased; 

the mobility in forefoot and hallux 

increased; hindfoot dorsiflexion 

reduced 

symptomatic flatfeet compared to 

asymptomatic flatfeet: no significant 

difference 
 

Shin et al. 

(2019) 

hindfoot 

valgus 

forefoot 

abductio

n 

Normal group: 42 participants, 

64.2 ± 2.8 years  

Moderate flatfoot groups: 20 

participants, 62.5 ± 7.3 years 

Severe flatfoot groups: 16 

participants, 64.0 ± 9.0 years 

 

Barefoot 

walking 

DuPont foot 

model 

Flatfoot compared to normal foot： 

cadence, speed, stride length, and 

step width decreased. 

Severe flatfoot compared to the other 

two groups: ROM for hindfoot in 

sagittal and transverse planes, 

forefoot in the transverse plane 

forefoot and hallux in sagittal plane 

decreased; supinated and abducted 

angle in forefoot increased  

Kerr et al. 

(2019) 

Arch 

index 

Navicula

r drop 

Normal group: 53 participants, 11.7 

± 3.7 years 

Asymptomatic mild flatfeet group: 

27 participants, 10.8 ± 3.5 years 

Symptomatic flatfeet group: 19 

participants, 11.4 ± 2.2 years 

Asymptomatic flatfeet group: 17 

participants, 9.6 ± 3.2 years 

 

Barefoot 

walking 

with a 

comfort

able 

speed 

Oxford 

foot 

model 

Symptomatic flatfoot compared to 

all asymptomatic groups: forefoot 

abduction increased 

Twomey et 

al. (2010) 
RCSP 

Normal group: 25 participants, 

11.1 ± 1.2 years  

Flatfeet group: 27 participants, 

11.2 ± 1.2 years 

self-selected 

pace 

Heidelberg 

foot  

Flatfoot compared to normal foot: 

forefoot pronation decreased 

Kruger et al. 

(2019) 

RSCP 

FF-RF 

angle 

Normal group: 11 participants, 

26 ± 3.5 years 

Flatfeet group: 11 participants, 

24.3 ± 5.3 years 

Cavus group: 11 participants, 

24.1 ± 4.7 years 

 

self-selected 

pace 

Milwaukee 

foot model 

Flatfoot compared to the other two 

groups: hindfoot dorsiflexion and 

forefoot plantarflexion decreased; 

hindfoot eversion, and external 

rotation increased. 

Cobb et al. 

(2009) 

arch 

deformit

y ratio 

Normal group: 11 participants, 

25.2 ± 3.2 years  

Flatfeet group: 11 participants, 

age 24.5 ± 6.1 years  

 

Self-

selected 

pace with 

multi-

segment 

model 

Flatfoot compared to the normal 

foot: pre-swing hindfoot inversion 

excursion increased; pre-swing 

hindfoot eversion excursion and 

midstance calcaneo-navicular 

abduction excursion decreased 
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Authors 

Foot 

posture 

measure

ment 

Participant information 

Gait 

analysis 

protocol and 

models 

Significant findings 

Kothari et 

al. (2015) 

Not 

mention

ed 

Normal group: 41 participants, 

11.99 ± 2.32 years  

Flatfeet group: 42 participants, 

11.85 ± 2.03 years  

 

Plug-in-gait 

and the 

Oxford foot 

model 

marker sets 

Flatfoot compared to the normal 

foot: peak hindfoot inversion 

decreased; forefoot supination 

increased  

ROM: range of motion; RCSP: resting calcaneal position; FF-RF: forefoot to rearfoot. 

Various foot posture measuring techniques, such as resting calcaneal stance position and 

arch deformity ratio, were employed to identify the foot type (Cobb et al., 2009; Kothari 

et al., 2015; Levinger et al., 2010). Several studies compared the kinematics of the 

hindfoot and forefoot in flatfoot and normal foot (Cobb et al., 2009; Kothari et al., 2015; 

Levinger et al., 2010) and found that participants with flatfoot demonstrated increased 

plantarflexion (Levinger et al., 2010) and dorsiflexion(Hosl et al., 2014), supination (Hosl 

et al., 2014; Kothari et al., 2015; Twomey et al., 2010), and abduction (Hosl et al., 2014; 

Levinger et al., 2010) in the forefoot. The flatfoot can also demonstrate increased eversion 

(Hosl et al., 2014; Kothari et al., 2015), plantarflexion (Hosl et al., 2014), internal 

(Levinger et al., 2010), and external (Hosl et al., 2014) rotation in the hindfoot, and 

increased dorsiflexion in hallux (Hosl et al., 2014). These studies were primarily 

concerned with the kinematics of asymptomatic flatfoot. However, not all patients with 

flatfoot are asymptomatic. Individuals with flatfoot may suffer from pain during static or 

dynamic conditions. Hosl et al. (2014) examined the kinematics of symptomatic and 

asymptomatic flatfeet and discovered that asymptomatic people had more dorsiflexion of 

the hallux during stance than symptomatic ones. Kerr et al. (2019) further investigated the 

kinematics of moderate and severe flatfeet and demonstrated that forefoot abduction 

increased during the stance in the symptomatic group compared to the normal group. 

Furthermore, the ankle and foot kinematics are proportional to the degree of the deformity 

(Shin et al., 2019). Flatfeet alter foot motion in the transverse plane, which may increase 



71 

the risk of overuse injury. 

To date, there are just a few ankle-foot models that contain detailed foot segments and soft 

tissue structures (Malaquias et al., 2017; Saraswat et al., 2010). Previous studies on 

flatfoot primarily focused on the kinematics and joint moments of the hindfoot, forefoot, 

and hallux (Kerr et al., 2019; Resende et al., 2015; Shin et al., 2019). A detailed multi-

segment foot model with intrinsic and extrinsic foot muscles could be used to investigate 

the internal biomechanics of flatfoot (Malaquias et al., 2017; Saraswat et al., 2010). 

2.6.4 Cadaveric experiment 

Foot cadaveric experiments have received considerable critical attention. It can investigate 

the internal foot loading, which is difficult to achieve through other methods (Kamiya et 

al., 2012; Watanabe et al., 2013). This method can be used to investigate the effects of soft 

tissue attenuation on foot, which facilitates us to determine the impacts of soft tissues on 

AFF. Meanwhile, in vitro cadaveric experiments can be used to determine the effects of 

foot orthoses and surgical therapies based on internal foot biomechanics.  

Some studies focused on the effects of PTTD on foot arch during the dynamic condition 

by adopting the cadaveric legs (Kamiya et al., 2012; Watanabe et al., 2013). Kamiya et al. 

(2012) has investigated the effects of axial loading on the arch index of the foot with and 

without TP tendon force and found that TP muscle is significant in maintaining the MLA 

during dynamic loading conditions (Figure 38). Another cadaveric study has indicated that 

the external rotation of the hindfoot and calcaneus eversion in flatfoot was significantly 

increased compared to normal foot (Watanabe et al., 2013). 
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Figure 38. Diagram of the experimental system. (Reprinted from “Dynamic effect of 

the tibialis posterior muscle on the arch of the foot during cyclic axial loading”, by T. 

Kamiya, et al., 2012, Clinical Biomechanics, 27(9), pp. 963. Copyright 2012 by Elsevier). 

The effects of foot orthoses on internal foot biomechanics have also been investigated in 

cadaveric experiments with the simulated flatfoot (Havenhill et al., 2005; Imhauser et al., 

2002; Kogler et al., 1995, 1996). Kogler et al. (1996) quantified the arch support of five 

foot orthoses (prefabricated stock orthosis, custom viscoelastic orthosis, custom semi-

rigid orthosis, custom rigid functional orthosis, and custom rigid UCBL shoe insert). They 

reported that UCBL was more effective in reducing the plantar fascia strain than other 

orthoses (Figure 39). Another study also adopted the UCBL and indicated that UCBL 

could provide better support for the hindfoot alignment (Havenhill et al., 2005). 
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Figure 39. Diagramatic representation of the experimental set-up for testing the 

longitudinal arch support mechanism of foot orthoses. (Reprinted from “Biomechanics 

of longitudinal arch support mechanisms in foot orthoses and their effect on plantar 

aponeurosis strain”, by G.F. Kogler, et al., 1996, Clinical Biomechanics, 11(5), pp. 245. 

Copyright 1996 by Elsevier). 

Besides the foot orthoses, surgical interventions (tendon transfer and augment, bone 

Osteotomy, and mid/hindfoot arthrodesis) have also been widely performed on the 

cadaveric foot. MacDonald et al. (2018) has investigated the effects of the 

Tibiocalcaneonvaicular ligament (TCNL) on AAF and found that TCNL significantly 

reduced the hindfoot valgus and forefoot abduction (Figure 40). Spring ligament 

reconstruction was also performed on the AFF due to its significance to maintaining the 

foot arch during midstance (Aynardi et al., 2018; Aynardi et al., 2019; Deland et al., 1992; 

Jennings & Christensen, 2008; Kelly et al., 2019). Some studies also evaluated the effects 

of medial ligamentous complex and reported that these ligaments could improve the foot 

deformity in the cadaveric flatfoot model (Vaudreuil et al., 2014). 
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Figure 40. Measuring kinematic changes of cadaveric flatfoot model after three 

techniques of medial ligament reconstruction. (Reprinted from 

“Tibiocalcaneonavicular Ligament Reconstruction in Simulated Flatfoot Deformity 

with Medial Ligament Insufficiency”, by A. MacDonald, et al., 2018, Foot & Ankle 

Orthopaedics, 3(3), pp. 2. Copyright 2018 by SAGE Publications). 

Hindfoot osteotomy approaches, including LCL and MCO, have been performed to 

manage flatfoot deformity with cadaveric experiments (Baxter et al., 2015; Benthien et 

al., 2007; Campbell et al., 2014; Harris et al., 2020; Heckmann et al., 2021; Li et al., 2019b; 

Momberger et al., 2000; Oh et al., 2013; Zhou et al., 2017). Previous studies have reported 

that LCL could correct the hindfoot valgus and midfoot abduction, decrease the 

talonavicular pressure, and restore normal force transmission of the forefoot (Baxter et al., 

2015; Campbell et al., 2014; Heckmann et al., 2021; Zhou et al., 2017). Patrick et al. (2016) 

has quantified the subtalar joint pressure of two calcaneus osteotomies (calcaneal 

z osteotomy and medial displacement calcaneal osteotomy) and indicated that the pressure 

did not significantly differ in the two approaches (Figure 41). 
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Figure 41. Experimental configurations for medial displacement calcaneal osteotomy 

and calcaneal z osteotomy. (Reprinted from “Effects of medial displacement calcaneal 

osteotomy and calcaneal z osteotomy on subtalar joint pressures: a cadaveric flatfoot 

model”, by N. Patrick, et al., 2016, Journal of Foot and Ankle Surgery, 55(6), pp. 1176. 

Copyright 2016 by Elsevier). 

Benthien et al. (2007) further quantified the effects of two LCL with additional procedures 

(combination of LCL and FDL transfer with or without added medial cuneiform 

osteotomy) and found that LCL could increase forefoot pressure and additional medial 

cuneiform osteotomy could cause overcorrection in severe AFF. Another study further 

compared the influence of combined medializing calcaneal osteotomy and FDL transfer 

approach on the moderate and severe flatfoot and found that this approach was appropriate 

for the moderate AFF (Vora et al., 2006). However, additional procedure, such as 

arthroereisis or arthodesis, was necessary for the severe AFF. 

More restrictive mid/hindfoot arthrodesis are normally used in severe flatfoot, and their 

influence on the internal foot kinematic and kinetics have been evaluated with cadaveric 
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studies (Chen et al., 2014a; Jia et al., 2019; Kitaoka et al., 2000; Logel et al., 2007; Song 

et al., 2000; Zhang et al., 2016). Chen et al. (2014a) estimated the effects of five 

arthrodesis on the foot arch and found that triple arthrodesis could provide the most stable 

MLA. However, subtalar arthrodesis was less effective in maintaining the MAL. Jia et al. 

(2019) have compared the effects of single (talonavicular joint, subtalar joint, and 

calcaneocuboid joint) and double (calcaneocuboid and talonavicular joints) arthrodesis on 

hindfoot motion (Figure 42). They found that double arthrodesis had more influence on 

subtalar joint compared to single arthrodesis, and subtalar arthrodesis was the most 

restrictive method among the single arthrodesis. 

 

Figure 42. Photographs showing specimen positions during testing. (Reprinted from 

“The influence of selective arthrodesis on three-dimensional range of motion of 

hindfoot joint: A cadaveric study”, by X. Jia, et al., 2019, Clinical Biomechanics, 69, pp. 

12. Copyright 2019 by Elsevier). 
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2.7. Reviews of Existing Foot Computational Models 

2.7.1. Musculoskeletal multibody model 

The human musculoskeletal multibody modelling commonly consists of several 

mechanical elements, including rigid bones, muscles geometries, joints, which could be 

used to calculate the joint angles, joint moments, joint contact forces, and muscles forces 

during various activities (Damsgaard et al., 2006; Delp et al., 2007). The musculoskeletal 

multibody model could reveal the underlying mechanism of interaction between muscles 

and bone structures, which has been widely used in different fields, including orthopedics, 

sports, and assistive devices. Recently, many musculoskeletal multibody models have 

been developed to evaluate the functional outcomes of the rehabilitation methods, 

conservative intervention, and surgical treatment (Knarr et al., 2016; Pizzolato et al., 2015; 

Pizzolato et al., 2017; Razu & Guess, 2018; Thelen et al., 2014). In most musculoskeletal 

multibody models, the foot was modeled as one or two segments to simplify the modelling 

and solution procedure (Pothrat et al., 2015). However, the simplified model cannot 

represent the real foot complex and calculate the detailed kinematics and kinetics of the 

foot. As for the foot model, researchers have focused on developing more accurate and 

practical tools that could be used in a clinical setting (Bruening et al., 2012; Bruening et 

al., 2010; Kim et al., 2018; Malaquias et al., 2017; Müller & Wolf, 2018; Oosterwaal et 

al., 2016; Pothrat et al., 2015; Prinold et al., 2016; Saraswat et al., 2010). More detailed 

information about the foot model can be seen in Table 4. 

Carson et al. (2001) proposed a multi-segmental foot model (Oxford foot model) 

consisting of five segments: tibia, hindfoot, forefoot, hallux proximal phalanx, and floor. 

The relative motion of inter-segment, including three transitions and rotations, could be 

calculated in any paired segments. The proposed model has been widely used in clinical 
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and research work, especially for foot dysfunction. Ness et al. (2008) adopted the model 

to quantitate the kinematics characteristics of patients. Patients with flatfoot showed 

decreased hindfoot dorsiflexion, forefoot plantarflexion, and hallux but increased hindfoot 

eversion. Levinger et al. (2010) has used the Oxford foot model and X-ray image to 

investigate the kinematics of the foot between normal and flatfoot. Their research showed 

that patients with flatfoot have higher peak plantar flexion and abduction in the forefoot 

and internal rotation in the rearfoot. Although the Oxford foot model is valuable for 

evaluating foot motion, the interaction between the muscles and bones cannot be fully 

understood with this model. More detailed structure, including the muscles and ligaments 

around the foot, should be adopted to understand the underlying mechanism. 

Saraswat et al. (2010) developed a new multi-segment foot model based on commercial 

software (Anybody technology, Aalborg) (Damsgaard et al., 2006) by incorporating the 

muscles and ligaments. The foot is divided into hindfoot, forefoot, and toes in the foot 

musculoskeletal multibody model. As for the foot joints, a revolute joint was modeled for 

the toes and forefoot, and a spherical joint for the forefoot and hindfoot joints. During the 

kinetics analysis, the inverse dynamic and muscle recruitment methods were utilized to 

calculate the results. However, the model has not provided more information about the 

kinematics and kinetics of the foot joint. 

A more detailed foot model (Glasgow-Maastricht foot model) was developed to fully 

represent the foot complex, which contained 26 segments, 32 joints, detailed muscles, and 

ligaments. Therefore, this model allowed for the estimation of kinematics in 26 bones 

separately (Oosterwaal et al., 2016). The foot model was established based on the 

Anybody software (Anybody Technology, Aalborg, Denmark) and was incorporated into 

the full-body model in the software (Damsgaard et al., 2006). The new foot model can be 

scaled to obtain subject-specific models by using reflective markers and surface skin of 
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the foot during the inverse kinematics analysis procedure. In addition, the detailed model 

can be used to calculate the joints' motion, joint contact forces, joint moments, and muscle 

forces.  

Malaquias et al. (2017) have proposed two detailed multi-segment foot models generated 

based on CT bone reconstruction. The established foot models include five segments (talus, 

calcaneus, midfoot, forefoot, and toes), five joints (ankle, subtalar, midtarsal, 

tarsometatarsal, and metatarsophalangeal), foot muscles, and ligaments. These two 

models contain different degrees of freedom (DOF), namely 15 DOFs and 8 DOFs in two 

models, respectively. Based on the established model, the kinematics of the two models 

were calculated by using publicly free software OpenSim (Delp et al., 2007). In addition, 

they performed an inverse dynamics analysis based on the 8 DOFs foot model and 

achieved feasible joint moments. The previous study also established a new five-segment 

foot model based on the Anybody software (Anybody Technology, Aalborg, Denmark) 

(Kim et al., 2018). The foot model includes talus, calcaneus, midfoot, metatarsals, and 

toes, as well as 9 DOFs in the ankle-foot complex model. As for the model, joint contact 

forces and moments of the ankle, Lisfranc, metatarsophalangeal, Chopart’s joint were 

calculated in participants without lower limb injuries.  

Table 4. Summary of the foot model 

Authors Model components 
Foot joints and Degrees of 

freedom 
Soft tissues 

Wu et al. 

(2000) 

Tibia segment (tibial and 

fibular), hindfoot segments 

(hindfoot and midfoot), 

and forefoot 

3 DoFs: 

tibia- hindfoot, 

hindfoot -forefoot.  

no 

Carson et al. 

(2001) 

Floor, tibial segment (tibia 

and fibula), hindfoot 

(calcaneus and talus), 

forefoot (five metatarsals), 

and hallux. 

3 DoFs: 

tibia-floor, tibia- hindfoot, 

hindfoot-forefoot, and hindfoot -

forefoot. 

no 
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Authors Model components 
Foot joints and Degrees of 

freedom 
Soft tissues 

Arampatzis 

et al. (2002) 

Tibia and fibula, talus, 

calcaneus, navicular, three 

cuneiform bones, 

metatarsals I-III, cuboid 

and metatarsals IV-V, 

phalanges I-III, and 

phalanges IV-V     

6 DoFs: free joint  

3 DoFs:  

tibiotalar joint and talocalcaneal 

joint 

1 DoF:  

talonavicular joint, 

calcaneocuboid joint, 

metatarsophalangeal joint I, and 

metatarsophalangeal joint II 

no 

Tome et al. 

(2006) 

Tibia, rearfoot, medial 

forefoot, lateral forefoot, 

and the hallux 

3 DoFs: 

tibia-rearfoot, rearfoot-medial 

forefoot, and Rearfoot-lateral 

forefoot 

no 

Rao et al. 

(2007) 

Tibia, calcaneus, and 

forefoot, first metatarsal 

3 DoFs: 

tibia-calcaneus, calcaneus-

forefoot, and forefoot- first 

metatarsal 

no 

Jenkyn and 

Nicol (2007) 

Tibia, hindfoot, midfoot, 

medial forefoot, and  

lateral forefoot 

3 DoFs: 

tibia-rearfoot, rearfoot-midfoot, 

midfoot-medial forefoot, and 

midfoot-lateral forefoot. 

No 

Leardini et 

al. (2007) 

Tibia, calcaneus, midfoot, 

and metatarsus 

3 DoFs : 

calcaneus-midfoot, mid-foot-

metatarsal, and calcaneus-

metatarsus 

no 

Wolf et al. 

(2008) 

Calcaneus, talus, cuboid, 

navicular, medial 

cuneiform, first and fifth 

metatarsal 

3 DoFs: 

talus–navicular, navicular–medial 

cuneiform (ii), medial cuneiform–

first metatarsal (iii), calcaneus–

cuboid (iv), cuboid–fifth 

metatarsal (v), and navicular–

cuboid 

no 

 

 

Sawacha et 

al. (2009) 

Tibia, hindfoot, midfoot, 

and forefoot. 

3 DoFs: 

ankle joint, hindfoot-tibia, 

midfoot-hindfoot, and forefoot-

midfoot 

no 

Hyslop et al. 

(2010) 

Shank, rearfoot, midfoot, 

1st metatarsal, lateral 

forefoot, and hallux 

3 DoFs: 

rearfoot-tibia and midfoot-rearfoot 
no 

Oosterwaal 

et al. (2011) 
26 segments Detailed joints 

foot muscles 

and ligaments 

Bruening et 

al. (2012) 

Tibia, rearfoot, forefoot, 

and hallux 

2 DoFs: 

forefoot-hallux 

1 DoFs 

tibia-rearfoot and rearfoot-

forefoot 

no 
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Authors Model components 
Foot joints and Degrees of 

freedom 
Soft tissues 

De Mits et al. 

(2012) 

Lower leg, hindfoot, 

midfoot, medial forefoot, 

lateral forefoot, and hallux 

3 DoFs: 

rearfoot-tibia, midfoot-rearfoot, 

medial forefoot-midfoot, lateral 

forefoot-midfoot, and hallux-

medial forefoot 

no 

Saraswat et 

al. (2010) 

Shank, hindfoot, forefoot, 

and hallux 

3 DoFs: 

hindfoot- shank, forefoot-

hindfoot, and hallux-forefoot 

no 

Bishop et al. 

(2013) 

Shank, heel, midfoot, and 

toes 

3 DoFs: 

tibiocalcaneal joint, 

tarsometatarsal joint, and 

metatarsophalangeal joint. 

no 

Chard et al. 

(2013) 

Shank, hindfoot, forefoot, 

and first metatarsal 

3 DoFs: 

rearfoot-shank, forefoot-rearfoot, 

and 

first metatarsal-forefoot. 

no 

Seo et al. 

(2014) 

Tibia, hindfoot, medial 

forefoot, lateral forefoot, 

and hallux. 

3 DoFs: 

tibia-hindfoot, lateral forefoot- 

hindfoot, medial forefoot-

hindfoot, and hallux-medial 

forefoot  

no 

Cobb et al. 

(2016) 

Leg, calcaneus, navicular, 

cuboid, medial metatarsals, 

lateral metatarsals, and 

hallux 

3 DoFs: 

Ankle complex, medial midfoot 

complex; lateral midfoot complex, 

medial forefoot complex, lateral 

forefoot complex, and hallux 

no 

Malaquias et 

al. (2017) 

Tibia, talus, calcaneus, and 

midfoot, forefoot, and toes 

3 DoFs: 

talus-tibia, calcaneus- talus, 

midfoot- calcaneus, forefoot-

midfoot; toes-forefoot 

foot muscles 

and ligaments 

Kim et al. 

(2018) 

Tibia, talus, calcaneus, 

midfoot, forefoot, and toes 

3 DoFs:  

Chopart’s joint. 

2 DoFs: 

Lisfranc and metatarsophalangeal 

joints. 

1 DoF:  

ankle and subtalar joints. 

foot muscles 

and ligaments 

DoF: degree of freedom. 

2.7.2. Foot finite element model 

FE analysis is a popular numerical technique for addressing engineering mechanical issues. 

This technique can also be used to determine stress or strain in a complex structure that 
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cannot be evaluated by using conventional numerical, analytical methods (Zhang et al., 

1998).  

Compared to traditional experimental techniques, FE offers an alternate approach for 

internal soft tissue stress investigation, which may be useful in gaining new insights into 

the mechanisms related to pathomechanics in musculoskeletal systems (Wang et al., 

2016b). FE has become one of the essential computational methods for evaluating the 

biomechanical properties of human musculoskeletal issues in clinical settings, such as 

joint injury mechanisms, implant design, and foot support treatments. Many studies 

attempted to develop more comprehensive and detailed models and improve the 

availability in clinical settings (Wong et al., 2017; Wong et al., 2021b). 

Gefen et al. (2000) created a foot model with 17 bone components and 37 ligaments to 

represent the foot anatomy better. The model could analyze the stress on the bone 

structures of the foot at six subphase instances during stance. Although realistic foot bone 

and soft tissue structures were created, these models were constructed by using non-

subject-specific boundary conditions. To achieve more accurate simulations, subject-

specific gait analyses and muscle conditions were recommended in FE models.  

Scarton et al. (2018) developed a detailed three-dimensional FE modelling by integrating 

subject-specific gait and musculoskeletal multibody. The boundary condition included 

muscle forces of intrinsic muscle (flexor digitorum, flexor hallucis, abductor hallucis, 

quadratus Plantae) and extrinsic muscle (lateral gastrocnemius, medial gastrocnemius, 

tibialis anterior, peroneus brevis (PB), PL, EDL, EHL, SL, TP). The 30 bones geometries 

of foot and skin contour were obtained by using MRI. The model was validated by 

comparing the simulated peak foot pressures with measurements. The inclusion of subject-

specific intrinsic and extrinsic muscle forces could improve the simulated peak foot 
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pressure accuracy. 

Although FE analysis on the foot model was performed in many studies, the research 

about the flatfoot model is relatively limited (Cifuentes-De la Portilla et al., 2019a; 

Cifuentes-De la Portilla et al., 2019b; Wong et al., 2018). A detailed foot model could be 

used to understand the mechanism behind flatfoot deformities and soft tissues dysfunction.  

AAF is often associated with dysfunction of the posterior tibial tendon (TPT) (Abousayed 

et al., 2017). In addition to TPT dysfunction, clinical studies have demonstrated that the 

failure or rupture of some passive stabilizers of the medial arch, such as the plantar fascia 

(PF) or calcium ligament, can also cause MLA flatness and forefoot abduction 

(Abousayed et al., 2017). Wong et al. (2018) investigated the consequences of posterior 

tibial tendinopathy on foot posture by using a dynamic foot model. They found that this 

tendinopathy changed the load transfer mechanism and the strain of the midfoot plantar 

ligaments, which could contribute to the collapse of the flatfoot. Cifuentes-De la Portilla 

et al. (2019a) evaluated the stress distribution of the TP tendon, plantar fascia, and the 

spring ligament in the foot model under static conditions. They found that the posterior 

tibial tendon and Spring ligament could prevent foot pronation. Meanwhile, the plantar 

fascia was the main soft tissue to prevent foot elongation.  

Some studies established the foot models to investigate the functional outcomes of 

surgical treatments in flatfoot (Portilla et al., 2020b; Wong et al., 2017; Xu et al., 2017). 

Wong et al. (2017) investigated the effects of subtalar joint arthrodesis on the foot structure. 

They found that subtalar joint arthrodesis cannot compensate for the salvage of midfoot 

stability caused by posterior tibial tendinopathy. However, Xu et al. (2017) investigated 

the biomechanics of arthrodesis on stage II AAF by using two types of sinus tarsi implants 

and found that these two implants could help to correct the deformity and restore the arch. 
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It needs to be noted that input boundaries and participants’ geometries in the FE model 

could lead to the inconsistency of the conclusion in two studies (Wong et al., 2017; Xu et 

al., 2017). Further, Portilla et al. (2020a) systematically investigated the effects of different 

hindfoot joint arthrodesis (subtalar arthrodesis, talonavicular arthrodesis calcaneocuboid 

arthrodesis, and triple arthrodesis) on foot posture and found that triple arthrodesis 

generates the slightest influence on the tissue stresses in all the evaluated cases. 

Medializing calcaneal osteotomy is also used to treat the adult flatfoot in the early stage, 

and this method could realign the rearfoot posture and relieve pain. Two studies used the 

foot FE model to investigate the biomechanical effects of this surgery on the foot structure 

and found that calcaneal osteotomy could reduce the tension generated on the evaluated 

tissues (Larrainzar-Garijo et al., 2019; Wang et al., 2018). 

As for the foot FE model, previous studies are limited to the over-simplified models, either 

in geometries or boundary and loading conditions (Wong et al., 2017; Wong et al., 2021b). 

Meanwhile, most studies related to flatfoot used a static FE model and ignored the 

dynamics conditions (Iaquinto & Wayne, 2011; Portilla et al., 2020a; Portilla et al., 2020b). 

A dynamic muscle-driven flatfoot FE model, including detailed muscles and ligaments, is 

significantly essential to investigate the internal biomechanics and surgical treatment 

effects on AAF and provide valuable information for clinical diagnosis and intervention 

evaluation of flatfoot. 

2.8. Summary and Formulation of Research Scope 

The AFF is one of the most common foot diseases, which is highly correlated with age, 

obese and footwear behavior (Abousayed et al., 2017; Flores et al., 2019). Patients with 

AFF are more likely to suffer from foot pain, knee pain, and fatigue after repeated loading 

in daily activities. The progression of AFF could even damage the locomotion ability. 
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The causes of AFF could be derived from various factors, including foot injury, soft tissue 

dysfunction, and obesity. PTTD is considered to be one of the most common causes of 

AFF (Funk et al., 1986). Some studies have indicated that PTTD could cause the eversion 

of the hindfoot and accelerate the progression of AFF (Richie, 2007; Van & Sangeorzan, 

2003). In addition, PTTD could weaken the TP strength and cause abnormal lower limb 

mechanics in AFF. However, the quantitative evaluation of TP weakness on the lower limb 

joint angles and mechanics of AFF patients remains scarce.   

To alleviate pain and delay the progression of AFF, orthotic and surgical treatments are 

normally adopted. Although previous studies have investigated the effects of foot orthosis 

on the angles and moments of the lower limb joints during walking or running (Kosonen 

et al., 2017; Telfer et al., 2013), the potential biomechanical parameters related to lower 

limb pain and dysfunction, such as joint contact mechanics and TP muscle forces, were 

commonly overlooked. The effects of foot orthosis on joint contact and muscle forces may 

provide more insight into the foot's biomechanical response to orthosis intervention in 

AAF, contributing to the optimal treatment of foot deformity.  

Additionally, quantitative estimation of internal mechanics in the foot-orthotic model 

remains scarce (Desmyttere et al., 2018; Peng et al., 2020b; Wahmkow et al., 2017). Most 

studies used muscle force derived from literature data (Zhang et al., 2020) or simplified 

loading conditions, such as static loading (Cheng et al., 2008; Yu et al., 2016) in the foot-

orthosis FE model. The combined musculoskeletal and FE model of the same participant 

could provide subject-specific boundary conditions for the foot-ankle complex model, 

which can improve the accuracy of predictions (Akrami et al., 2018; Chen et al., 2019). 

Surgical treatments are normally adopted for moderate or severe AFF. Although effective, 

some surgical procedures, such as mid/hindfoot arthrodesis, can inevitably restrict the foot 



86 

motion and lead to the degenerative changes of unfused joints (Chen et al., 2014b; Jia et 

al., 2019; Thelen et al., 2010; Weinraub & Heilala, 2007). Some studies adopted the FE 

model to evaluate the biomechanics after surgery (Iaquinto & Wayne, 2011; Portilla et al., 

2020a; Portilla et al., 2020b). However, these simulation models were limited to static 

settings. Some studies attempted to use the foot muscle forces and GRF to drive the foot 

FE model. The muscle forces were often acquired from electromyography (EMG) in 

previous literature, which could not provide subject-specific boundary conditions for the 

FE model (Wong et al., 2017; Wong et al., 2021b). Further investigations about the effects 

of mid/hindfoot arthrodesis on the dynamic internal foot loading distribution were 

necessary for patients with flatfoot. 
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CHAPTER 3 OVERVIEW 

3.1. Overview of the sub-studies 

The biomechanical study of flatfoot can be divided into three sub-studies. More details 

are described in Chapters 4 - 6. In the first sub-study, the effects of TP weakness on lower 

limb mechanics in flatfoot adults with foot orthosis were evaluated (Figure 43). The foot 

muscle compensation mechanism for TP weakness was estimated using musculoskeletal 

multibody modeling. Additionally, the quantitative analysis of foot orthoses was also 

conducted in the AFF. The second sub-study investigated the effects of arch support 

heights on the internal foot biomechanics with muscle-driven foot-orthosis FE model 

(Figure 43). The study sought to provide guidance for foot orthoses optimization through 

a biomechanical and computational approach. The third sub-study quantified the 

influences of five mid/hindfoot arthrodeses on the internal foot biomechanics in patients 

with AFF (Figure 43). This sub-study aimed to identify the biomechanical effects of 

surgical treatment procedures, which could potentially account for postoperative 

symptoms in flatfoot patients.  
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Figure 43. The experimental setup and sub-studies. 

The progression of PTTD could accelerate the deterioration of AFF. Firstly, it is crucial 

to quantify the TP weakness and foot orthosis on the lower limb mechanics. This study 

adopted the muscle-driven finite element model to investigate the effects of arch support 

heights on the internal foot biomechanics for the patient with early-stage flatfoot. 

Meanwhile, the effects of mid/hindfoot arthrodesis on the internal foot biomechanics 

in end-stage AFF were also investigated. 
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3.2 Method overview 

3.2.1 Motion capture system 

Individuals' gait characteristics may vary from one another, and these differences can be 

used to identify the person, categorize the kinds of musculoskeletal disorders, and assess 

the effectiveness of rehabilitation. Researchers have suggested a variety of motion capture 

methods to get the gait analysis, including the inertial measurement unit, reflective 

markers motion capture system, and video-based system (van der Kruk & Reijne, 2018). 

The markers-based approach was considered the most accurate and widespread among 

these systems in clinical settings. 

Experimental equipment 

The Vicon motion capture system was utilized to examine the movements of adults with 

flatfoot. The system can be split into hardware and software components. The hardware 

part included eight cameras (Vicon, Oxford Metrics Ltd., Oxford, England), four force 

plates (OR6, AMTI, Watertown, United States), reflective markers, a data conversion 

controller, and a computer (Figure 44). The participants' marker trajectories and GRF were 

collected using sampling rates of 100 Hz and 1000 Hz, respectively. To process the 

recorded data, the Nexus 2.12 software (Vicon, Oxford Metrics Ltd., Oxford, England) 

was utilized, which included marker labeling, marker trajectory filling, and kinematics 

and kinetics computation.  
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Figure 44. The configuration of the Vicon motion capture system. 

Lower limb coordinate system 

The local coordinate system of the lower limb segments was established by using the 

coordinate system provided by Robertson et al. (2013). The lower limb segments 
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coordinates were obtained by the marker positions on the joints. For the hip joint and the 

ankle joint complex, these joint coordinate definitions follow the recommendation of the 

International Society of Biomechanics (Wu et al., 2002a). The definition of the knee joint 

following the same principles as the ISB recommendations was used (Lund et al., 2015).  

The local coordinate system of the pelvis 

�⃑� 𝑙𝐴𝑆𝐼𝑆、�⃑� 𝑅𝐴𝑆𝐼𝑆、�⃑� 𝐿𝑃𝑆𝐼𝑆 and �⃑� 𝑅𝑃𝑆𝐼𝑆 represent the coordinate vectors of the left anterior 

superior iliac spine, right anterior superior iliac spine, left posterior superior iliac spine, 

and right posterior superior iliac spine in the global coordinate system (Figure 45). The 

origin �⃑� 𝑃𝐸𝐿𝑉𝐼𝑆 is located at the middle of the left anterior superior iliac spine and the 

right anterior superior iliac spine, which is presented in formula (1)-(4) (Robertson et al., 

2013). 

 

Figure 45. The local coordinate system of the pelvis. (Reprinted from “Research 

methods in biomechanics”, by D. G. E. Robertson, et al., 2014, Human Kinetics. 

Copyright 2014 by Human Kinetics). 

�⃑� 𝑃𝐸𝐿𝑉𝐼𝑆 = 0.5 × (�⃑� 𝑅𝐴𝑆𝐼𝑆 + �⃑� 𝐿𝐴𝑆𝐼𝑆)                 （1） 
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�⃗� =
�⃑� 𝑃𝐸𝐿𝑉𝐼𝑆−0.5×(�⃑� 𝑅𝑃𝑆𝐼𝑆+�⃑� 𝐿𝑃𝑆𝐼𝑆)   

|�⃑� 𝑃𝐸𝐿𝑉𝐼𝑆−0.5×(�⃑� 𝑅𝑃𝑆𝐼𝑆+�⃑� 𝐿𝑃𝑆𝐼𝑆) |
                    （2） 

𝑧 =
(�⃑� 𝑅𝐴𝑆𝐼𝑆−�⃑� 𝐿𝐴𝑆𝐼𝑆)   

|(�⃑� 𝑅𝐴𝑆𝐼𝑆−�⃑� 𝐿𝐴𝑆𝐼𝑆)|
            （3） 

�⃗� = 𝑧 × �⃗�  （4） 

The local coordinate system of the femur 

�⃑� 𝑅𝐿𝐾 and �⃑� 𝑅𝑀𝐾 are the coordinate vectors of the medial and lateral condyles of the knee 

joint in the global coordinate system, as shown in Figure 46. The rotational center of the 

hip joint is obtained based on the left anterior superior iliac spine and the right anterior 

superior iliac spine. The origin of the femur �⃑� ′
𝑅𝐻𝐼𝑃  is presented in formula (5). The 

coordinate axes of the hip joint in the local coordinate system are shown in formulas (6) - 

(8), respectively (Robertson et al., 2013).  

 

Figure 46. The local coordinate system of the femur. (Reprinted from “Research 

methods in biomechanics”, by D. G. E. Robertson, et al., 2014, Human Kinetics. 

Copyright 2014 by Human Kinetics). 

�⃑� ′𝑅𝐻𝐼𝑃 = [

0.36 × |�̑�𝑅𝐴𝑆𝐼𝑆 − �̑�𝐿𝐴𝑆𝐼𝑆|

−0.19 × |�̑�𝑅𝐴𝑆𝐼𝑆 − �̑�𝐿𝐴𝑆𝐼𝑆|

−0.3 × |�̑�𝑅𝐴𝑆𝐼𝑆 − �̑�𝐿𝐴𝑆𝐼𝑆|

]                   (5) 
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�⃗� =
�⃑� 𝑅𝑇𝐻𝐼𝐺𝐻−0.5×(�⃑� 𝑅𝐿𝐾+�⃑� 𝑅𝑀𝐾)

|�⃑� 𝑅𝑇𝐻𝐼𝐺𝐻−0.5×(�⃑� 𝑅𝐿𝐾+�⃑� 𝑅𝑀𝐾)|
                  (6) 

𝑧 =
(�⃑� 𝑅𝐿𝐾−�⃑� 𝑅𝑀𝐾)

|(�⃑� 𝑅𝐿𝐾−�⃑� 𝑅𝑀𝐾)|
         (7) 

�⃗� = �⃗� × 𝑧       (8) 

The local coordinate system of the shank 

As shown in Figure 47, �⃑� 𝑅𝐿𝐴 and �⃑� 𝑅𝑀𝐴 are the coordinate vectors of the medial and 

lateral condyles of the ankle joint in the global coordinate system. The origin of the shank 

�⃑� ′
𝑅𝑆𝐻𝐴𝑁𝐾  is the midpoint of the medial and lateral condyles of the femur, which is 

presented in the formula (9). The coordinate axes of the shank local coordinate system are 

presented in formulas (10) - (12), respectively (Robertson et al., 2013).  

 

Figure 47. The local coordinate system of the shank. (Reprinted from “Research 

methods in biomechanics”, by D. G. E. Robertson, et al., 2014, Human Kinetics. 

Copyright 2014 by Human Kinetics). 

�⃑� 𝑅𝑆𝐻𝐴𝑁𝐾 = 0.5 × (�⃑� 𝑅𝐿𝐾 + �⃑� 𝑅𝑀𝐾)                    (9) 

�⃗� =
�⃑� 𝑅𝑆𝐻𝐴𝑁𝐾−0.5×(�⃑� 𝑅𝐿𝐴+�⃑� 𝑅𝑀𝐴)

|�⃑� 𝑅𝑆𝐻𝐴𝑁𝐾−0.5×(�⃑� 𝑅𝐿𝐴+�⃑� 𝑅𝑀𝐴)|
                  (10) 

𝑧 =
(�⃑� 𝑅𝐿𝐴−�⃑� 𝑅𝑀𝐴)

|(�⃑� 𝑅𝐿𝐴−�⃑� 𝑅𝑀𝐴)|
  (11) 

�⃗� = �⃗� × 𝑧 (12) 
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The local coordinate system of the foot 

�⃑� 𝑅𝑀𝐻5、�⃑� 𝑅𝑀𝐻1、�⃑� 𝑅𝐻𝐸𝐸𝐿 and �⃑� 𝑅𝑇𝑂𝐸  are the coordinate vectors of the head of the first 

metatarsal, the head of the first metatarsal, the heel, and the head of the second metatarsal 

in the global coordinate system, respectively (Figure 48). The origin of the foot is the 

�⃑� 𝑅𝐹𝑂𝑂𝑇. The y-axis direction is perpendicular to the lab ground. The x-axis points to the  

toe marker. And the z-axis direction is perpendicular to x-y plane. 

 

Figure 48. The local coordinate system of the foot. (Reprinted from “Research methods 

in biomechanics”, by D. G. E. Robertson, et al., 2014, Human Kinetics. Copyright 2014 

by Human Kinetics). 

3.2.2 Pedobarograph 

When it comes to motion analysis, one of the most common techniques is foot pressure. 

The pressure distribution in the foot can be used to determine the stability of the foot and 

to guide clinical treatment. Specifically, the foot pressure can also be used to determine 

the stage of AFF and the progression of foot deformity. Additionally, foot pressure has 

been the widely used validation tool for the foot FE model in previous studies (Wang et 

al., 2016b; Wong et al., 2017).  
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The dynamic foot pressure measuring device (F-scan system, Tekscan, South Boston, MA, 

United States) was used to capture the participant's foot contact pressure in this study. The 

system included the laptop, two thin-flexible pressure mapping sensors (3000E, Tekscan, 

South Boston, MA, United States), and a datalogger. The real-time distribution of foot 

pressure was captured and wirelessly sent to the computer (Figure 49).  

 

Figure 49. Configuration of the F-scan system 

Before the experiment, the foot pressure sensors were cut to suit the participant's foot size. 

Meanwhile, the double-sided tape was used to adhere the sensors to each foot. Systems' 

accessories were attached to the participant and communicated with the computer via a 

wireless network connection. The F-scan device was used to measure the foot pressure 

during standing and walking.  
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3.2.3 Surface electromyography (sEMG) 

The foot muscles are activated by the central nervous system, which controls the motion 

of the lower limbs. The control signals can be regarded as an impulse on the muscle fibers, 

which can be recorded via an electromyography (EMG) device. These signals can be 

analyzed and used to get valuable information about muscle activation when walking or 

running. 

In this study, the electromyography (Delsys Inc., Boston, MA) was used to measure the 

signals of surface EMG, including the gastrocnemius medialis (GM), gastrocnemius 

lateralis (GL), TA, SL, and PL. The skin over these muscles of the right leg was shaved 

and cleaned before the experiment. According to the SENIAM project (Hermens et al., 

1999), the positions of the electrodes were parallel to the muscle fiber direction. 

Specifically, one sensor was placed on the most prominent bulge of the GM muscle to 

capture GM signal. For the GL muscle, the sensor was placed at 1/3 of the line between 

the head of the fibula and the heel. For the SL muscle, the sensor was placed at two-third 

of the line between the medial condylis of the femur and the medial malleolus. To capture 

the signals of TA and PL, sensors were placed at one-third on the line between the tip of 

the fibula and the tip of the medial malleolus, and one-fourth of the line between the tip 

of the head of the fibula and the tip of the lateral malleolus, respectively. The 

electromyography of the maximum voluntary contraction (MVC) of the foot muscles was 

measured using the method described in the previous study (Soma et al., 2013). 

Meanwhile, gait analysis was carried out in a laboratory with an eight-camera Vicon 

system (Vicon, Oxford Metrics Ltd., Oxford, England) and four force plates (OR6, AMTI, 

Watertown, United States). The equipment was used to capture marker trajectories and 

GRF in static and dynamic trials.  
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A generic lower limb model in the software to calculate the kinematics and kinetics of the 

right leg (Anybody Technology, Aalborg, Denmark, version 6.0.5) was used. The collected 

marker trajectories and force plate data were used to drive the multibody model. The 

calculated muscle activations during the stance phase were normalized to 100%. The raw 

EMG data were band-pass filtered (10 – 450 Hz), then full-wave rectified, and low-pass 

filtered (6 Hz) (Lloyd & Besier, 2003). The resulting linear envelope of each muscle was 

resampled to 100% of the stance phase and normalized to the MVC value (Buchecker et 

al., 2012).  

3.2.4 Musculoskeletal multibody model  

The human musculoskeletal multibody model was composed of many mechanical 

components, including rigid bones, muscles geometries, joints. The model could be used 

to calculate the joints angles, joint moments, joint contact forces, and muscles forces 

during various activities (Damsgaard et al., 2006; Delp et al., 2007). Based on the research 

purpose, the model's components could be modified. In this study, the comparison 

between the one-segment model foot and the multi-segment model foot was performed 

(Figure 50). As for the general foot model, the foot bones were represented as a single 

segment with restricted DOFs. The simplified model only contained simple foot muscles 

but did not include detailed ligament and intrinsic muscle components. In contrast, the 

detailed foot model contained extrinsic and intrinsic foot muscles and detailed foot joints. 

This model's ligaments were well-constructed to mimic the internal biomechanics of 

flatfoot under dynamic conditions. 
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Figure 50. Two different foot models, including (a) general foot model and (b) detailed 

foot model. As for the general foot model, the foot bones were modelled as a single 

segment. The simplified model did not include detailed ligament and intrinsic muscle 

components. The detailed foot model contained detailed ligaments, extrinsic and 

intrinsic foot muscles, and detailed foot joints. 

Rigid foot model 

The universal lower limb musculoskeletal multibody model in the Anybody software 

(AnyBody Technology, Aalborg, Denmark, version 6.0.5) was used (Damsgaard et al., 

2006). The generic musculoskeletal multibody model was built based on the Twente 
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Lower Extremity Model (TLEM 1.1) (Horsman et al., 2007). Marker trajectories and force 

plate data obtained from the motion capture system were used to calculate joint and muscle 

forces. Thirty-five reflective markers were placed on the subject's skin (Figure 51). More 

detailed information can be seen in Table 5. 

 

Figure 51. Reflective markers on the human body 

Table 5. Marker labels and positions 

Segment 
Marker 

names 
Landmark locations Note 

Sternum 

CLAV Jugular notch BM 

C7 7th cervical vertebrae BM 

Pelvis LASI Left anterior superior iliac crest BM 
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Segment 
Marker 

names 
Landmark locations Note 

RASI Right anterior superior iliac crest BM 

LPSI Left posterior superior iliac crest BM 

RPSI Right posterior superior iliac crest BM 

Left thigh 

LT1 

Three skin-mounted markers orientated in a 

triangle placed of the left middle thigh 

 

LT2 T 

LT3  

LLKN Left lateral femoral epicondyle BM 

LMKN Left medial femoral epicondyle BM 

Right thigh 

RT1 

Three skin-mounted markers orientated in a 

triangle placed   of the right middle thigh 

 

RT2 T 

RT3  

RLFE Right lateral femoral epicondyle BM 

RMFE Right medial femoral epicondyle BM 

Left shank 

LS1 

Three skin-mounted markers orientated in a 

triangle placed   of the left middle shank 

 

LS2 T 

LS3  

LLAN Left lateral malleolus BM 

LMAN Left medial malleolus BM 

Right shank 

RS1 

Three skin-mounted markers orientated in a 

triangle placed   of the right middle shank 

 

RS2 T 

RS3  

RLAN Right lateral malleolus BM 

RMAN Right medial malleolus BM 

Left foot 

LHEE Left calcaneus BM 

LMH5 Left head of the 5th metatarsal BM 

LMH1 Left head of the 1st metatarsal BM 

LTOE Left head of the 2nd metatarsal T 
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Segment 
Marker 

names 
Landmark locations Note 

Right foot 

RHEE Right calcaneus BM 

RMH5 Right head of the 5th metatarsal BM 

RMH1 Right head of the 1st metatarsal BM 

RTOE Right head of the 2nd metatarsal T 

BM: markers on the bone landmarks, T: tracking markers. 

In this study, the joint forces and muscle forces were calculated with three steps, including 

static optimization, kinematic analysis, and inverse dynamic analysis (Andersen et al., 

2010; Andersen et al., 2009). Firstly, a static trial was adopted to scale geometrical 

parameters of the lower limb and the locations of the model marker to obtain a patient-

specific musculoskeletal multibody model. The static C3D data of the individuals were 

imported into the Anybody software (AnyBody Technology, Aalborg, Denmark, version 

6.0.5), and the model was scaled and optimized. The coordinate information and body 

segment length information of the virtual reflective sphere on the model can be obtained 

during the static optimization process. In the kinematics analysis, the patient's height, 

weight, and gait marker position can be scaled according to the default Length–Mass–Fat 

scaling law. 

If the virtual reflective markers in the model were bone landmarks, the coordinate 

locations of the markers were fixed in the model (Table 5). As for the bone markers, they 

were mainly used to scale the bone geometry and provided a reference for the tracking 

markers. As for the tracking markers, there are no specific locations for these markers. 

The virtual reflective markers at the bone mark point should be fine-tuned according to 

the actual situation, and the reflector markers at the bone landmarks should be 

appropriately positioned in the experiment. If the reflective marker is a tracking marker, 
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its relative location to the bone segment will vary throughout the optimization process 

and coincide with the experimental marker's position. The optimization process of the 

reflective markers can be defined as a weighted least squares equation, as shown in 4-5. 

When the error is less than 1e-3 m, the model stops optimizing. 

              𝑚𝑖𝑛
𝑞

∑ 𝑤𝑖𝑖∈marker ‖(𝑥𝑖
𝑒𝑥𝑝𝑖 − 𝑥𝑖(𝑞)‖

2
                    (13) 

Where 𝑞  represented vectors to be solved; 𝑤𝑖 represented the weight of every 

maker;𝑥𝑖
𝑒𝑥𝑝

represented the three-dimensional coordinates of reflective markers collected 

by experiment;𝑥𝑖(𝑞) represented virtual reflective ball coordinates. 

As shown in Figure 52, the muscles are attached to the bone through the starting point and 

the insertion point in the skeletal muscle model. When the bones of the model were scaled, 

the muscles' attachments were also scaled according to the linear geometric scaling theory 

(Andersen et al., 2009). 

 

Figure 52. Muscle origin and insertion point 
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 𝑠 = 𝑆𝑝 + 𝑡  (14) 

Where 𝑠  represents Scaled points;𝑆  represents scale matrix; p represents the initial 

point; 𝑡 defines space offset. 

The inverse dynamic analysis is adopted in the third step to estimate the forces of the 

muscle and lower limb joints (Mannisi et al., 2019; Richards et al., 2018). To solve the 

equation of inverse dynamics, it was necessary to determine the muscles that can balance 

the external force. The calculation process could also be called muscle recruitment in 

inverse dynamics. In the musculoskeletal multibody dynamics model, the number of 

muscles was greater than the number of DOFs in the model. Therefore, there were more 

unknown solutions in the equilibrium equation. The redundancy issue induced by muscle 

recruitment implies that the system did not have a unique solution. In this study, third-

order polynomial muscle recruitment criteria were used to estimate the forces of the 

muscle and lower limb joints. The whole process for model calculation is shown in Figure 

53. The optimization equation is presented in the following equations (Andersen et al., 

2010). 

min
𝑓

𝐺(𝑓𝑀) = ∑ (
𝑓𝑖

(𝑀)

𝑁
𝑖
(𝑀))

3𝑛(𝑀)

𝑖=1                      (15) 

𝐶f=d                                       (16) 

0 ≤ 𝑓𝑖
(𝑀)

, 𝑖 = 1, … , 𝑛(𝑀)                         (17) 

Where 𝑓𝑖
(𝑀)

 represents the ith muscle force, 𝑛(𝑀) defines the number of muscles, 𝑁𝑖
(𝑀)

 

shows the strength of the muscle. C is the coefficient matrix for the dynamic equilibrium 

equations, f is a vector of unknown muscle, joint reaction forces, and d contains all 

external loads and inertia forces.  



104 

 

Figure 53. Experimental collection and model calculation 

Detailed Foot Multibody Model 

In this study, a detailed Glasgow-Maastricht foot model in the AnyBody Managed Model 

Repository (V1.6.2) in the Anybody software (AnyBody Technology, Aalborg, Denmark, 
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version 6.0.5) was used (Damsgaard et al., 2006; Oosterwaal et al., 2016). The 

multisegmented musculoskeletal multibody foot model included 26-foot bones, detailed 

ligaments, and foot muscles and could be used to investigate the kinematics and kinetics 

of the lower limb.  

As for the detailed foot model template, 35 reflective markers were placed on the foot skin 

according to one previous study (Oosterwaal et al., 2016). The markers' information can 

be found in Table 6. Detailed foot markers placement can be seen in Figure 54. 

 

Figure 54. Foot markers from different views 

Table 6. Marker information for the detailed foot musculoskeletal model 

Segment 
Marker 

names 
Landmark locations Note 

Pelvis 

LASI Left anterior superior iliac crest BM 

RASI Right anterior superior iliac crest BM 

LPSI Left posterior superior iliac crest BM 

RPSI Right posterior superior iliac crest BM 

Right thigh RT1 Three skin-mounted markers orientated in a  
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Segment 
Marker 

names 
Landmark locations Note 

RT2 
triangle placed of the right middle thigh 

T 

RT3  

RLFE Right lateral femoral epicondyle BM 

RMFE Right medial femoral epicondyle BM 

Right shank 

RS1 

Three skin-mounted markers orientated in a 

triangle placed   of the right middle shank 

 

RS2 T 

RS3  

RLAN Right lateral malleolus BM 

RMAN Right medial malleolus BM 

Right foot 

SCAL Superior calcaneum BM 

ICAL Inferior calcaneum BM 

NAV Tuberosity navicular BM 

MCAL Medial calcaneum T 

LCAL Lateral calcaneum BM 

CUB Cuboid BM 

ICUN Intermediate cuneiform T 

LCUN Lateral cuneiform BM 

P1MT Proximal 1st metatarsal head BM 

C1MT Central 1st metatarsal T 

M1MT Medial 1st metatarsal head T 

HLX1 Hallux 1st T 

HLX2 Hallux 2nd T 

HLX3 Hallux 3rd T 

P5MT Proximal 5th metatarsal BM 

D5MT Distal 5th metatarsal BM 

D2MT 2nd metatarsal head BM 

D3MT 3rd metatarsal head BM 

D4MT 4th metatarsal head BM 
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Segment 
Marker 

names 
Landmark locations Note 

D2PP 2nd proximal phalanx BM 

D3PP 3rd proximal phalanx BM 

D4PP 4th proximal phalanx BM 

D5PP 5th proximal phalanx BM 

D2DP 2nd distal phalanx (on nail) BM 

D3DP 3rd distal phalanx (on nail) BM 

D4DP 4th distal phalanx (on nail) BM 

D5DP 5th distal phalanx (on nail) BM 

BM: markers on the bone landmarks, T: tracking markers. 

The participant was asked to familiarize himself with the environment during the gait 

analysis. Before the walking trials, a static trial was collected. The participant walked at a 

self-selected speed along the pathway. Five successive walking trials were collected for 

each condition.  

As for the detailed foot model, 26 segments were included to represent the foot bones. 

Meanwhile, detailed intrinsic foot muscles, ligaments, and joints were modeled in the foot 

musculoskeletal multibody model. In the model, revolute joints were used for the ankle 

joint, subtalar joint, and 1-5 interphalangeal, spherical joints for the talonavicular joint, 

calcaneocuboid joint, universal joints for the 1-3 cuneonavicular joint, 1-5 tarsometatarsal 

joint, and 1-5 metatarsophalangeal joint. 

The Vicon 3D gait analysis system can get C3D files containing force plate data and 

reflective marker trajectories. The location of the model virtual reflector and the length 

parameters of the body segments can be determined by using the static data during the 

static optimization step. The right foot of a young male adult (height: 175cm, weight: 64 
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kg) was scanned under a minimal weight-bearing condition to construct the target foot 

model. Meanwhile, the Glasgow-Maastricht foot geometry in the Anybody software 

(AnyBody Technology, Aalborg, Denmark, version 6.0.5) was used as the template foot 

model (Oosterwaal et al., 2016). The template foot model was scaled to the target foot 

geometries by matching predefined landmarks on the foot surface (Oosterwaal et al., 

2016). The scaling process can be divided into affine transformations and a built-in radial 

basis function (Figure 55). Then, using the collected kinematics data and the parameters 

calculated in the previous step, joint motion parameters can be calculated through motion 

analysis. In the inverse dynamics step, the joint forces, joint moments, and muscle can be 

calculated through muscle recruitment criteria (Andersen et al., 2010; Andersen et al., 

2009).  

 

Figure 55. Subject-specific foot geometry scaling process 
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3.2.5 Finite element model 

Geometry reconstruction 

The MRI of the right foot was obtained by using a 3.0-T MR scanner (Seimens, Erlangen, 

Germany) with a 1-mm interval in a neutral, non-weight-bearing condition. The foot-ankle 

complex was placed in its neutral position according to the joint coordinate system 

proposed by Wu et al. (2002b). A custom-made ankle-foot orthosis was used to fix the 

ankle in a neutral unloaded position during the MR scanning procedure, seen in Figure 56.  

 

Figure 56. Custom-made ankle-foot orthosis 

Clinical images of the foot were segmented in commercial software Mimics 15.0 

(Materialise, Leuven, Belgium). To extract the specific bone, it was necessary to choose a 

suitable threshold range based on the imaging protocol. Bones and soft tissues could be 
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segmented by using threshold segmentation and contour segmentation methods (Figure 

57 and 58). Additionally, manually editing the mask could further optimize the mask 

image. Then, 3D optimization techniques (such as wrapping and smoothing) were used to 

modify the rough edges and staircase effects to obtain detailed 3D geometry. The bone 

surface triangular patch extracted from Mimics was further processed in 3-Matic 8.0 

software (Materialise, Leuven, Belgium). Triangular surface patches of the bones were 

further reduced and optimized. Finally, the geometries from the 3-Matic were further 

processed to obtain the solid geometries in Geomagic Studio 12 (Geomagic, Morrisville, 

U.S.). Several steps were performed in this software, including surface triangular patch 

cleaning and smoothing, contour line construction, patch construction, grid construction, 

and surface fitting, to obtain the fine bone geometries (Figure 59). 

 

Figure 57. Bone mask and 3D construction 
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Figure 58. Preprocessed foot bone geometries. 

 

Figure 59. Workflow of the solid geometrical construction of the distal tibia,including 

(a) triangular patch; (b) contour line; (c) patch construction; (d) patch construction; (e) 

solid geometry 

The MRI data of the right foot were obtained in a neutral, non-weight-bearing condition 

with the 3.0-T MRI scanner (Seimens, Erlangen, Germany). The foot-ankle complex 

geometries included the encapsulated bulk tissue and twenty bone geometries. The skin 
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layer was modeled by a 2-mm thickness membrane covering the bulk soft tissue. The 

three-dimensional plantar fascia was constructed. The second to fifth interphalangeal 

joints are fused to simplify the model. Additionally, 110 trusses were built to represent the 

ligaments connecting the bony structures. The plantar fascia was inserted into the inner 

bulk soft tissue, calcaneal tuberosity, and proximal phalanx. The interior surface of the 

encapsulated soft tissue was tied to the bony structures. The foot muscles were modeled 

as connectors in the model. A frictionless contact algorithm with a non-linear contact 

stiffness was assigned to the bone contact pairs to resemble the cartilage function (Wong 

et al., 2018), while the geometry of the cartilage was not constructed. A friction coefficient 

of 0.6 was assigned to contact property between the foot surface and ground plate (Zhang 

& Mak, 1999). Figure 60 illustrates the detailed geometry of the foot FE model 

components.  
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Figure 60. Geometrical configuration and boundary/loading conditions of the finite 

element model of the foot-and-ankle complex.  

Mesh and Materials 

This study meshed the foot-ankle complex components in the FE platform Abaqus 6.14 

(Simulia, Dassault Systemes, Vélizy-Villacoublay, France). Linear hexahedra element 

(C3D8) was assigned to the ground plate in this study. Linear tetrahedral element (C3D4) 

was assigned to the bones and the encapsulated bulk tissue. Three-node triangular 

membrane element (M3D3) and two-node linear three-dimensional elements (T3D2) were 

assigned to the skin layer and most ligaments, respectively. Moreover, linear tetrahedral 

element (C3D4) was assigned to the three-dimensional. All material properties of the 
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model parts were determined from existing literature (Chen et al., 2010a; Chen et al., 2003; 

Lemmon et al., 1997; Pailler-Mattei et al., 2008; Siegler et al., 1988; Wright & Rennels, 

1964).  

The overall element size was 3 mm for the bone structures, plantar fascia and 5mm for the 

encapsulated soft tissue and ground plate. The elements were refined locally to 

accommodate small part geometries, contact regions, and abrupt geometrical changes. The 

mesh convergence test was conducted in a balanced standing condition with a reduction 

of element size of 10 %. The deviations of the peak foot pressure and von Mises stress of 

the plantar fascia were 4.4 % and 3.8 %, respectively. The mesh size in the current 

simulation was believed to be acceptable since these parameters' deviations were less than 

5% (Henninger et al., 2010). The established foot finite element model was validated by 

comparing the predicted foot pressures with the measurements under the balanced 

standing and dynamic walking conditions. 

Balanced standing 

When standing in balance, body weight is considered to be evenly distributed on both feet. 

For a subject weighing 64 kg, a vertical upward force vector of 320 N was applied to the 

ground in the simulation model. The triceps surae muscle force was applied to the model 

during the simulation of balanced standing. The magnitude of the triceps surae force, 

approximately 50 % of the GRF, was adopted via the control unit of the Achilles tendon 

(Cheung et al., 2005). In this model, the proximal cross-section surfaces of the tibia, fibula, 

and skin were fixed in all DOFs. Meanwhile, the ground plate was allowed to move in the 

vertical direction. To easily control the motion of the ground plate, one rigid plate was tied 

to the ground plate.  

This foot-ankle complex FE model was validated by comparing the foot plantar pressure 
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in the FE model and in vivo measurement under weight-bearing conditions. A dynamic 

foot pressure measurement system (F-scan system, Tekscan, South Boston, MA, United 

States) was used to record the foot contact pressure of the participant during standing. The 

average of three-second foot pressures during balanced standing was obtained. The foot 

plantar area was divided into several parts: the medial heel, lateral heel, medial midfoot, 

lateral midfoot, the first metatarsal, second metatarsal, third metatarsal, fourth metatarsal, 

fifth metatarsal, hallux, and lesser toes regions. The maximum contact pressure of each 

area is extracted for analysis. The correlation analysis was performed on the ten pairs 

between measurements and predictions to evaluate the model. Statistical analysis was 

conducted with SPSS (Version 19.0, IBM, Armonk, USA) at a significance level of 0.05. 

The Pearson correlation |r| was categorized as weak, moderate, and strong for |r| ≤ 0.35, 

0.36 ≤ |r| ≤ 0.67, 0.68 ≤ |r| ≤1.0 (Taylor, 1990). Moreover, the predicted plantar strain in 

the model was validated by comparing the results of an existing study (Kogler et al., 1995). 

The tensile strain was measured in the hindfoot region of the plantar fascia in the cadaveric 

samples (Kogler et al., 1995). The load-strain curves of plantar fascia were displayed as a 

polynomial regression curve of the measured dataset. The calculated plantar fascia strains 

at the same position were compared with the values in the experiments (Kogler et al., 

1995). In this study, the vertical GRF was 320 N. The strain of the plantar fascia under 

320 N could be extracted from the load-strain curves in the experimental study (Kogler et 

al., 1995).  

Dynamic walking 

The internal foot biomechanics were investigated at three stance instants, including the 

first peak of the vertical GRF (VGRF), VGRF valley, and the second peak VGRF (Figure 

61). The pressure distribution was divided into eight masks: the medial heel, lateral heel, 

medial midfoot, lateral midfoot, first metatarsal, second and third metatarsal, fourth and 



116 

fifth metatarsals, and hallux. The maximum contact pressure in each region was extracted 

for analysis unless the maximum value is zero. The Pearson correlation analysis (Taylor, 

1990) was performed to evaluate the agreement between measurements and predictions 

using 17 data pairs.  

 

Figure 61. An illustration of the three stance instants from the vertical ground reaction 

forces during the stance phase 

Validation 

Static  

The foot plantar pressure distributions and correlation analysis between model prediction 
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and in-vivo measurement were shown in Figure 62(A) and Figure 62(B). The correlation 

analysis indicated a high linear relationship between the measurements and the predictions 

(r = 0.838 and p = 0.013). Meanwhile, the strain of plantar fascia was predicted (Figure 

63). The percent strain of three samples (1.07 ± 0.21%) under 320 N was obtained from 

the load-strain curves (Kogler et al., 1995). The predicted plantar strains of the hindfoot 

area (red rectangular region) under 320 N ranged from 0.87 % to 1.19 % in the model, 

which was within the measurements (Kogler et al., 1995). These results indicated that our 

foot-ankle complex model was reasonable. 

  

Figure 62. Validation of the model with measurement during balancing standing. (A) 

Predicted and measured foot pressure distribution, (B) correlation analysis.  

  

Figure 63. Strain distribution of plantar fascia in the model. The region that was close 

to the foot bone was excluded from the contour.  
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Stance phase 

The dynamic distributions of the foot pressure between model predictions and 

measurements were compared (Figure 64). The correlation analysis between the model 

prediction and measurement is shown in Figure 65. The correlation analysis showed that 

the measurement and prediction were significantly associated (r = 0.95, p < 0.001). Based 

on the validation results, our prediction was considered reasonable. 

 

Figure 64. Comparison of foot pressure distribution between model predictions and 

measurements in three stance events: (a) the first VGRF peak, (b) VGRF valley, and (c) 

the second VGRF peak. 
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Figure 65. Validation of predicated foot pressure with the experimental measurement 

using correlation analysis   
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CHAPTER 4 Extrinsic Foot Muscle Forces and Joint 

Contact Forces in Flexible Flatfoot Adult with Foot Orthosis：

A Parametric Study of Tibialis Posterior Muscle Weakness 

4.1 Summary of the study 

The posterior tibialis tendon dysfunction (PTTD) is typically associated with progressive 

flatfoot deformity, which could be alleviated with foot orthosis. However, there was little 

research examining the effects of tibialis posterior (TP) weakness on the lower limb 

mechanics in AAF. The purpose of this research was to investigate the effects of TP 

weakness and foot orthosis in flatfoot adults. 

The gait experiment was conducted on fifteen young individuals with flatfoot. Two 

conditions were included in the experiment, namely with and without foot orthoses. The 

data obtained from the motion capture system was utilized to drive the musculoskeletal 

modeling. Meanwhile, the TP weakness was simulated by varying the default TP strength 

in the model. The lower limb joint contact forces and extrinsic foot muscle forces were 

estimated under TP weakness and orthotic conditions. The peak extrinsic foot muscle 

forces and joint forces among different levels of TP weakness and insole conditions were 

compared with two-way repeated measures ANOVA. 

The ankle joint force significantly increased in superior-inferior direction (F = 125.9, p < 

0.001) but decreased in anterior-posterior direction (F = 125.9, p < 0.001) with decreased 
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TP muscle strength. The forces in the FHL (p < 0.001) and FDL (p < 0.001) were also 

significant increases under TP weakness conditions. Compared to the control group 

(without foot orthosis), the foot orthosis could significantly lower most peak muscle forces, 

peak ankle force, and second peak knee force (F = 8.79 – 30.9, p < 0.05).  

In the TP weakness condition, there was an increase in extrinsic foot muscle forces (FHL 

and FDL) and ankle joint forces, indicating that TP weakness may cause compensatory 

muscle activation and reduce joint load. The orthosis could correct the aberrant muscle 

and joint mechanics that occurred in flatfoot individuals with TP weakness.  

4.2 Introduction 

Posterior tibial tendon dysfunction (PTTD) is a degenerative disease of the tendon that is 

often accompanied by AAF (Kohls-Gatzoulis et al., 2004). The tendinopathy could be 

asymptomatic and difficult to diagnose radiographically in the early stages (Deland et al., 

2005). Patients would complain of foot discomfort, stiffness, foot posture abnormalities, 

and loss of function as the disease progressed (Johnson, 1983; Kohls-Gatzoulis et al., 

2004). In stage II PTTD, the tibialis posterior (TP) insufficiency was one of the factors 

that contributed to flexible flatfeet (Pomeroy et al., 1999).  

Patients with PTTD showed alterations in foot kinematics and kinetics during walking 

(Ness et al., 2008; Sammarco & Hockenbury, 2001). Ness et al. (2008) discovered that 

PTTD patients had lower hindfoot dorsiflexion and greater hindfoot eversion than healthy 

individuals. Additionally, several investigations have shown that the TP muscle was less 

likely to be engaged in PTTD, resulting in a decreased force during walking (Simonsen et 

al., 2019; Simpson et al., 2015). Other extrinsic foot muscles, such as the flexor halluces 

longus (FHL) and flexor digitorum longus (FDL), may produce higher forces to 
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compensate for the impaired TP muscle while performing the same action (Angin et al., 

2014; Murley et al., 2014; Simonsen et al., 2019; Simpson et al., 2015). However, owing 

to the difficulty of measuring the lower limb mechanics in vivo, the effects of TP weakness 

on extrinsic foot muscle forces and joint mechanics were challenging to acquire. The 

musculoskeletal multibody platform could be an alternative method to estimate the muscle 

compensation mechanism of TP weakness in patients with flatfeet, thus providing 

biomechanical understanding for conservative clinical treatment, such as foot orthosis 

intervention. 

Foot orthoses have been extensively utilized to enhance stability and alleviate discomfort 

for individuals with flatfoot (Hurd et al., 2010; Saraswat et al., 2010). A review of orthotic 

design for adults with flatfoot (Desmyttere et al., 2018) indicated that medial posting 

insoles could effectively reduce the peak eversion of the rearfoot. A well-designed foot 

orthosis may potentially substitute some functions of the TP that could probably be failing 

among flatfoot adults. Although previous studies have investigated the effects of foot 

orthosis on the angles and moments of the lower limb joints during walking or running 

(Kosonen et al., 2017; Telfer et al., 2013), the potential biomechanical parameters 

associated with lower limb pain and dysfunction, such as joint contact mechanics and TP 

muscle forces, were commonly overlooked. Investigating the effects of foot orthosis on 

joint contact forces and muscle forces could provide insights to understand the foot’s 

biomechanical response to orthosis intervention in AAF, thus contributing to the optimal 

treatment of foot deformity. 

The aims of this combined experimental and computational study are two-fold: 1) to 

examine how muscles compensate for the TP muscle weakness in flatfoot, and 2) to 

investigate how foot orthoses affect the muscle force patterns and lower limb joint contact 

forces in TP weakness conditions. The previous study has indicated that extrinsic foot 
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muscles, such as FHL and FDL, may attempt to substitute the functions of TP in the case 

of PTTD (Simonsen et al., 2019). Therefore, we hypothesized that the forces of FHL and 

FDL would increase when the strength of TP decreased. While the foot orthosis, to an 

extent, aimed to accommodate or restore the biomechanical environment of the foot. It 

was hypothesized that extrinsic foot muscle forces and lower limb joint contact forces 

would decrease in the foot orthosis condition. 

4.3 Methods 

4.3.1 Participant information 

The experimental data used in this study were obtained from our previous study (Peng et 

al., 2020b). A total of fifteen young people (21.7 ± 1.2 years, 168.5 ± 7.3 cm, and 57.8 ± 

7.9 kg), including nine males and six females, were recruited from the Hong Kong 

Polytechnic University. The participants have regular physical activity (moderate-

intensity aerobic/brisk walk for 150 minutes each week). The inclusion criteria included 

fallen medial foot arches with arch index (AI) > 0.26 on both sides (Cavanagh & Rodgers, 

1987), 18 - 25 years old, and not overweight (BMI>30 kg·m−2). The exclusion criteria 

included neuromuscular disease, rigid flatfoot, biomechanical abnormalities and 

complications, and foot orthoses use or physiotherapy in the last six months prior to the 

testing. Each subject signed a consent form to agree to the data collection and experimental 

process, which was approved by the Human Subjects Ethics Sub-Committee of the Hong 

Kong Polytechnic University (Number: HSEARS20150121003). 

4.3.2 Experimental procedure 

The motion capture system, which consisted of eight Vicon cameras (Vicon, Oxford 

Metrics Ltd., Oxford, England) and four force plates (OR6, AMTI, Watertown, United 
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States), was utilized to record marker trajectories and GRF. Marker trajectories and GRF 

data were recorded concurrently at sampling frequencies of 100 Hz and 1000 Hz, 

respectively.  In this study, a modified plug-in gait lower limb marker protocol was 

adopted (Peng et al., 2020b). The marker set configurations were illustrated in chapter 3. 

All participants underwent gait analysis under two conditions, namely walking with shoes 

and foot orthosis (WSFO) and walking with shoes (WS) in random order. The same 

running shoes (Reebok Run Supreme 4.0, Reebok, Boston, United States) with foot 

orthotic insole (Universal Flat Foot, Dr Kong, HK, China) were used in this study (Figure 

66). The foot orthoses with 3-cm thick arch support and 6° inclined medial forefoot 

posting were adopted since one previous review study has indicated that medial forefoot 

with arch support insole could effectively control the rearfoot eversion for adults with 

flatfoot (Desmyttere et al., 2018). The design configuration of the orthosis is shown in our 

previous study (Peng et al., 2020b). During the gait analysis, the participants were asked 

to familiarize themselves with the shoes, foot orthosis, and environment. Participants were 

asked to walk on a 10m path at a comfortable speed. For each condition, six consecutive 

walking trials were collected.  

 

Figure 66. Foot orthosis with both arch support and medial forefoot posting 
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4.3.3 Musculoskeletal modelling 

In this study, the lower limb musculoskeletal multibody modelling in the AnyBody 

Managed Model Repository (V1.6.2) the AnyBody Modelling System (AnyBody 

Technology, Aalborg, Denmark, version 6.0.5) (Damsgaard et al., 2006) was used to 

estimate the joint mechanics and muscle forces. The generic musculoskeletal multibody 

modelling is built based on an anthropometric database of the Twente Lower Extremity 

Model (TLEM 1.1) (Horsman et al., 2007). 

Marker trajectories and force plate data obtained from the motion capture system were 

input into the model to estimate the joint forces and muscle forces. Prior to the calculation 

process of musculoskeletal modelling, the force plate data and marker trajectories were 

filtered using a cut-off frequency of 100 Hz and a fourth-order Butterworth zero-lag low-

pass filter of 7 Hz. The multibody model adopted three steps to estimate the lower limb 

joint forces and foot muscle forces during the calculation process. Firstly, a static trial was 

used to scale geometrical parameters of the lower limb and optimize the model marker 

locations to obtain a patient-specific musculoskeletal multibody modelling (Andersen et 

al., 2010). After parameter optimization, kinematic analysis was performed by minimizing 

the least-square difference between modelled and experimental marker trajectories 

described by Andersen and colleagues (Andersen et al., 2010; Andersen et al., 2009). 

Finally, in the inverse dynamic analysis step, the third-order polynomial muscle 

recruitment criteria were used to estimate the muscles and joints forces of the lower limb 

(Mannisi et al., 2019; Richards et al., 2018). More information is illustrated in Figure 67. 

The isometric strength of TP was reduced by 20%, 40%, 60% to simulate different levels 

of TP weakness in both WS and WSFO conditions. In terms of the model output, we 

extracted the results of muscle forces in TP, soleus (SOL), gastrocnemius lateralis (GL), 
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gastrocnemius medialis (GM), FHL, FDL, extensor digitorum longus (EDL), extensor 

hallucis longus (EHL), tibialis anterior (TA), peroneus brevis (PB), peroneus longus (PL). 

Besides, the joint contact forces of the lower limb joint contact forces were also estimated 

from the musculoskeletal modelling. The hip, knee, and ankle joint contact force in 

anterior/posterior (x), superior/inferior (y), and medial/lateral (z) directions were 

represented by H/K/AFX, H/K/ACFY, and H/K/ACFZ, respectively. The times-series of 

the muscle forces and joint forces were expressed from 0% to 100% stance phase and 

averaged over three trials for each participant. In this study, the calculated joint contact 

forces and muscle forces were normalized to body weight (BW), respectively. Meanwhile, 

the peak values of the averaged joint contact forces and muscle forces were extracted for 

each participant. 

 

Figure 67. Workflow of the musculoskeletal modelling process 
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4.3.4 Data analysis 

The influence of TP weakness and insole conditions on the lower limb joint contact forces 

and extrinsic foot muscle forces were analysed. The normality of all data had been verified 

using Shapiro-Wilk tests. The peak extrinsic foot muscle forces and lower limb joint 

contact forces in the different conditions (TP weakness × insole conditions) were 

compared by using two-way repeated measures ANOVA. For the main factors, four levels 

for the TP weakness (100%,80%, 60%, and 40% of the default TP muscle strength) and 

two levels for the insole conditions (WS and WSFO) were adopted. The interaction effect 

between the two factors was also examined. If any significant interactions were identified, 

the analysis of simple main effects for TP weakness and insole conditions was performed, 

respectively. The Bonferroni adjustment for two factors (TP weakness × insole conditions) 

was adopted. If no significant interaction was identified, the main effects analysis for TP 

weakness and insole conditions was performed. A significance level of p = 0.05 was set. 

Small, medium, and large effects were demonstrated by Partial eta-squared (η2
p) between 

0.01 and 0.06, 0.06 and 0.14, and greater than 0.14, respectively (Richardson, 2011). The 

statistical analysis was performed using SPSS (Version 22.0, IBM, Chicago, IL, USA).  

4.4 Results  

No significant differences were found in the walking speeds between the WSFO and WS 

groups (1.31± 0.21 m/s and 1.28 ± 0.19 m/s, respectively) (p = 0.78). 

4.4.1 Muscles forces 

There were significant interactions in the two-way repeated ANOVA between TP 

weakness and insole conditions for peak TP ( F = 23.2, p < 0.001), SL ( F = 14.3, p = 

0.004), GL ( F = 11.7, p = 0.004), GM ( F =11.3, p < 0.001), FDL ( F = 3.3, p = 0.031), 
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FHL ( F = 6.3, p = 0.024), TA (F = 4.7, p = 0.043) forces. In WS condition, significant 

effects were observed for the peak TP, SL, SM, GL, GM, FDL, FHL, TA (F = 8.1 - 272.7, 

p < 0.001) muscle forces in different TP strength conditions (Table 7). In WSFO condition, 

significant effects were also observed for the peak TP, SL, GL, GM, FDL, FHL (F = 5.6 - 

346.0, p < 0.001) muscle forces in different TP strength conditions (Table 7).  

Table 7. Comparison of peak muscle forces among 100,80,60 and 40% of default TP 

muscle strength during the stance phase of walking (% BW) 

Parameter 
100% 

(mean ± SD) 

80% 

(mean ± SD) 

60% 

(mean ± SD) 

40% 

(mean ± 

SD) 

F p η2
p 

WSFO 

TP 68 ± 10 56 ± 91 43 ± 71,2 30 ± 51,2,3 346.0 <0.001 0.967 

SL 320 ± 31 328 ± 321 336 ± 341,2 344 ± 361,2,3 95.1 <0.001 0.968 

GL 36 ± 6 36 ± 6 37 ± 71,2 39 ± 71,2,3 71.062 <0.001 0.879 

GM 64 ± 11 66 ± 111 67 ± 121,2 68 ± 121,2,3 64.789 <0.001 0.866 

FDL 7 ± 1.6 9 ± 1.71 10 ± 21,2 11 ± 21,2,3 58.714 <0.001 0.835 

FHL 29 ± 7 34 ± 7.21 39 ± 81.,2 45 ± 81,2,3 93.451 <0.001 0.822 

TA 37 ± 11 37 ± 11 38 ± 11 38 ± 121,2 5.6 0.002 0.807 

WS 

TP 77 ± 17 63 ± 141 49 ± 111,2 33 ± 81,2,3 272.7 <0.001 0.981 

SL 350 ± 46 358 ± 481 368 ± 511,2 377 ± 551,2,3 182.3 <0.001 0.982 

GL 33 ± 4 33 ± 4 34 ± 41,2 35 ± 41,2,3 137.3 <0.001 0.933 

GM 58 ± 6 59 ± 71 60 ± 71,2 62 ± 71,2,3 124.4 <0.001 0.926 

FDL 6 ± 1 7 ± 11 8 ± 11,2 10 ± 11,2,3 111.7 <0.001 0.907 

FHL 24 ± 4 28 ± 41 33 ± 41,2 38 ± 41,2,3 186.8 <0.001 0.899 

TA 32 ± 6 32 ± 6 32 ± 6 33 ± 71,2,3 8.1 <0.001 0.889 

TP: tibialis posterior; SL: soleus; GL: gastrocnemius lateralis; GM: gastrocnemius medialis; FDL: flexor digitorum 

longus; FHL: flexor hallucis longus; TA: tibialis anterior; WSFO: walking with shoes and foot orthoses; WS: 

walking with shoes. 

1 Significant when compared to 100% of default TP muscle strength. 
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2 Significant when compared to 80% of default TP muscle strength. 

3 Significant when compared to 60% of default TP muscle strength. 

Specifically, lower TP muscle strength overall elicited higher SL, GL, GM, FDL, FHL, 

TA forces, and lower TP force, except for GL and TA forces at 80% of TP strength. 

Meanwhile, insole with arch support (WSFO condition) significantly reduced the SL GL, 

GM, FDL, FHL, TA forces compared to WS condition in 100%, 80%, 60%, and 40% of 

the default TP strength (Table 8).  

Table 8. Comparison of muscle forces between WS and WSFO condition during the 

stance phase of walking (% BW) 

 

100% (mean ± SD) 80% (mean ± SD) 60% (mean ± SD) 40% (mean ± SD) 

WS WSFO WS WSFO WS WSFO WS WSFO 

TP 77 ± 17 68 ± 101 63 ± 14 56 ± 91 49 ± 11 43 ± 71 33 ± 8 30 ± 51 

SL 350 ± 46 320 ± 311 358 ± 48 328 ± 321 368 ± 51 336±341 377 ± 55 343±361 

GL 36 ±6 33±41 37 ± 6 33 ± 41 38 ± 7 34 ± 41 39 ± 7 35 ± 41 

GM 64 ± 11 58 ± 61 66 ± 11 59 ± 71 67 ± 12 60 ± 71 68 ± 12 62 ± 71 

FDL 7 ± 2 6 ± 11 9 ± 2 7 ± 11 9 ± 2 8 ± 11 11 ± 2 10 ± 11 

FHL 29 ± 7 24 ± 41 34 ± 7 28 ± 41 39 ± 8 33 ± 41 45 ± 8 38 ± 41 

TA 37 ± 11 32 ± 61 37 ± 11 32 ± 61 38 ± 11 32 ± 61 38 ± 12 33 ± 71 

TP: tibialis posterior; SL: soleus; GL: gastrocnemius lateralis; GM: gastrocnemius medialis; FDL: flexor digitorum 

longus; FHL: flexor hallucis longus; TA: tibialis anterior; WSFO: walking with shoes and foot orthoses; WS: 

walking with shoes. 

1 Significant when compared to WS condition. 

There were no significant interactions in the two-way repeated ANOVA between TP 

weakness and insole conditions for the peak values for PB, PL, EDL, and EHL muscles. 

However, there were significant main effects of TP weakness for the peak PB and PL (F 

= 80.09 – 96.52, p < 0.001). Specifically, lower TP muscle strength elicited lower peak 

PB and PL forces (Table 9). There were also significant main effects of insole conditions 
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for peak PB and PL (F = 7.97 - 8.24, p = 0.012) (Table 10).  

Table 9. Main effects of TP strength for PB, PL, EDL and EHL forces during stance 

phase of walking (% BW) 

Parameter 

100%  

(mean ± 

SD) 

80% 

(mean ± SD) 

60% 

(mean ± SD) 

40% 

(mean ± SD) F p η2
p 

PB 24.7 ± 1.5 24.2 ± 1.51 23.6 ± 1.51,2 22.9 ± 1.41,2,3 80.09 <0.001 0.851 

PL 30.9 ± 2 30.1 ± 1.91 29.2 ± 1.91,2 28.2 ± 1.91,2,3 96.52 <0.001 0.873 

EDL 3.7 ± 0.2 3.7 ± 0.2 3.7 ± 0.2 3.7 ± 0.2 2.18 0.16 0.135 

EHL 4.9 ± 0.2 4.9 ± 0.2 4.9 ± 0.2 4.9 ± 0.2 2.02 0.166 0.335 

PB: peroneus brevis; PL: peroneus longus; EDL: extensor digitorum longus; EHL: extensor hallucis longus; η2p: 

partial eta-squared. 

1 Significant when compared to 100% of default TP muscle strength. 

2 Significant when compared to 80% of default TP muscle strength. 

3 Significant when compared to 60% of default TP muscle strength. 

Table 10. Main effects of insole conditions for PB, PL, EDL, and EHL forces during 

the stance phase of walking (% BW) 

Parameter 
WS 

(mean ± SD) 

WSFO 

(mean ± SD) 
F p η2

p 

PB 25.7 ± 1.7 22.1 ± 1.4 8.24 0.012 0.37 

PL 31.9 ± 2.4 27.2 ± 1.9 7.97 0.014 0.363 

EDL 3.8 ± 0.3 3.6 ± 0.3 1.19 0.294 0.078 

EHL 5 ± 0.2 4.8 ± 0.3 1.94 0.185 0.122 

PB: peroneus brevis; PL: peroneus longus; EDL: extensor digitorum longus; EHL: extensor hallucis longus; WSFO: 

walking with shoes and foot orthoses; WS: walking with shoes; η2p: partial eta-squared. 
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The peak PB and PL forces were significantly reduced in the WSFO condition compared 

to the WS condition. The curves of mean muscle forces during the stance phase in different 

TP muscle weaknesses are illustrated in Figure 68(a) (WS condition) and Figure 69(a) 

(WSFO condition).  

4.4.2 Joint contact forces of lower limb  

There were no significant interactions in the two-way repeated ANOVA between TP 

weakness and insole conditions for any peak joint contact forces. There were, however, 

significant main effects of TP weakness for the second peak KCFY, peak ACFX, and 

ACFY (F = 33.8 – 125.9, p < 0.001) (Table 11). Specifically, lower TP muscle strength 

elicited higher second peak KCFY and peak ACFY and lower peak ACFX.  

Table 11. Main effects of TP strength for joint contact forces during stance phase of 

walking (BW)  

Parameter 

100%  

(mean ± 

SD) 

80% 

(mean ± SD) 

60% 

(mean ± SD) 

40% 

(mean ± SD) F p η2p 

First Peak HCFX 0.54±0.04 0.54±0.04 0.54±0.04 0.54±0.04 NA NA NA 

Second Peak HCFX 0.55±0.03 0.55±0.03 0.55±0.03 0.55±0.03 NA NA NA 

First Peak HCFY 3.06±0.08 3.06±0.08 3.06±0.08 3.06±0.08 NA NA NA 

Second Peak HCFY 3.61±0.15 3.61±0.15 3.61±0.15 3.6±0.15 NA NA NA 

First Peak HCFZ 1.34±0.07 1.34±0.07 1.34±0.07 1.34±0.07 NA NA NA 

Second Peak HCFZ 1.27±0.05 1.27±0.05 1.27±0.05 1.26±0.05 NA NA NA 

First Peak KCFX 1.18±0.11 1.18±0.11 1.18±0.11 1.18±0.11 NA NA NA 

Second Peak KCFX 0.99±0.06 1±0.07 1.02±0.07 1.04±0.07 NA NA NA 

First Peak KCFY 2.15±0.08 2.15±0.08 2.15±0.08 2.16±0.08 NA NA NA 

Second Peak KCFY 2.5±0.08 2.52±0.081 2.55±0.091,2 2.57±0.091,2,3 33.8 <0.001 0.707 
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Parameter 

100%  

(mean ± 

SD) 

80% 

(mean ± SD) 

60% 

(mean ± SD) 

40% 

(mean ± SD) F p η2p 

First Peak KCFZ 0.24±0.02 0.24±0.02 0.24±0.02 0.24±0.02 NA NA NA 

Second Peak KCFZ 0.12±0.01 0.12±0.01 0.12±0.01 0.13±0.01 NA NA NA 

Peak ACFX 1.56±0.09 1.43±0.081 1.28±0.081,2 1.14±0.071,2,3 125.9 <0.001 0.9 

Peak ACFY 5.19±0.12 5.35±0.131 5.52±0.141,2 5.69±0.161,2,3 58.4 <0.001 0.807 

Peak ACFZ 0.82±0.02 0.82±0.02 0.82±0.02 0.82±0.03 NA NA NA 

(H/K/A) CFX, (H/K/A) CFY, and (H/K/A) CFZ represent anterior/posterior, superior/inferior, and medial/lateral 

directions of the hip, knee, and ankle joint contact force, respectively; η2p: partial eta-squared. 

NA: Not applicable since the samples results among conditions were equal. A F-test cannot be conducted. 

1 Significant when compared to 100% of default TP muscle strength. 

2 Significant when compared to 80% of default TP muscle strength. 

3 Significant when compared to 60% of default TP muscle strength. 

There were also significant main effects of insole conditions for the second peak of KCFX, 

second peak KCFY, second peak KCFZ, peak ACFX, peak ACFY and peak ACFZ (F = 

8.79 – 30.90, p < 0.05) (Table 12). Insole with arch support resulted in 12.9%, 8.3%, 

21.4%, 15.6%, 6.9% and 9.3% decreases in second KCFX, KCFY, KCFZ, peak ACFX, 

ACFY and ACFZ compared to flat insole condition, respectively. The curves of mean joint 

forces in three directions during the stance phase in different TP muscle weaknesses are 

illustrated in Figure 68(b) (WS condition) and Figure 69(b) (WSFO condition). 

Table 12. Main effects of insole conditions for joint contact forces during stance phase 

of walking (BW) 

Parameter 
WS 

(mean ± SD) 

WSFO 

(mean ± SD) 
F p η2p 

First Peak HCFX 0.54±0.04 0.53±0.04 0.09 0.774 0.006 

Second Peak HCFX 0.56±0.04 0.54±0.03 0.93 0.352 0.062 
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Parameter 
WS 

(mean ± SD) 

WSFO 

(mean ± SD) 
F p η2p 

First Peak HCFY 3.06±0.09 3.07±0.09 0.01 0.935 0 

Second Peak HCFY 3.69±0.17 3.52±0.14 3.07 0.102 0.18 

First Peak HCFZ 1.35±0.07 1.34±0.07 0.08 0.779 0.006 

Second Peak HCFZ 1.3±0.06 1.23±0.05 2.66 0.125 0.16 

First Peak KCFX 1.22±0.11 1.15±0.11 0.77 0.396 0.052 

Second Peak KCFX 1.08±0.09 0.94±0.05 8.79 0.01 0.386 

First Peak KCFY 2.17±0.09 2.14±0.09 0.18 0.679 0.013 

Second Peak KCFY 2.64±0.1 2.44±0.08 27.98 <0.001 0.666 

First Peak KCFZ 0.25±0.03 0.23±0.03 2.81 0.116 0.167 

Second Peak KCFZ 0.14±0.02 0.11±0.01 18.28 0.001 0.566 

Peak ACFX 1.47±0.1 1.24±0.06 16.14 0.001 0.535 

Peak ACFY 5.63±0.17 5.24±0.12 22.35 <0.001 0.615 

Peak ACFZ 0.86±0.03 0.78±0.02 30.90 <0.001 0.688 

(H/K/A) CFX, (H/K/A) CFY, and (H/K/A) CFZ represent anterior/posterior, superior/inferior, and medial/lateral 

directions of hip, knee, and ankle joint contact force, respectively. WSFO: walking with shoes and foot orthoses; 

WS: walking with shoes; η2p: partial eta-squared. 
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Figure 68. Mean muscle forces of the lower limb for 40,60,80, and 100% of default TP 

muscle strength in (a) control group and (b) orthoses group.TP: Tibialis Posterior; SL: 

Soleus; GM: Gastrocnemius Medialis; GL: Gastrocnemius Lateralis; FDL: Flexor 

Digitorum Longus; FHL: Flexor Hallucis Longus; TA: Tibialis Anterior; PB: 

Peroneus Brevis; PL: Peroneus Longus; EHL: Extensor Hallucis Longus; EDL: 

Extensor Digitorum Longus. 
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Figure 69. Mean joint contact forces of the lower limb for 40,60,80, and 100% of default 

TP muscle strength in (a) control group and (b) orthoses group.(H/K/A) CFX, (H/K/A) 

CFY, and (H/K/A) CFZ represent anterior/posterior, superior/inferior, and 

medial/lateral directions of the hip, knee, and ankle joint contact force, respectively. 
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4.5 Discussion 

This study examined the effects of simulated TP weakness on lower limb joint and muscle 

mechanics in flatfoot adults under both orthotic and non-orthotic circumstances. Our study 

supported the hypothesis that FHL and FDL compensated for the weakness of the TP 

muscle under both the WS condition and the WSFO conditions. Moreover, the peak ankle 

joint contact forces in superior/inferior direction increased but decreased in 

anterior/posterior direction after lowering the maximal isometric force of the TP muscle. 

These findings may indicate a progressive deterioration of TP weakness in flatfoot patients, 

which could explain the development of foot discomfort and tendinopathy in the adult 

with flatfoot (Johnson, 1983; Murley et al., 2014; Shibuya et al., 2010). Our study also 

supported the hypothesis that the foot orthosis significantly reduced most extrinsic foot 

muscle forces and peak ankle contact force during the stance in the TP weakness condition. 

The positive biomechanical effects of foot orthoses indicated that foot orthosis could 

alleviate discomfort in flatfoot deformities, thus contributing to the insole optimization 

for patients with various lower limb symptoms (Johnson, 1983; Shibuya et al., 2010).  

4.5.1 Parametric study of TP muscle weakness 

Our study demonstrated that extrinsic foot muscles, such as FHL and FDL, compensated 

for the weakness of the TP muscle, which was in line with the previous study (Simonsen 

et al., 2019). FHL and FDL are known as contributors to the shape of the MLA and act 

by resisting midfoot dorsiflexion associated with foot pronation (Hintermann et al., 1994). 

PTTD is generally associated with the progression of flatfoot(Wong et al., 2018). To 

maintain the same posture, FHL and FDL generated higher forces during midstance and 

terminal stance and may compensate for the TP dysfunction and prevent low-arch 

structure progression. Meanwhile, the forces of GL, GM, SL, TA muscles increased with 
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the reduced TP muscle strength, which was in line with the previous study (Simonsen et 

al., 2019). Greater forces in triceps surae muscle (GL, GM, SL) mean higher tension in 

the Achilles tendon. The repetitive excessive loading may increase the risk of 

tendinopathy in flatfoot patients whose Achilles tendon was thinner (Murley et al., 2014). 

Our study indicated that PB and PL muscle forces reduced with the decrease of TP muscle 

strength. Since PB and PL are the evertors of rearfoot (Angin et al., 2014), opposing to 

the TP muscles, these two muscles would be less recruited to generate forces to maintain 

the same foot posture during the TP weakness.  

The reduction of TP force in PTTD was naturally compensated by other muscles. In the 

superior-inferior direction, the TP force was primarily compensated by all other 

plantarflexors. Interestingly, our results found that these muscles were likely to 

overcompensate the impoverished TP force, which could lead to an increased peak ankle 

contact force in the superior-inferior direction. This trend was also supported by a 

previous study (Simonsen et al., 2019). The increase in ankle joint force in the superior-

inferior direction may induce the risk of articular cartilage damage, which shall not be 

ignored (Huch et al., 1997). In contrast, only the FDL and FHL muscles could compensate 

for the TP force in the anterior-posterior direction. The inadequate compensation by these 

muscles led to a reduction of ankle joint force in the anterior-posterior direction.   

4.5.2 Influence of insole condition 

Foot orthosis is usually used to prevent excessive rearfoot eversion in flatfoot (Desmyttere 

et al., 2018). In flatfeet, excessive rearfoot eversion is typically observed, which is 

assumed to put a higher load on the TP muscle (Rabbito et al., 2011). Foot orthosis could 

help the muscles control the excessive rearfoot eversion (Peng et al., 2020b). Our study 

showed that in the default TP strength condition, foot orthosis significantly reduced the 
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peak TP muscle forces during the stance phase compared to the control condition. The 

reduction in TP muscle force could decrease the TP muscles' tension or stress, which may 

delay or inhibit the onset and progression of PTTD. On the other side, intervention for 

early PTTD could delay the progression of flatfoot since PT muscle is the critical foot 

arch stabilizer (Semple et al., 2009; Wong et al., 2018). Other extrinsic foot muscle forces, 

such as GM, SL, FDL, FHL, TA, PB, and PL around the ankle joint, were overall lower 

in the WSFO condition. These muscles control the ankle dorsiflexion-plantarflexion and 

subtalar supination-pronation related to the foot-ankle complex joint contact forces. The 

peak ankle joint contact forces have reduced under orthosis conditions, which could result 

from the decrease of muscle forces around the ankle joint. Meanwhile, the second peak 

knee contact forces in three directions in the WSFO condition were significantly lower 

than those in the WSFO condition. Lower peak knee joint force could reduce the knee 

cartilage stress, thus protecting the knee joint from progression damage, especially in older 

adults (Miyazaki et al., 2002). However, it is questionable if the slight decrease would 

have any clinical relevance. Regardless, the study shows that the ankle joint contact forces 

and muscle forces were overall lower in the WSFO condition during stance, even in 

impaired TP conditions. 

Several limitations should be discussed. Firstly, the joint and extrinsic foot muscle 

mechanics were calculated based on musculoskeletal modelling without considering the 

subject-specific bone geometries. The lower limb bone geometries were scaled based on 

the static trial. More information about bone geometries, such as MRI or CT, could be 

used to improve the accuracy of the model scaling and force predictions (Peng et al., 2018). 

Secondly, joint and extrinsic foot muscle mechanics in TP dysfunction conditions were 

predicted with simulated TP strength weakness. It is assumed that marker trajectories and 

force plate data will not change in early-stage PTTD. As the progression of PTTD, patients 

could suffer from increased hindfoot eversion, foot pain, and loose foot ligaments laxity, 
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as well as hallux valgus deformity (Wong et al., 2020). Thirdly, the estimated muscle 

forces have not been validated by comparing the EMG and estimated muscle activations. 

Fourthly, we have used Bonferroni correction to adjust for post hoc pairwise comparison 

in this study. However, we had not used it to adjust for multiple testing on outcome 

parameters, and thus did not adjust the p value in interaction. We supplement in limitations 

that this may lead to familywise error rate and inflation of alpha level. Future study may 

consider handling multiple outcomes using MANOVA with a Benjamin-Hochberg 

adjustment (Chen et al., 2021). Fifthly, the prescribed foot orthosis with arch support and 

medial forefoot posting was used for the participant. To relieve pain and modify the foot 

posture for the specific subject, foot orthoses with different designs were necessary to use 

(López-López et al., 2018; Zhang et al., 2020). Further work could be performed to 

investigate the biomechanics and clinical outcomes of symptomatic flatfoot participants 

with different orthosis designs. 

4.6 Conclusion 

This study adopted musculoskeletal multibody modelling to evaluate the effects of TP 

muscle weakness and foot orthosis on the extrinsic foot muscle forces and lower limb joint 

contact forces. Some extrinsic foot muscles that have the same function as TP may 

compensate for TP muscle weakness. Meanwhile, foot orthoses with arch support and 

medial forefoot posting could significantly reduce most extrinsic foot muscle forces and 

ankle joint contact forces during TP weakness. Lower extrinsic foot muscle forces and 

joint contact forces indicated lower stress in soft tissues, which could account for the pain 

and fatigue relief during daily activities with the foot orthosis intervention for the flatfoot 

adults.   
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CHAPTER 5 INFLUENCE OF ARCH SUPPORT 

HEIGHTS ON THE INTERNAL FOOT MECHANICS OF 

FLATFOOT DURING WALKING: A MUSCLE-DRIVEN 

FINITE ELEMENT ANALYSIS    

5.1 Summary of the study 

Different arch support heights of the customized foot orthosis could produce different 

effects on the internal biomechanics of the foot. However, quantitative evidence is scarce. 

Therefore, we aimed to investigate and quantify the influence of arch support heights on 

the internal foot biomechanics during walking stance. 

We reconstructed a foot FE model from a volunteer with flexible flatfoot. The model 

enabled a three-dimensional representation of the plantar fascia and its interactions with 

surrounding osteotendinous structures. The volunteer walked in foot orthosis with 

different arch heights (low, neutral, and high). Muscle forces during gaits were calculated 

using a multibody model to drive a foot FE model. The foot contact pressures and plantar 

fascia strains in different regions were compared among the insole conditions at the first 

and second vertical ground reaction force (VGRF) peak and VGRF valley instants. 

The results indicated that peak foot pressures decreased in balanced standing and second 

VGRF as the arch support height increased. However, peak midfoot pressures increased 

during all simulated instants. Meanwhile, high arch support decreased the plantar fascia 
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loading by 5% to 15.4 % in proximal regions but increased in the middle and distal 

regions. Although arch support could generally decrease the plantar foot pressure and 

plantar fascia loading, the excessive arch height may induce high midfoot pressure and 

loadings at the central portion of the plantar fascia. The consideration of fascia-soft tissue 

interaction in modelling could improve the prediction of plantar fascia strains towards 

design optimization for orthoses. 

5.2 Introduction 

Adult acquired flatfoot (AAF) is a common foot pathology defined by loss of the MLA 

during static and dynamic conditions with symptomatic, progressive foot deformity 

(Richie, 2007). The prevalence of AAF ranges from 19% to 27% (Munro & Steele, 1998; 

Pita-Fernandez et al., 2017) and could reach 37% in patients with comorbidities 

(Lauterbach et al., 2010). The insufficiency of the foot arch in AFF affects the shock 

absorption capability and foot posture during weight-bearing, thereby contributing to 

lower limb dysfunction and low-quality life (Richie, 2007). Clinical studies have shown 

that flatfoot is associated with other lower limb problems, including ankle pain and plantar 

fasciitis (Kosashvili et al., 2008). Efficient and timely treatments could slow down the 

progression of the deformity and improve the life quality. Foot orthoses are frequently 

prescribed to provide stability and pain relief by adjusting foot posture and lower limb 

alignment for early-stage AFF (Banwell et al., 2014). 

Both custom-made and prefabricated insoles have been used to modify the foot posture 

and relieve pain in individuals with flexible flatfoot (Desmyttere et al., 2018; Rasenberg 

et al., 2018). Customized insoles are more effective than prefabricated insoles and offer 

better comfort for flatfoot patients (Gordillo-Fernández et al., 2016). Additionally, 

customized insoles can relieve foot pain and improve the function of runners with running-
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related overuse injuries, such as plantar fasciitis (Hirschmüller et al., 2011). However, the 

customized-insole design largely depends on the experience of the orthotist, which is 

subjective and qualitative (Xu et al., 2019). Although studies have investigated the effects 

of foot orthosis design on flatfoot kinematics and kinetics, quantitative estimates of 

internal foot mechanics under various orthosis designs remain scarce (Desmyttere et al., 

2018; Peng et al., 2020b; Wahmkow et al., 2017). Therefore, it is necessary to investigate 

the effects of different orthotic design features, such as arch support, on plantar fascia 

loading. 

Some studies have used cadaver experiments and in-vivo measurement methods to 

investigate internal foot biomechanics (Erdemir et al., 2004; Kogler et al., 1995); however, 

it is challenging to systematically evaluate the ankle-foot complex load distribution, such 

as the distribution of plantar fascia strain. The finite element (FE) approach is among the 

most common computational approaches used to investigate comprehensive internal foot 

biomechanical responses to various loading conditions (Wang et al., 2016b). The FE 

models have been developed to examine the effect of orthotic insoles on foot pressure in 

previous studies (Chen et al., 2015a; Cheung & Zhang, 2008; Hsu et al., 2008; Zhang et 

al., 2020). Some studies have adopted customised insoles to reduce plantar fascia stress 

and peak plantar pressure by redesigning the insole (Hsu et al., 2008; Zhang et al., 2020). 

Another study performed a parametric study and investigated the influence of arch support 

height on the plantar fascia stress was also investigated (Su et al., 2017). However, the 

plantar fascia has been conventionally simplified as truss elements (Cheng et al., 2008; Yu 

et al., 2016), which cannot sufficiently demonstrate the stress and strain distribution of 

fascia. However, some studies reconstructed detailed three-dimensional (3D) plantar 

fascia (Akrami et al., 2018; Chen et al., 2015b), the interaction between bulk soft tissue 

and plantar fascia was ignored, which might underestimate the plantar fascia loading 

(Peng et al., 2020a). A foot FE model with both fascia-bone and fascia-bulk soft tissue 
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interactions could more reliably predict internal foot mechanics and provide knowledge-

based information to optimize insoles and improve functional outcomes. 

To investigate the dynamic effects of insoles during walking, dynamic boundary 

conditions, including the muscle force and GRF, were necessary for the foot FE model. 

However, measuring the in-vivo foot muscle force is challenging. Most studies have used 

muscle force derived from literature data (Zhang et al., 2020) or simplified loading 

conditions, such as static loading (Cheng et al., 2008; Yu et al., 2016) in the foot-orthosis 

FE model. The combined musculoskeletal and FE model of the same participant could 

provide subject-specific boundary conditions for the foot-ankle complex model, thus 

improving the accuracy of predictions (Akrami et al., 2018; Chen et al., 2019). The effects 

of arch support height on the internal foot dynamics in patients with flatfoot could be 

evaluated using the muscle-driven foot-orthosis FE model.  

Therefore, this study aimed to investigate the effects of different arch support heights on 

the internal foot mechanics of flatfoot during walking based on a muscle-driven flatfoot 

FE model. We reconstructed a flatfoot FE model with 3D plantar fascia geometry using 

magnetic resonance imaging (MRI). Gait data were used as inputs for the musculoskeletal 

multibody model to calculate foot muscle forces. The calculated foot muscle forces and 

measured GRF were used to drive the flatfoot FE model. The calculated plantar fascia 

loading, and foot contact pressure could help improve the insole design, particularly in 

patients with symptomatic flatfoot. 

5.3 Methods 

5.3.1 Participant information 

A young male adult (age: 27 years, height: 175 cm, weight: 64 kg) with flexible flatfoot 
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was recruited for this study. The participant had no neuromuscular disease or 

biomechanical abnormalities other than the flatfoot. In this study, the navicular drop test 

(Mueller et al., 1993) and footprint index (Roy et al., 2012) were used to classify the foot 

type. Flatfoot is characterized by a high navicular drop (>10 mm) and footprint index 

(>0.26) (Mueller et al., 1993; Roy et al., 2012). The participant’s right foot was recognized 

as flatfoot with an arch index of 0.30 and a navicular drop of 12 mm. Experimental data, 

including marker trajectories, GRF, foot pressure data, and MRI of the right foot, were 

collected.  

5.3.2 Experimental equipment and procedure 

A 3D foot surface scanner (UPOD-HDS; ScanPod3D, Wuhan, China) was used to 

facilitate the insole design. A surface scan of the right foot was performed under minimal 

weight-bearing conditions. For the minimal weight scan, the participant sat on a chair, and 

his shank was perpendicular to the surface of the scanner. Most orthotic insoles are 

produced based on minimal weight conditions in clinical practice. The overall thickness 

of the insole was 7 mm. As the participant’s arch height was approximately 38 mm under 

the minimal weight-bearing condition, the initial total arch height was set at 45 mm. We 

conducted a sensitivity test on the arch support heights with reference to the initial arch 

height, including 42 mm for a low arch (LA), 45mm for a neutral arch (NA), and 48 mm 

for a high arch (HA). The scanned foot surface was further processed in Rapidform XOR2 

(3D Systems Korea Inc., Seoul Korea) and output as a solid geometry. The insole profile 

was constructed using computer-aided design software (SolidWorks, Dassault Systèmes, 

Tennessee) based on the foot shape, as shown in Fig. 1(B). An orthotist and a therapist 

guided all these settings. As shown in Fig. 1(D), the insoles were fabricated using 

thermoplastic polyurethane (IROPRINT™ F80213, Huntsman, Belgium) through the 

fused deposition modelling (FDM) technology (Ultimaker S5, Utrecht, Netherlands). The 
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3D printing configuration included a nozzle temperature of 230 °C, printing speed of 50 

mm/min, layer thickness of 0.2 mm, nozzle diameter of 0.4 mm, and filling rate of 30%. 

The experimental effective elastic modulus and Poisson’s ratio of the insoles were 

obtained using the Instron Machine (AG-IS, SHMADZU, Japan). The test was performed 

based on the compression testing standard ASTM D695 with a compressive speed of 

1 mm/min and sampling frequency of 50 Hz. Five cylinder samples with a diameter of 

12.7 mm and height of 25.4 mm were tested, and the average value was calculated. A pair 

of customized shoes (Dr Kong, HK, China) with holes was manufactured for the 

experiment (Fig. 1(C)). 

Gait analysis was conducted in a laboratory with an eight-camera Vicon system (Vicon, 

Oxford Metrics Ltd., Oxford, England) and four force plates (OR6, AMTI, Watertown, 

United States). The equipment was used to capture marker trajectories and GRF. Marker 

trajectories and force plate data were collected synchronously at sampling frequencies of 

100 Hz and 1000 Hz, respectively. Reflective markers were placed on the lower limb 

according to protocol (Peng et al., 2020b). Before the experiment, the participant had 

sufficient time to familiarize with the laboratory environment. Foot orthoses with three 

arch heights were randomly tested with rest intervals of 5 min. A static trial and five 

successful walking trials were conducted for each insole condition. The trials were 

considered successful when the footsteps were consistent, and the foot was placed entirely 

within the force plates. Electromyography (Delsys Inc., Boston, MA) was used to measure 

surface electromyography (EMG) signals, including the gastrocnemius medialis (GM), 

gastrocnemius lateralis (GL), tibialis anterior (TA), soleus (SL), and peroneus longus (PL). 

The foot pressure measurement system F-scan (Tekscan Inc., Boston, USA) was used to 

obtain the in-shoe plantar pressure (Figure 70 (A)). The foot pressures under both static 

and dynamic conditions were collected during gait analysis. The experimental setup is 

shown in Figure 70. 



146 

 

Figure 70. Experimental setup for the data collection, including (A) markers and foot 

pressure sensors configuration, (B) foot orthosis with different arch support heights, (C) 

lateral view of the shoe, (D) 3D printing insoles. 

5.3.3 Musculoskeletal multibody model 

The collected gait data, including marker trajectories and force plate data, were used to 

drive the musculoskeletal multibody model. A generic lower limb musculoskeletal 

multibody model in the software (Anybody Technology, Aalborg, Denmark, version 6.0.5) 

was used to calculate the lower limb’s kinetics and kinematics during walking (Damsgaard 

et al., 2006). The generic lower limb model was built based on the anthropometric 

database of the Twente Lower Extremity Model (Horsman et al., 2007). The general lower 

limb model was scaled to obtain the participant’s model using the static trial. Inverse 

kinematic and inverse dynamics analyses were then performed on the musculoskeletal 

multibody model using the marker trajectories and force plate data as inputs. The joint 

contact forces and muscle forces were estimated using muscle recruitment criteria (Peng 



147 

et al., 2020b). 

5.3.4 Finite element model  

Geometry acquisition and model construction 

Right-foot MRI was performed with a 3.0-T MR scanner at an interval of 1 mm and a 

pixel size resolution of 0.625 mm (Seimens, Erlangen, Germany). A custom ankle-foot 

orthosis was used during the MRI scan to fix the ankle joint in a neutral, unloaded position. 

The geometries of the foot-ankle complex, including the encapsulated bulk tissue and 

twenty bone geometries, were reconstructed using medical image processing software 

(Mimics 10.1, Materialize Inc., Belgium). The bulk soft tissue was encapsulated by a 2-

mm membrane, which defined the skin layer. We modeled 110 trusses to represent the 

ligamentous structure connected to the bones, whereas the plantar fascia was modeled as 

a 3D solid. The bulk soft tissue was obtained by subtracting the geometry of the plantar 

fascia. The plantar fascia was tied to the calcaneal tuberosity, proximal phalanx, and the 

inner surface of bulk soft tissues. Moreover, foot muscles were modeled as connectors to 

facilitate the application of muscle force. The tibialis anterior, TP, PB, PL, Achilles tendon 

(gastrocnemius and SL), FHL, and FDL were considered in this model. They were 

reconstructed based on the MRI scans and confirmed by an orthopedic surgeon.  

The interaction between the interior surface of the encapsulated soft tissue and bone was 

defined using a “tied” operation. A similar operation was performed to connect the 3D 

plantar fascia to the relevant insertion points, including the calcaneal tubercle and 

proximal phalanges. Additionally, the surface of the plantar fascia was tied to the 

surrounding encapsulated soft tissue. For the contact between components, a nonlinear 

contact stiffness without friction was used to represent the function of the cartilage (bone-

bone contact)(Wong et al., 2018). Figure 71 shows the detailed foot FE configurations. 
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Figure 71. Finite element model setup. 

The mesh creation process was performed in Abaqus 6.14 (Simulia, Dassault Systèmes, 

France). Hexahedral elements were assigned to the ground plate in this study. Linear 

tetrahedral elements (C3D4) were used to mesh the bones, encapsulated bulk tissue, insole, 

shoe, and plantar fascia. Three-node triangular membrane elements (M3D3) and two-node 

linear three-dimensional elements (T3D2) were assigned to the skin and linear ligaments, 

respectively. All foot-ankle complex material properties were assigned according to the 

literature (Chen et al., 2010a; Chen et al., 2003; Lemmon et al., 1997; Lewis, 2003; Pailler-

Mattei et al., 2008; Siegler et al., 1988; Wright & Rennels, 1964). The properties of the 

materials used in this study are listed in Table 13. 
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Table 13. Material properties of the components in the foot-orthosis finite element 

model 

 Elastic modulus (MPa) Poisson ratio 
Cross-section 

(mm2) 

Skin 
1st-order Ogden hyperelastic model (μ= 0.122 MPa, 

α=18, Thickness: 2.0 mm) 
- 

Bulk soft tissue 

second-order polynomial strain hyperelastic model 

(C10=0.8556, C01=-0.05841, C20=0.03900, C11=-0.02319, 

C02=0.00851, D1=3.65273) 

- 

Bone 10000 0.34 - 

Ligaments 260 0.4 18.4 

Three-dimensional 

Plantar fascia 
350 0.45 - 

Insole 7.8 0.35 - 

Midsole 5 0.4 - 

The overall element size was 3 mm for the bone structures, insole, shoe and plantar fascia 

and 5 mm for the encapsulated foot soft tissue and ground plate. The elements were refined 

locally to accommodate small part geometries, contact regions, and abrupt geometrical 

changes. The mesh convergence test was conducted under balancing standing conditions 

with a reduction in element size of 10%. The deviations of the peak foot pressure in the 

three insoles were 2.4% - 4.7%. The mesh size in the current simulation was acceptable 

as the deviations were smaller than 5% (Henninger et al., 2010). 

Boundary and loading conditions 

The internal foot biomechanics were investigated at three gait instants during walking: the 

first peak VGRF, VGRF valley, and second peak VGRF (Figure 72). The proximal cross-

sectional surfaces of the tibia and fibula were fixed at all DOFs. Additionally, a rigid plate 

was tied to the ground plate to better control the motion of the ground plate. The 3D GRF 

was applied beneath the rigid plate. The relative orientation between ground and foot was 
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assigned based on the gait analysis data at the three gait instants. The calculated foot 

muscle forces, including the tibialis anterior, TP, PB, PL, Achilles tendon (gastrocnemius 

and SL), FHL, and FDL, were applied to the FE model through the defined muscle 

connectors. Figure 73 illustrates further details of the muscle-driven FE model.  

 

Figure 72. An illustration of the three gait instants from the vertical ground reaction 

forces during the stance phase. 

 

Figure 73. The workflow of the muscle-driven finite element model, including (A) gait 
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data collection, (B) musculoskeletal multibody model, (C) finite element foot model  

Model output and analysis 

The simulations were performed with Abaqus 6.14 (Dassault Systèmes, Vélizy-

Villacoublay, France) using the standard static solver. A parametric study was carried out 

at the three different arch support heights during walking. The walking speeds for LA, NA, 

and HA conditions were 1.39 m/s, 1.44 m/s, and 1.42 m/s, respectively. The foot contact 

pressures at the three gait instants, including the first peak VGRF, VGRF valley, and 

second peak VGRF, were obtained. The toes region was excluded, and the remaining foot 

was divided into the hindfoot, midfoot, and forefoot area. The principal tensile strain of 

the 3D plantar fascia was also reported. Several main ligaments, including the 

calcaneocuboid, calcaneocuboid, deltoid, long plantar, cuboideonavicular, short plantar, 

and talonavicular ligaments, were significant in maintaining the foot posture. Therefore, 

the maximum von Mises stresses of these ligaments were analyzed.  

Model validation 

The FE model was validated by comparing the foot contact pressures between FE 

prediction and in-vivo measurements under three insole conditions during balanced 

standing. The plantar area was divided into eight parts: the medial heel, lateral heel, medial 

midfoot, lateral midfoot, first metatarsal, second and third metatarsal, fourth and fifth 

metatarsals, and hallux. The maximum contact pressure in each region was extracted for 

analysis unless the maximum value is zero. Correlation analysis and Bland-Altman plots 

were performed to evaluate the agreement between measurements and predictions using 

24 data pairs. The Pearson correlation |r| was categorized as weak, moderate, and strong 

for |r| ≤ 0.35, 0.36 ≤ |r| ≤ 0.67, and 0.68 ≤ |r| ≤ 1.0, respectively (Taylor, 1990). 
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5.4 Results 

5.4.1 Validation 

The model validation was performed by comparing model simulated muscle activation 

with the surface electromyography (EMG) activity. The normalized surface EMG and 

model-simulated muscle activation were compared in Figure 74. The predicted muscle 

activations agreed well with the measured EMG signals.  

The foot pressure distributions of the three insoles obtained by the FE model predictions 

and in-vivo measurements were compared (Figure 75). The correlation analysis between 

the model prediction and in-vivo measurement is shown in Figure 76(A) and 76(B). The 

correlation analysis showed that the measurement and prediction were significantly and 

linearly associated (r = 0.80; confidence interval: 95%, 0.59-0.91; p < 0.001). The Bland-

Altman plot showed a mean offset of 4.2 kPa. The offset was not statistically significant 

(p = 0.92). Based on the validation results, our model prediction was considered 

reasonable. 

 



153 

 

Figure 74. Comparison of simulated muscle activation and measured EMG for the foot 

muscles, including gastrocnemius medialis (GM), gastrocnemius lateralis (GL), tibialis 

anterior (TA), soleus (SL), and peroneus longus (PL) 
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Figure 75. Comparison of foot pressure distribution between model predictions and 

measurements of three arch support heights in balanced standing. LA, NA, and HA 

represent foot orthosis with three arch support heights (low, neutral, and high). 

 

Figure 76. Validation of finite element model with the experimental measurement using 

(A) correlation analysis; and (B) the Bland-Altman plot. Blue line represents the mean 

difference. And red lines are the 95% confidence interval.  
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5.4.2 Navicular height 

The navicular heights of the three insole types are shown in Figure 77. The distances 

increased with the arch support height under the balanced standing (74.2 mm in LA, 76.3 

mm in NA, and 77.6 mm in HA), first VGRF peak (78.8 mm in LA, 80.1 mm in NA, and 

81.7 mm in HA), and VGRF valley conditions (73.9 mm in LA, 76.1 mm in NA, and 77.9 

mm in HA). However, for the second VGRF peak, the distances were approximately equal 

for the three insole types.  

 

Figure 77. Distance between navicular and ground in foot orthosis with three arch 

support heights in balanced standing and three gait instants. LA, NA and HA represent 

foot orthosis with three arch support heights (low, neutral and high). 

5.4.3 Foot contact pressures 

The predicted plantar contact pressure distributions for the three insole types are shown 

in Figure 78. The pressure distribution patterns were similar under the three insole 

conditions at the three gait instants. The peak values for forefoot, midfoot, and hindfoot 
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under three insole conditions are shown in Figure 79. For the forefoot area, the peak 

pressure value for NA (0.061 MPa) was lower than that for HA (0.078 MPa) and LA (0.079 

MPa) during balanced standing. The peak forefoot pressure overall decreased with an 

increase in the arch support heights at the first VGRF peak (from 0.055 MPa to 0.034 MPa) 

and VGRF valley (from 0.182 MPa to 0.159 MPa). The peak foot pressure for midfoot 

occurred at the medial part of the middle foot. The midfoot area’s peak foot pressure 

increased with the arch support height under the balanced standing (from 0.065 MPa to 

0.076 MPa), first VGRF peak (from 0.078 MPa to 0.123 MPa), and VGRF valley (from 

0.094 MPa to 0.115 MPa) conditions. In the hindfoot area, NA and LA exhibited higher 

peak pressures in balanced standing (0.100 MPa and 0.101 MPa, respectively) but lower 

values at the first VGRF peak (0.238 MPa and 0.244 MPa, respectively) when compared 

to HA. Moreover, the peak hindfoot pressure decreased with an increase in the arch 

support height. However, at the second VGRF peak, the differences in peak foot pressure 

among the three insole types were relatively small.  
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Figure 78. Comparison of the predicted foot pressure distributions among three insole 

conditions in three gait instants, including first peak VGRF, VGRF valley, and second 

peak VGRF. LA, NA, and HA represent foot orthosis with three arch support heights 

(low, neutral, and high). 
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Figure 79. Comparison of peak foot plantar pressure of forefoot, midfoot, and hindfoot 

of three insole conditions in balanced standing and three gait events, (A) balanced 

standing, (B) first peak VGRF, (C) VGRF valley, and (D) second peak VGRF. LA, NA, 

and HA represent foot orthosis with three arch support heights (low, neutral, and high). 

5.4.4 Plantar fascia strain distribution 

The representative plantar fascia strain distribution patterns under the three insole 

conditions are shown in Figure 80. The regions tied to the foot bones were excluded from 

the contour. The remaining part of the fascia was divided equally into three parts. The 

peak values for proximal, middle, and distal regions under three insole conditions are 

shown in Figure 81. In the hindfoot region, the peak strains for NA and HA were lower 

than those for LA under the balanced standing, first VGRF peak, and VGRF valley 

conditions. In the distal region, the NA had lower peak strains than those of LA and HA 

under the balanced standing and VGRF valley conditions. In the middle region, NA 

exhibited the lowest peak strain during balanced standing. The peak strain of the middle 
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region increased at the first VGRF peak but decreased at the VGRF valley with an increase 

in the arch support heights. For the second VGRF peak, the differences in peak plantar 

fascia values were relatively small at the three arch support heights.  

 

Figure 80. Strain contour of the plantar fascia in foot orthosis with three arch support 

heights. The region that was close to the foot bone was excluded from the contour. The 

fascia's remaining part is divided equally into three parts: proximal, middle, and distal 

parts. LA, NA, and HA represent foot orthosis with three arch support heights (low, 

neutral, and high).  
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Figure 81. Comparison of peak plantar fascia for three insole conditions in balanced 

standing and three gait events, (A) balanced standing, (B) first peak GRF, (C) GRF 

valley, and (D) second peak GRF. LA, NA, and HA represent foot orthosis with three 

arch support heights (low, neutral, and high). 

5.4.5 Major ligaments stresses 

The predicted von Mises stresses of the foot ligaments at the three arch heights are 

compared in Figure 82. Under the standing condition, most ligament peak stress values 

were lower in NA, except for those of talonavicular ligaments, when compared to LA and 

HA. At the first VGRF peak, most ligaments’ peak stress values exhibited a decreasing 

trend with the increase in the arch height support. In the VGRF valley, the peak stress 

values decreased for the calcaneocuboid, calcaneonavicular, long plantar, and 

cuboideonavicular ligaments but decreased for the deltoid and talonavicular ligaments 

with an increase in the arch support height.  
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Figure 82. Comparison of peak ligaments Von stress for three insole conditions in 

balanced standing and three gait events, (A) balanced standing, (B) first peak GRF, (C) 

GRF valley, and (D) second peak GRF. 

5.5 Discussion 

AAF can cause foot deformity, lower limb pain, and loss of locomotion ability in end-

stage patients (Park et al., 2018). Although foot orthosis with arch support has been widely 

used for flatfoot treatment, an inappropriate foot orthosis design could affect the functional 

outcomes of orthotic treatment (Rasenberg et al., 2018). To investigate the influence of 

different arch supports, an FE flatfoot model with a 3D plantar fascia was developed, 
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which could demonstrate the internal foot biomechanics during walking. The significance 

of this study lies in its potential to reveal the loading states of plantar fascia and foot 

contact pressure in orthotic treatment, thus assisting foot orthosis design and foot pain 

relief (Hsu et al., 2008). This study also detailed the 3D geometry of the plantar fascia 

contemplating the fascia-bulk soft tissue interaction and considered the muscle force to 

drive the FE model, which could improve the accuracy of the prediction.  

Foot orthosis with arch support has been clinically used to maintain the MLA during 

weight-bearing conditions (Wahmkow et al., 2017). The results of this study indicated that 

arch support increased the arch height during static conditions with an increase in the 

support height, which is in line with a previous study (Su et al., 2017). As the arch support 

mainly acted on the navicular (medial region of the midfoot), increased support height 

could induce higher medial midfoot contact pressures during early stance (first VGRF 

peak) to midstance (VGRF valley). This study further indicated that HA could produce 

higher peak midfoot pressures under the first VGRF peak and VGRF valley conditions 

when compared to LA and NA. Excessive medial midfoot pressures originating from HA 

could cause discomfort under repeated loading, which should be avoided in arch support 

design (Su et al., 2017). Further, insole materials can affect foot pressure distribution and 

arch height. Harder insole material can lead to a higher foot arch height and peak foot 

pressure (Su et al., 2017). Therefore, the interaction of the insole shape and materials 

should be considered in insole optimization for flatfoot patients. 

This study indicated that HA and NA decreased the strain in the proximal region of the 

plantar fascia during the balanced standing condition compared to LA. As the progression 

of flatfoot deformity could increase the plantar fascia strain and may cause plantar fasciitis 

(Irving et al., 2006), the reduced plantar fascia strain in the hindfoot area could account 

for the pain relief in proximal regions. However, the middle or distal plantar fascia loading 
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in HA increased when compared to NA during balanced standing, which could also be 

observed under the first VGRF peak and VGRF loading conditions. The biomechanical 

changes could be included in flatfoot insole optimization, particularly in patients with pain 

in various plantar fascia sites. For NA, the customized arch height parameter was 

determined according to the navicular height. An increased arch support height indicates 

more forces between the insole and medial midfoot. With the fascia-bulk soft tissue and 

fascia-bone interactions, the effects of the arch support on the plantar fascia can be divided 

into two aspects. First, higher arch support could increase the MLA height and reduce the 

plantar fascia loading. Second, the supporting force induced by the ground or insole 

interface could load the plantar fascia through the fascia and bulk soft tissue interface, 

which could not be represented by the simplifications in previous studies (Hsu et al., 2008; 

Su et al., 2017; Wong et al., 2018). Previous simplified plantar fascia settings could either 

fail to predict the internal force distribution and explain the plantar aponeurosis twisting 

(Chen et al., 2015b) or underestimate the plantar fascia loading by 17.7% (Peng et al., 

2020a). The improvement in the model could better represent the external loading on 

ligamentous structures, thus benefiting the orthotic design in flatfoot.  

In addition to the plantar fascia, certain passive structures, such as the short plantar 

ligament, long plantar ligament, and plantar calcaneonavicular ligament, were also 

significant in maintaining the static MLA (Douglas, 2020). The results indicated that the 

maximum stresses of the calcaneonavicular and long plantar ligaments were lower in NA 

than in LA and HA during the balanced standing condition. However, during the stance 

phase, the height of arch support had a relatively small effect on these ligaments. When 

compared to balanced standing, foot muscles could be more significant in maintaining the 

dynamic arch (Chen et al., 2019), which could account for the relatively small differences 

in ligament loading. 
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The predicted muscle forces were partial validated by comparing model-predicted muscle 

activation with the corresponding EMG signals adopted in most studies (Chen et al., 2018; 

Hicks et al., 2015). The predicted peak Achilles tendon (gastrocnemius and SL) loadings 

ranged from 3.91 to 3.96 body weight (BW), which were comparable with the validated 

Achilles tendon loading at a similar walking speed in a previous study (Keuler et al., 2019). 

This study adopted a muscle-driven foot model to investigate the effects of foot orthosis 

on internal foot mechanics during stance, and the dynamic foot biomechanics could be 

predicted. The predicted peak pressures in the first VGRF peak (0.244 - 0.257 MPa) and 

the VGRF valley (0.159 - 0.182 MPa) were lower than the measurements reported in a 

previous study with an integrated musculoskeletal and FE model (Scarton et al., 2018), 

but overall higher than measurements reported in another study (Akrami et al., 2018). 

Previous integrated musculoskeletal and FE models focused on the barefoot condition, 

which resulted in different results from this study (Akrami et al., 2018; Scarton et al., 

2018). Other factors, such as plantar fascia setting, materials, and participant variances, 

could also account for this difference. Nevertheless, the muscle-driven approach was first 

used in the foot-orthosis model, which could provide more comprehensive dynamic 

information in orthosis design when compared to previous foot-orthosis FE models (Hsu 

et al., 2008; Su et al., 2017; Zhang et al., 2020).  

Several limitations of this study should be noted for the predicted results and further 

applications. First, the single-subject design for the FE analysis was employed in this study, 

which could not account for population variances (arch height, BW, foot stiffness, and 

foot symptoms). However, single-subject models have often been used under a specific 

set of load situations because the creation of a foot-ankle complex involves highly 

complex foot structures and loading conditions (Chen et al., 2020). Further work should 

be conducted to consider the patient variances (Douglas, 2020). Second, only one 

representative trial was adopted for the standing and walking analysis. Multiple trials 
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could be adopted in future study to include the standard deviations bars in the predicted 

results. Third, the material properties of the bony and ligamentous structures in this study 

were extracted from previous studies (Cheng et al., 2008). The simplification of the 

material properties may weaken the individual characteristics. Fourth,the foot muscles 

were represented by a one-dimensional string in the foot model, which could not account 

for muscle-tissue interaction and the change in fiber alignment (or muscle force direction) 

during a dynamic situation (Li et al., 2019a). Fifth, the foot in the musculoskeletal model 

was modeled as a rigid segment; a more detailed foot model could be used to obtain the 

internal foot mechanics (Oosterwaal et al., 2011), thus providing more reliable foot muscle 

forces and internal foot motions for the FE model. Sixth, only static pressures were 

adopted to validate the FE simulation; dynamic foot-insole pressures or direct internal 

biomechanics measurements (Boey et al., 2017) should be considered to improve model 

prediction accuracy.  

5.6 Conclusion 

In this study, the effects of foot orthosis with three arch support heights on internal foot 

mechanics during the stance phase were investigated by constructing a muscle-driven FE 

flatfoot model. The breakthrough of this model was that it enabled a 3D representation of 

the plantar fascia and its interactions with surrounding osteotendinous structures. The 

results indicated that plantar fascia stress and strains in the proximal regions could be 

reduced as the arch support height increased. However, the higher arch support could also 

increase the medial midfoot contact pressures and the plantar fascia loading in certain 

regions. The proposed model could contribute to the development of the orthotic design 

in subject-specific flatfoot deformity interventions, particularly for flatfoot patients with 

plantar fasciitis.  
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CHAPTER 6 BIOMECHANICAL COMPARISON 

AMONG FIVE MID/HINDFOOT ARTHRODESES 

PROCEDURES IN TREATING FLATFOOT USING A 

MUSCULOSKELETAL MULTIBODY DRIVEN FINITE 

ELEMENT MODEL  

6.1 Summary of the study 

Mid/hindfoot arthrodesis could modify the misalignment of AAF and attenuate pain. 

However, the long-term biomechanical effects of these surgical procedures remain unclear, 

and the quantitative evidence is scarce. Therefore, we aimed to investigate and quantify 

the influences of five mid/hindfoot arthrodeses on the internal foot biomechanics during 

walking stance. 

A young participant with flexible flatfoot was recruited for this study. We reconstructed a 

subject-specific musculoskeletal multibody driven- FE foot model based on the foot 

magnetic resonance imaging. The severe flatfoot model was developed from the flexible 

flatfoot through the attenuation of ligaments and the unloading of the posterior tibial 

muscle. The five mid/hindfoot arthrodeses simulations (subtalar, talonavicular, 

calcaneocuboid, double, and triple arthrodeses) and a control condition (no arthrodesis) 

were performed simultaneously in the detailed foot multibody dynamics model and FE 

model. Muscle forces calculated by a detailed multi-segment foot model and ground 
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reaction force (GRF) were used to drive the foot FE model. The internal foot loadings 

were compared among control and these arthrodeses conditions at the first and second 

VGRF peak and VGRF valley instants. 

The results indicated that the navicular heights in double and triple arthrodeses were 

higher than other surgical procedures, while the subtalar arthrodesis had the smallest 

values. Five mid/hindfoot arthrodeses reduced the peak plantar fascia stress compared to 

control. However, double and triple arthrodeses increased the peak medial cuneo-

navicular joint contact pressures and peak foot pressures as well as the metatarsal bones 

stresses.  

Although mid/hindfoot arthrodesis generally reduced the collapse of MLA and plantar 

fascia loading during the stance phase, the increased loading in the adjacent unfused joint 

and metatarsal bones for double and triple arthrodeses should be noted. These results could 

potentially account for the symptoms after surgery in flatfoot patients, thus potentially 

facilitating the optimization of surgical protocols. 

6.2 Introduction 

AAF is a progressive foot disease characterized by the collapse of the MLA and deformity 

of the foot-and-ankle complex. The prevalence of flatfoot among the adult population 

could be as high as 23% (Golightly et al., 2012; Shibuya et al., 2010). Existing studies 

revealed some risk factors for AAF, including obesity, foot injury, and fatigue, while 

PTTD was considered the leading cause of AAF (Douglas, 2020). The progressed flatfoot 

with severe PTTD (in stages III and IV) could induce a rigid foot that leads to various 

symptoms, including swelling around the ankle, foot pain, and immobility. Surgical 

treatments are recommended to attenuate pain and restore normal foot arch for patients 
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with end-stage AAF (Abousayed et al., 2016). 

Mid/hindfoot arthrodeses are surgical options to treat end-stage flatfoot. The arthrodeses, 

including subtalar, talonavicular, calcaneocuboid, double (talonavicular and 

calcaneocuboid), and triple (subtalar, talonavicular, and calcaneocuboid), are widely used 

to help patients correct foot alignment, relieve pain and restore function (Bernasconi et al., 

2017; Burrus et al., 2016; Chen et al., 2014b; de Groot et al., 2008; Hintermann et al., 

2020; Weinraub & Heilala, 2007). Though clinically effective, these salvage procedures 

inevitably affect the mobility of the mid/hindfoot and could contribute to the degenerative 

changes of unfused joints (Barmada et al., 2012; de Groot et al., 2008; Weinraub & Heilala, 

2007). A previous study reported that talonavicular arthrodesis was associated with an 

increased risk of adjacent joint deformities and progressive osteoarthritis (Weinraub & 

Heilala, 2007). Isolated calcaneocuboid joint arthrodesis also caused degenerative arthritis 

in the surrounding joints (Barmada et al., 2012). Additionally, some patients with triple 

arthrodesis developed osteoarthritis around the midfoot joint (de Groot et al., 2008). The 

complications could be associated with the alteration of internal foot loading and transfer 

due to joint fusion; thus, evaluating the biomechanical effects of these procedures should 

be noted.  

To evaluate the biomechanical effects of mid/hindfoot arthrodesis, various analysis 

approaches have been adopted. Some studies have adopted cadaveric experiments to 

assess the foot arch and joint interface pressure (Chen et al., 2014b; Martinelli et al., 2012), 

which could implicate potential complications and functional outcomes of surgical 

treatments. Gait analysis and fluoroscopic imaging system were also used to evaluate the 

kinematic outcomes of the mid/hindfoot arthrodesis on patients with flatfoot during 

walking (Flores et al., 2019; Tejero et al., 2021; Westberry et al., 2013). However, more 

detailed internal biomechanical information, such as stress distributions of the bones and 
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soft tissues, is not easy to measure by experimental approaches. 

Finite element (FE)  analysis provides an alternative to evaluating internal stress and 

strain, which could provide direct investigations on the pathomechanics of the 

musculoskeletal system (Portilla et al., 2020a; Wai-Chi Wong et al., 2015; Wang et al., 

2015; Wong et al., 2017; Wong et al., 2021b). Previous FE foot models have investigated 

the functional outcomes of surgical treatments on flatfoot (Iaquinto & Wayne, 2011; 

Portilla et al., 2020a; Portilla et al., 2020b; Wong et al., 2017; Wong et al., 2021b). One 

study targeted midfoot arthrodesis in treating severe flatfoot and suggested that 

naviculocuneiform arthrodesis increased the stress of the spring ligament (Portilla et al., 

2020b). Another study also evaluated the stress of the soft tissue under isolated, double, 

and triple mid/hindfoot arthrodesis (Portilla et al., 2020a). However, these simulation 

studies were confined to static conditions (Iaquinto & Wayne, 2011; Portilla et al., 2020a; 

Portilla et al., 2020b). Although some studies used the foot muscle forces and GRF to 

drive the foot FE model, the muscle forces were normally obtained from 

electromyography (EMG) or previous literature, which could not provide subject-specific 

boundary conditions for the FE model (Wong et al., 2017; Wong et al., 2021b). The effects 

of mid/hindfoot arthrodesis on the internal foot dynamics in patients with flatfoot during 

walking warrant further investigation. 

This study aims to develop a subject-specific musculoskeletal multibody driven-FE foot 

model to investigate the effects of mid/hindfoot arthrodesis on internal foot biomechanics. 

Five mid/hindfoot arthrodeses were simulated in the detailed multi-segment foot model 

and FE model simultaneously. The foot muscle forces calculated by the detailed multi-

segment foot model (Oosterwaal et al., 2016) and GRF were used as the inputs for the FE 

models. The predicated internal foot biomechanics of walking stance among five 

mid/hindfoot surgical approaches in the foot-ankle complex model were compared. 
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6.3 Materials and Methods 

A young male adult of age 28, height 175 cm and mass 62.5 kg with flexible flatfoot, was 

involved. We developed a musculoskeletal multibody-driven flatfoot FE model with 3D 

plantar fascia geometry based on foot magnetic resonance imaging (MRI), which could 

evaluate the effects of mid/hindfoot arthrodesis in the internal foot biomechanics (Figure 

83). Gait data were used as inputs for the detailed multi-segment foot musculoskeletal 

model to calculate foot muscle forces. The calculated foot muscle forces and measured 

GRF were used to drive the flatfoot FE model. The modelling procedures, including data 

collection, geometries reconstruction, materials properties, mid/hindfoot arthrodesis 

configurations, boundary conditions, and model validation, were described in 6.3.2 and 

6.3.3. 

 

Figure 83. The workflow of the muscle-driven finite element model, including (a) gait 

data collection, (b) detailed foot musculoskeletal multibody model, and (c) foot finite 

element model  

6.3.1 Experimental protocol 

A gait analysis system, including eight cameras (Vicon, Oxford Metrics Ltd., Oxford, 
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England) and four force plates (OR6, AMTI, Watertown, United States), was used. The 

Vicon cameras and force plate data were collected synchronously with sampling 

frequencies at 100 Hz and 1000 Hz. Reflective markers were placed on the surface of the 

foot and leg according to the protocol in the previous study (Oosterwaal et al., 2011). 

Detailed foot marker placements could be seen in Figure 84(a). The marker trajectories 

and GRF of the static trial and walking trials were collected. During the data collection 

process, the participant is asked to walk at a comfortable speed and not staring at the 

equipment. The dynamic foot plantar pressure was also collected using the pressure 

measurement system F-scan (Tekscan Inc., Boston, USA), seen in Figure 84(b). 

Additionally, the electromyography device (Delsys Inc., Boston, MA) was used to record 

surface electromyography (EMG) signals, including the gastrocnemius medialis (GM), 

gastrocnemius lateralis (GL), soleus (SL), tibialis anterior (TA), and peroneus longus (PL). 

To accurately scale the detailed foot musculoskeletal multibody model, the geometry of 

the right foot was also collected using a 3D foot surface scanner (UPOD-HDS; 

ScanPod3D, Wuhan, China). The geometry of the right foot can be seen in Figure 84(c). 
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Figure 84. Experimental setup for data collection, including (a) detailed foot marker 

placements, (b) foot pressure sensor, and (c) foot surface geometry  

6.3.2 Musculoskeletal model 

The joint and foot muscle forces were estimated using the Glasgow-Maastricht foot model 

in the Anybody Modelling software (AnyBody Technology, Aalborg, Denmark, version 

6.0.5) (Damsgaard et al., 2006; Oosterwaal et al., 2016). In this model, an advanced multi-

segment foot musculoskeletal multibody model was adopted, which encompassed the 

detailed foot bones, foot muscles, and ligaments (Oosterwaal et al., 2016). The force plate 

data and reflective marker trajectories obtained from the motion capture system were used 

as inputs for the musculoskeletal multibody model. The computational process of the 
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model could be divided into three parts, static optimization, inverse kinematic, and inverse 

dynamics (Peng et al., 2020b). In the first step, collected static data were used to scale the 

bone geometry and determine the locations of the virtual markers in the model. To 

accurately scale the foot bone geometries of the model, scanned foot geometry was used 

to register the original foot geometry with the radial basis function (Buhmann, 2003). 

After static optimization, the walking trial data were used to calculate the joint kinematics 

parameters through inverse kinematic analysis. In the inverse dynamics, the muscle forces 

and joint mechanics could be predicted. The predicted muscle forces were validated by 

comparing the model-simulated muscle activation with the surface EMG (Peng et al., 

2021). The workflow of musculoskeletal multibody model calculation is demonstrated in 

Figure 85. 

 

Figure 85. Workflow of musculoskeletal multibody dynamics modelling, including 

parameter optimization, kinematics calculation, and inverse dynamics. 

6.3.3 Finite element model 

Model Reconstruction 

The MRI data of the right foot was used to obtain the geometries of the foot-ankle complex 



174 

foot model. The foot-ankle complex geometries consisted of the encapsulated bulk tissue, 

bone geometries, skin layer and three-dimensional plantar fascia was constructed. Linear 

elements were used to represent the ligaments, connecting the bony structures. To drive 

the foot model, the foot muscles were modeled as connectors. Additionally, non-linear 

contact algorithm was assigned to the bone contact pairs in the model (Wong et al., 2018). 

A friction coefficient of 0.6 was assigned to contact property between the foot surface and 

ground plate (Zhang & Mak, 1999). The meshes of the foot-ankle complex components 

were created in Abaqus 6.14 (Simulia, Dassault Systemes, France). The properties of the 

materials used in this study are listed in Table 14. Mesh convergence test was conducted 

in complete foot model under three gait instants with a reduction of element size of 10%. 

The deviations of the peak plantar pressure were 2.3 - 3.8%, respectively. The mesh size 

in the current simulation was regarded as acceptable with assumed criteria of less than 5% 

deviation (Henninger et al., 2010).  

Table 14. Material properties of the components in the flatfoot finite element model 

 Elastic modulus (MPa) Poisson ratio 
Cross-section 

(mm2) 

Skin 
1st-order Ogden hyperelastic model (μ= 0.122 MPa, 

α=18, Thickness: 2.0 mm) 
- 

Bulk soft tissue 

second-order polynomial strain hyperelastic model 

(C10=0.8556, C01=-0.05841, C20=0.03900, C11=-

0.02319, C02=0.00851, D1=3.65273) 

- 

Bone 10000 0.34 - 

Ligaments 260 0.4 18.4 

Three-

dimensional 

Plantar fascia 

350 0.45 - 

Foot muscle forces and GRF were used to drive the foot model at three stance instants, 
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namely the first peak of the VGRF, VGRF valley, and the second peak VGRF. The foot 

muscle includes the TA, TP, PB, PL, Achilles tendon (gastrocnemius and SL), FHL, and 

FDL in the foot FE model.  

Realization of mid/hindfoot arthrodesis procedure in the model 

We constructed the end-stage flatfoot simulation model by removing the TP muscle in the 

musculoskeletal multibody -driven flatfoot model since the PTTD is one of the most 

common causes of the end-stage AAF. Meanwhile, the strength of the spring ligament, the 

short plantar ligament, and the portions of the long plantar ligament, and the plantar 

aponeurosis were reduced by 50% to simulate the stretching of these supporting structures 

(Arangio et al., 2004).  

Mid/hindfoot arthrodesis procedures, including subtalar, talonavicular, calcaneocuboid, 

double, and triple arthrodeses, and control (no arthrodesis), were simulated both in the 

multi-segment foot musculoskeletal multibody model and foot FE model. In the detailed 

musculoskeletal foot model (Oosterwaal et al., 2016), the degrees of freedom of the 

corresponding joints were locked to simulate the mid/hindfoot arthrodesis. Foot muscle 

forces were calculated as the boundary conditions for the FE model with mid/hindfoot 

arthrodesis. A “tie” property was defined to fuse the bones in the FE foot model. The 

demonstration of the mid/hindfoot arthrodesis procedures is presented in Figure 86. 
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Figure 86. Surgery demonstration of control and five mid/hindfoot arthrodeses, 

including (a) control condition, (b) talonavicular arthrodesis, (c) calcaneocuboid 

arthrodesis, (d) subtalar arthrodesis, (e) double arthrodesis, and (f) triple arthrodesis. 

The arthrodesis was simulated by fusing the bones using the “tie” operation. 

Model output and analysis 

The simulation was conducted with Abaqus 6.14 (Dassault Systèmes, Vélizy-Villacoublay, 

France) using the standard static solver. The foot contact pressure, von Mises stress of the 

plantar fascia, navicular height, midfoot joint contact pressures, and von Mises stresses of 

the metatarsal shaft were reported and compared among five mid/hindfoot arthrodeses and 

control conditions. Navicular height was measured as the distance between the navicular 

tuberosity and the ground surface. The peak contact pressure at three midfoot joints, 

including lateral cuneo-navicular (LCN), intermediate cuneo-navicular (ICN), medial 
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cuneo-navicular (MCN), were reported. 

6.4 Results 

6.4.1 Navicular height  

The navicular heights among the mid/hindfoot arthrodesis simulations and control are 

shown in Figure 87. The navicular heights in the five mid/hindfoot arthrodeses increased 

at three gait instants compared to control. In the VGRF valley, the navicular heights in 

five arthrodeses were almost the same. In the first and second VGRF peaks, triple 

arthrodesis had higher navicular heights (30.8 mm and 33.2 mm) than other surgical 

procedures. Additionally, subtalar arthrodesis had the lowest navicular heights (29.1 mm 

in the first VGRF peak and 31.3 mm in the second VGRF peak) among the five arthrodeses 

simulations. 

 

Figure 87. Navicular heights of control and five mid/hindfoot arthrodeses in the first 

and second peak VGRF as well as the VGRF valley.  

6.4.2 Plantar contact pressures 

The predicted foot contact pressure distributions for mid/hindfoot arthrodesis simulations 
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and control are shown in Figure 88. The control condition had higher peak contact 

pressures (0.132 MPa in the first VGRF peak and 0.138 MPa in the VGRF valley) in the 

midfoot region than those of five mid/hindfoot arthrodeses simulations; however, lower 

peak value for the whole foot at three gait instants. Among these surgical treatments, triple 

arthrodesis had the highest peak foot pressures in the VGRF valley (0.251 MPa) and 

second VGRF peak (0.721 MPa), respectively. Further details are shown in Figure 88. 

 

Figure 88. Comparison of peak foot plantar pressure of forefoot, midfoot, and hindfoot 

among the control and five mid/hindfoot arthrodeses in the (a) first VGRF peak, (b) 

VGRF valley, and (c) second VGRF peak.  

6.4.3 Plantar fascia stress distribution 

The von Mises stress of plantar fascia for mid/hindfoot arthrodesis simulations and control 

are shown in Figure 89. The regions tied to the foot bones were excluded from the contour. 

The remaining part of the fascia was divided equally into three parts. Compared to the 

control condition, five surgical treatments reduced the peak plantar stress by 10 – 60%. At 
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the first VGRF peak, the peak values for control, talonavicular, calcaneocuboid, subtalar, 

double, and triple arthrodesis were 9.5 MPa, 7.7 MPa, 8.3 MPa, 8.6 MPa, 7.5 MPa, and 

7.1 MPa, respectively. At the VGRF valley, the peak values for control and five surgical 

treatments were 12.8 MPa, 7.2 MPa, 7.5 MPa, 10.8 MPa, 7.1 MPa, and 5.1 MPa, 

respectively. At the second VGRF peak, the peak values for control and five surgical 

treatments were 33.4 MPa, 27.5 MPa, 29.5 MPa, 29.3 MPa, 29.9 MPa, and 17.6 MPa, 

respectively. Triple arthrodesis was more effective in reducing the plantar fascia stress (24% 

in the first VGRF peak, 60% in the VGRF valley, and 47% in the second VGRF peak) 

than the other arthrodeses. However, subtalar arthrodesis had the highest peak plantar 

fascia stress at the first VGRF peak (8.8 MPa) and VGRF valley (10.8 MPa) among the 

five arthrodeses. 

 

Figure 89. Comparison of peak plantar fascia for the control and five mid/hindfoot 

arthrodeses conditions in the (a) first VGRF peak, (b) VGRF valley, and (c) second 

VGRF peak. The regions tied to the foot bones were excluded from the contour. The 

remaining part of the fascia was divided equally into three parts, including proximal, 

middle, and distal parts. 
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6.4.4 Joint contact pressure  

Figure 90. shows the peak midfoot joint contact pressure under five mid/hindfoot 

arthrodeses and control conditions. For the peak contact pressure of MCN, double and 

triple arthrodeses increased the peak contact pressures by 18 – 30% at three gait instants 

compared to the control condition. The other three arthrodeses had little influence on the 

MCN, except that subtalar arthrodesis increased the peak values in the first VGRF peak. 

For the contact pressures of ICN, mid/hindfoot arthrodesis, except for the calcaneocuboid 

arthrodesis, increased the peak values in the second VGRF peak and VGRF valley. 

However, the peak contact pressures of the LCU in the five mid/hindfoot arthrodeses were 

overall reduced (17 – 28 % in the first VGRF peak, 13 -33 % in VGRF valley, and 11 - 

56% in the second VGRF peak).  

 

Figure 90. Comparison of peak contact pressures in three joints for the control and five 

mid/hindfoot arthrodeses conditions in the (a) first VGRF peak, (b) VGRF valley, and 

(c) second VGRF peak. LCN represents lateral cuneo-navicular, ICN represents 

intermediate cuneo-navicular, and MCN represents medial cuneo-navicular. 



181 

6.4.5 Stress of the metatarsal shaft 

The stress distribution patterns of the metatarsal shaft under five mid/hindfoot arthrodeses 

and control conditions are shown in Figure 91. 

 

Figure 91. Comparison of peak von Mises stress of five metatarsal bones during first 

VGRF peak, VGRF valley, and the second VGRF peak for the control and five 

mid/hindfoot arthrodeses conditions, including (a) control condition, (b) talonavicular 

arthrodesis, (c) calcaneocuboid arthrodesis, (d) subtalar arthrodesis, (e) double 

arthrodesis, and (f) triple arthrodesis. 
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In the first VGRF peak, the talonavicular had the highest peak values for the second (17.5 

MPa) and third metatarsal shaft (10 MPa). Double and triple arthrodeses had higher peak 

values for the second metatarsal shaft but lower values for the third metatarsal shaft 

compared to the control condition. All arthrodeses had lower peak values for the second 

(10 – 12 MPa) and third metatarsal (12 – 18 MPa) shaft in the VGRF valley but higher 

peak values in the second VGRF peak compared to the control condition. Further details 

are presented in Figure 92. 

 

Figure 92. Comparison of peak von Mises stress of five metatarsal bones for the control 

and five mid/hindfoot arthrodeses conditions in the (a) first VGRF peak, (b) VGRF 

valley, and (c) second VGRF peak. 

6.5 Discussion 

AAF can cause foot deformity, lower limb pain, and loss of locomotion ability in end-
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stage patients(Shibuya et al., 2010). Surgical treatments are typically used to attenuate 

pain and maintain the foot arch under weight-bearing conditions; however, they also lead 

to long-term joint and soft tissue degeneration (Portilla et al., 2020a). This study proposed 

a musculoskeletal multibody-driven flatfoot FE model, which could be used to investigate 

the loading distribution on the soft tissue. The detailed multi-segment foot 

musculoskeletal multibody modelling (Oosterwaal et al., 2016) was first used to drive the 

foot FE model with surgical simulation. Compared to previous studies (Portilla et al., 

2020a; Wong et al., 2017), the proposed model could provide a subject-specific boundary 

condition of the stance phase for the FE model. The biomechanical outcomes of five 

mid/hindfoot arthrodeses during walking conditions on internal foot loading were 

simultaneously investigated and could provide an informative evaluation of five treatment 

options.  

Surgical treatments, such as mid/hindfoot arthrodesis, can modify the foot posture, 

especially in maintaining the medial foot arch. Previous clinical studies also indicated that 

arthrodesis could correct the collapsed foot arch (Barmada et al., 2012; Bernasconi et al., 

2017; Chen et al., 2014b). This study showed that navicular heights in five surgical 

simulations were higher than control conditions at three gait events. The results also 

indicated that calcaneocuboid arthrodesis and subtalar arthrodesis were less effective in 

maintaining the medial foot arch, especially in the first VGRF peak and the second VGRF 

peak. Talonavicular arthrodesis achieved a similar result with the double arthrodesis in 

supporting the MLA at the three gait events, which further confirmed the substitution of 

talonavicular arthrodesis for double arthrodesis (Thelen et al., 2010). Triple arthrodesis 

obtained higher arch height than other surgical treatments during the walking condition. 

One previous cadaveric study has also investigated five mid/hindfoot arthrodeses in static 

conditions and indicated similar results (Chen et al., 2014b). The triple arthrodesis was a 

more restrictive treatment for AAF, providing a more stable foot arch for the patients. 
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Adults with flatfoot were typically accompanied by the collapse of the longitudinal foot 

arch and high foot contact area than the normal foot (Chuckpaiwong et al., 2008). 

Mid/hindfoot arthrodesis could modify the pronation of the hindfoot and prevent the 

excessive collapse of the longitudinal foot arch, thus reducing the midfoot pressures (Chen 

et al., 2014b). The results indicated that the peak midfoot pressures in five mid/hindfoot 

arthrodeses were lower than those in the control group during the first VGRF peak and 

VGRF valley, indicating a stable foot arch. Compared to the other three arthrodeses 

treatments, double and triple arthrodeses achieved lower peak midfoot pressures, in line 

with the previous cadaver study (Chen et al., 2014b). However, these arthrodesis 

procedures demonstrated higher peak hindfoot and forefoot pressures at the first and 

second VGRF peaks, respectively. The increased peak forefoot pressures should be noted, 

as increased peak pressures in the forefoot could potentially contribute to metatarsalgia 

(Toullec, 2015).  

Although the mid/hindfoot arthrodesis corrected the misalignment of the AAF, these 

surgical treatments could inevitably constraint the motion of the hindfoot, thus affecting 

the loading distribution of the adjacent joints, bone, and soft tissues (Portilla et al., 2020a; 

Wong et al., 2017). A previous study has reported that excessive hindfoot pronation in 

flatfoot caused increased foot length and increased loading on the plantar fascia, thus 

contributing to plantar foot pain (Irving et al., 2006). This study indicated that all 

mid/hindfoot arthrodeses reduced the peak plantar fascia stress at the three gait events. 

The triple arthrodesis obtained the best decrease rates at three gait events (stress reduction 

of 24 – 67 %), which matched the previous study (Portilla et al., 2020a). Additionally, the 

decrease rates for talonavicular (18 – 44 %), calcaneocuboid (12 – 41 %), double 

arthrodesis (10 – 44 %) were similar. However, subtalar arthrodesis reduced the plantar 

fascia stress by 6 – 16 % compared to the control condition. These results indicated that 

subtalar arthrodesis is the least effective for correcting the plantar arch structure in the 
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control condition, which was in line with previous computational studies (Portilla et al., 

2020a; Wong et al., 2017).  

The loss of mid/hindfoot mobility was the most common side-effect of the mid/hindfoot, 

which might affect the load transfer from the hindfoot to the forefoot and load distribution 

of metatarsal bones (Wang et al., 2015). The double and triple arthrodeses had higher peak 

MCN contact pressures when compared to other treatments at three gait events. 

Additionally, the triple arthrodesis had the highest peak ICN contact pressure during the 

second VGRF peak. The higher joint contact pressures could increase the rates of midfoot 

joint osteoarthritis, which was in line with the previous long-term clinical study of triple 

arthrodesis (de Groot et al., 2008). Meanwhile, other mid/hindfoot arthrodeses increased 

the peak joint contact pressures of the unfused joint when compared to control. The higher 

joint contact pressures could also account for the consecutive arthritis of the midfoot joints 

(Wong et al., 2021b). Additionally, mid/hindfoot could further increase the loading in the 

metatarsal bones. The results indicated that the second and third metatarsal bones 

sustained much higher stress than the other metatarsal bones in the second VGRF peak. It 

was reported that patients with foot and ankle surgery suffered from the fracture of the 

second metatarsal, which resulted from high von Mises stress (Wang et al., 2015). Triple 

arthrodesis had higher stress increases in these two bones compared to the other 

arthrodeses in the second VGRF peak. As the von Mises stress is considered to be the 

predictor for the bony stress fracture (Keyak & Rossi, 2000), it can be speculated that 

patients with triple arthrodesis are more susceptible to stress fractures in the second or 

third metatarsal bones. 

Previous surgical treatment simulations typically adopted static conditions or simplified 

muscle loading estimated by EMG (Portilla et al., 2020a; Wong et al., 2017), which were 

difficult to provide subject-specific boundary conditions for the foot FE model. This study 
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has adopted the musculoskeletal multibody-driven FE foot model, which could improve 

the prediction accuracy and enhance the reliability of the simulation (Akrami et al., 2018). 

Additionally, although several surgical treatments adopted the muscle-driven foot FE 

model, these surgical procedures were only performed in the foot FE models (Wang et al., 

2015; Wong et al., 2017; Wong et al., 2021b). Our study has performed mid/hindfoot foot 

arthrodesis simulations in both the foot FE and foot musculoskeletal multibody models. 

These procedures were almost impossible to be performed in one or two segment foot 

musculoskeletal multibody models, which were widely used in previous muscle-driven 

foot FE models (Akrami et al., 2018; Peng et al., 2021). The foot muscle forces obtained 

from the detailed multi-segment foot musculoskeletal multibody model (Oosterwaal et al., 

2016) with surgical treatment could provide consistent boundary conditions for the foot 

FE model. 

This study assumed an end-stage flatfoot model using a mild case with attenuated soft 

tissue properties because the end-stage flatfoot compounded with other foot deformities 

with different severities, such as hindfoot valgus and hallux valgus that made it difficult 

to justify a representative case. Some literature proposed the use of a surrogate by 

attenuating ligaments and unloading the posterior tibial muscles on the normal foot model 

(Arangio et al., 2004; Wong et al., 2017). We believed that this approach could still 

partially resemble some level of medial arch collapse, hindfoot valgus, and degeneration 

of soft tissue in the case of the end-stage flatfoot. Though FE is confined to nonclinical 

theoretical research tools to supplement surgical decisions, researchers shall be aware of 

the limits of model applications due to model assumptions (Wong et al., 2021a). 

Nonetheless, the strength of this study was the endeavor to drive the foot model using a 

model subject-specific musculoskeletal multibody model that improved the credibility in 

the boundary and loading conditions. 
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In this study, several limitations should be noted. First, the material properties used for the 

bony structures and soft tissues were obtained from previous literature, which could 

underestimate the prediction accuracy of the model. Second, the subject-specific approach 

for the foot-ankle complex FE analysis was employed in this study, which could hinder 

the generalizability of the findings. However, due to the limitation of the complex foot 

structures and boundary conditions in the foot-ankle complex model, single-subject 

models have often been used to evaluate foot biomechanics (Chen et al., 2020; Wong et 

al., 2021a). This study endeavored to adopt a representative model subject of the 

population to account for the generalizability. Further study could be performed to 

consider a case series with sample size for flatfoot patients before and after surgery and 

acquire their boundary conditions. Third, the foot muscles in the modelling were 

simplified as one-dimensional, which could not account for spatial fiber orientation and 

interactions between muscles and bones (Li et al., 2019a).  

6.6 Conclusion 

In this study, a subject-specific musculoskeletal multibody -driven foot FE model was 

developed to investigate the effects of five mid/hindfoot arthrodeses on internal foot 

biomechanics of AAF. This study enabled the mid/hindfoot arthrodesis simulation in the 

detailed multi-segment foot model (Oosterwaal et al., 2016), thus providing the subject-

specific boundary conditions (foot muscle forces) for the foot FE model with mid/hindfoot 

arthrodesis. The model prediction indicated that all procedures facilitated a stable foot 

arch and reduced plantar fascia loading during walking stance. However, double and triple 

arthrodeses provided comparatively better arch height at the cost of higher loading for the 

MCN joint and second and third metatarsal bones. The proposed model could contribute 

to the biomechanical understanding of mid/hindfoot surgical treatments in subject-specific 

flatfoot deformity interventions. 
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CHAPTER 7 CONCLUSION AND SUGGESTIONS FOR 

FUTURE RESEARCH 

7.1 Significance of the study 

This study adopted musculoskeletal multibody and FE models to investigate the lower 

limb mechanics and internal foot mechanics in AFF. The developed foot computational 

models could provide a simulation platform for flatfoot pathomechanics analysis, orthotic 

insole optimization, and surgical treatment analysis. 

Firstly, this study examined the effects of TP weakness and foot orthosis on lower limb 

joint and muscle mechanics in adults with flatfoot. The results could reveal the muscle 

compensation mechanism for the weak TP muscle associated with AAF. Additionally, this 

study also indicated that the compensatory muscle activation and attenuated joint load 

caused by TP weakness might be restored by the orthosis. 

Secondly, this study developed a muscle-driven flatfoot FE computational model to 

investigate the effects of orthosis insoles on the internal foot mechanics of AAF. The finite 

model proposed in this study detailed the three-dimensional geometry of the plantar fascia 

and considered a subject-specific muscle force to drive the FE model, which could 

improve the accuracy of the simulation. This study's significance lies in its potential to 

reveal the loading states of plantar fascia and foot contact pressure in patients with 

symptomatic flatfoot. This study is the first one to evaluate the internal foot mechanics of 

AAF with foot orthosis during walking. To our knowledge, it is also the first attempt to 
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account for the plantar fascia and bulk soft tissue interaction. The supporting force induced 

by the ground, or the insole interface could be applied to the plantar fascia via the fascia 

and bulk soft tissue interface, which could not be achieved with a simplified fascia model. 

The improvement of the model could better represent the external loading on ligamentous 

structures, which could provide more knowledge for the orthotic treatment in flatfoot, 

especially in patients with plantar fasciitis.  

Thirdly, this study also developed a subject-specific musculoskeletal multibody driven 

flatfoot FE computational model and investigated the effects of five mid/hindfoot 

arthrodeses on internal foot mechanics of AAF. The significance of this study lay in its 

potential to reveal the loading states of plantar fascia and midfoot joint contact pressures 

in patients with symptomatic flatfoot, which potentially facilitated the optimization of 

surgical protocols. The present study is the first to report an evaluation of internal foot 

mechanics with five mid/hindfoot arthrodeses during walking. Additionally, the detailed 

multi-segment foot musculoskeletal multibody modelling was firstly used to drive the foot 

FE model with surgical simulation. Mid/hindfoot arthrodesis procedures were simulated 

in the lower limb musculoskeletal and FE foot models. The improvement in the model 

could better represent the external loading on ligamentous structures, which provided the 

informative evaluation of five treatment options. 

7.2 Limitations 

In this study, several limitations should be noted. Firstly, the sample size in the three sub-

studies is relatively small, which could not account for population variances (arch height, 

BW, foot stiffness, and foot symptoms). However, single-subject models have often been 

used under a specific set of load situations because the creation of a foot-ankle complex 

involves highly complex foot structures and loading conditions (Chen et al., 2020). 
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Further work should be conducted to consider the patient variances (Douglas, 2020). 

Secondly, the joint and extrinsic foot muscle mechanics were calculated based on 

musculoskeletal modelling without considering the subject-specific bone geometries. The 

lower limb bone geometries were scaled based on the static trial. More information about 

bone geometries, such as MRI or CT, could be used to improve the accuracy of the model 

scaling and force predictions (Peng et al., 2018). Thirdly, the joint and extrinsic foot 

muscle mechanics under TP dysfunction conditions were predicted with simulated TP 

strength weakness. It is assumed that marker trajectories and force plate data will not 

change in early-stage PTTD. As the progression of PTTD, patients could suffer from 

increased hindfoot eversion, foot pain, and loose foot ligaments laxity, as well as hallux 

valgus deformity (Wong et al., 2020). Fourthly, the material properties of the bony and 

ligamentous structures in this study were extracted from previous studies (Cheng et al., 

2008). The simplification of the material properties may weaken the individual 

characteristics. Fifthly, the foot muscles were represented by a one-dimensional string in 

the foot model, which could not account for muscle-tissue interaction and the change in 

fiber alignment (or muscle force direction) during a dynamic situation (Li et al., 2019a). 

7.3 Conclusions 

This study has performed three sub-studies in terms of AFF biomechanics. Firstly, this 

study investigated the effects of TP weakness and foot orthosis on lower limb joint and 

muscle mechanics in adults with flatfoot. Some extrinsic foot muscles that have the same 

function as TP may compensate for TP muscle weakness. Meanwhile, foot orthoses with 

arch support and medial forefoot posting could significantly reduce most extrinsic foot 

muscle forces and ankle joint contact forces under TP weakness conditions. Lower 

extrinsic foot muscle forces and joint contact forces indicated lower stress in soft tissues, 

which could account for the pain and fatigue relief during daily activities with the foot 
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orthosis intervention for the flatfoot adults. Secondly, this study investigated the effects of 

arch support heights on the internal foot mechanics of AAF through the developed muscle-

driven foot-orthosis FE model. The results indicated that plantar fascia stress and strains 

in the proximal regions could be reduced as the arch support height increased. However, 

the higher arch support could also increase the medial midfoot contact pressures and the 

plantar fascia loading in certain regions. The proposed model could contribute to the 

development of the orthotic design for subject-specific flatfoot deformity interventions, 

particularly for flatfoot patients with plantar fasciitis. Thirdly, this study developed a 

subject-specific musculoskeletal multibody driven flatfoot FE computational model and 

investigated the effects of five mid/hindfoot arthrodeses on internal foot mechanics of 

AAF. The model prediction indicated that all procedures facilitated a stable foot arch and 

reduced plantar fascia loading during walking stance. However, double and triple 

arthrodeses provided comparatively better arch height at the cost of higher loading for the 

MCN joint and second and third metatarsal bones. The proposed model could contribute 

to the biomechanical understanding of mid/hindfoot surgical treatments for subject-

specific flatfoot deformity interventions. 

7.4 Future Direction 

Firstly, the prescribed foot orthosis with arch support and medial forefoot posting was 

used for the participant. To relieve pain and modify the foot posture for the specific subject, 

foot orthoses with different designs were necessary to use (López-López et al., 2018; 

Zhang et al., 2020). Further work could be performed to investigate the biomechanics and 

clinical outcomes of symptomatic flatfoot participants with different orthosis designs. 

Secondly, subject-specific foot modelling is challenging for clinical application because 

the modelling procedure can be time-consuming and costly. A simplified modelling 
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method is needed to give quick but informative feedback on an orthotic treatment. The 

basic foot scaling process has been finished based on a foot surface scan and a model-

scaling algorithm. The foot surface and bone geometries from the Glasgow-Maastricht 

foot model were used as the template geometry. To reduce the scaling complexity, we 

merged the bony segments in the template foot. A set of anatomic landmarks was defined 

on the template foot surface and the target foot surface (the scanned foot). A morphology-

mapping algorithm was applied to scale the template foot surface and the encapsulated 

bone geometries to the target foot and create a subject-specific foot model by matching 

the landmark position. The template foot model was scaled to the target foot geometries 

by matching predefined landmarks on the foot surface. The scaling process can be divided 

into affine transformations and built-in radial basis function (Figure 93). Although the foot 

surface-based method for creating the foot FE model has been created, further work needs 

to be performed on the model validated for a variety of flatfoot populations before use in 

clinical foot orthoses optimization. 

 

Figure 93. Subject-specific foot geometry scaling for finite element model 
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