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Abstract 

Complementary to experimental studies, computational biomechanics has become 

useful tool for the understanding of human foot biomechanics and pathomechanics. 

Its findings have been widely used for the evaluation of the effectiveness of surgical 

interventions. These models, however, were developed with a wide range of 

variations in terms of simplifications and assumptions on the representation of 

geometrical structures and material properties, as well as boundary and loading 

conditions. These variations may create differences in prediction accuracy, and 

restrict practical and clinical applications. This paper reviews the state-of-the-art 

technologies and challenges in computational model development, focusing on foot 

problem-specific models for the assessment of the effectiveness and accessibility of 

clinical treatments. The computational models have provided valuable 

biomechanical information for clinical applications but further investigations come 

with many challenges in terms of detailed and patient-specific models, accurate 

representations of tissue properties, and boundary and loading conditions. 

Multi-scale computational models are expected to be an efficient platform to fully 

address the biomechanical and biological concerns. 

Key words: Finite element; patient-specific; biomechanics, surgery, insole, stress 

and strain; computational orthopedics.  
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1. Introduction 

The foot is vulnerable to injury, trauma and other ailments because it sustains 

complicated and high loads to support the body during locomotion and other 

activities. Surgical treatments are expected to restore the normal functions of the 

injured parts effectively. However, the foot and ankle complex is an intricate 

structure and each segment interacts with other segments interdependently. 

Clinical interventions may thus result in functional alterations such as joint motion 

and tissue deformation, not only at the modified site but also in the adjacent 

regions, and even over the entire foot. These abnormal biomechanical alterations 

contribute to iatrogenic complications such as joint arthritis, secondary fractures, 

and foot pain, which are the main complaints from patients postoperatively.  

 

Evaluations of the potential biomechanical variations before and after surgeries 

could provide references for surgery planning and optimizations to minimize 

complications. Subjective methods such as observational and functional score 

systems and experimental evaluations can be used to obtain some information; 

however, the detailed biomechanics of the inner foot, like the stress distribution in 

the bones and soft tissue, and the contact pressure at the joints, are difficult to 

obtain due to the limitations of measurement techniques. Computational 
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approaches such as finite element (FE) analysis have become complementary tools 

for the biomechanical investigations of human musculoskeletal structures. 

 

Since FE analysis was introduced to human musculoskeletal biomechanics in the 

early 1970s, the capability to model irregular geometries and multi-bodies, complex 

material properties, and various loading and boundary conditions makes it notably 

valuable for the biomechanical assessment of the foot and ankle complex. The 

biomechanical assessment based on computational models of the foot and ankle 

has been applied for injury mechanism analyses, prosthetic designs, surgery 

predictions, shoe and insole designs and basic biomechanics knowledge 

understanding. The clinical applications of these models have significantly enhanced 

the foot biomechanical knowledge to surgeons, but these models were developed 

with a wide range of variations in terms of simplifications and assumptions on 

geometrical structures, interactions among components and material properties, as 

well as boundary and loading conditions. These variations produce differences in 

the accuracy of the predictions, and restrict the practical applications. This review 

aims to understand the state-of-the-art technologies and challenges in model 

development, focusing on foot problem-specific models for the effectiveness and 

accessibility of clinical applications.  
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2. Overview of the finite element models for the foot and ankle 

FE models of the human foot and ankle were developed from two-dimensional (2D) 

to three-dimensional (3D), and from partial to anatomically detailed structures as 

reviewed18. Since the first 2D FE model first reported, a number of 2D models with 

partial structures, such as the toe, metatarsal, heel and entire foot, were developed 

mainly for foot support designs. 3D models with simplified and partial structures 

were reported to study the loading response of the foot to foot supports, such as 

ankle-foot- orthosis and footwear.  

 

With the advancement of computational and modeling techniques, 3D FE models of 

the foot and ankle complex were developed with the representation of the majority 

of anatomical characteristics and complicated connection behaviors 15, 20, 41, 43, 49, 53 

for a more delicate exploration of foot biomechanics. These models were 

reconstructed from computed tomography or magnetic resonance images and could 

replicate anatomical contours of foot segments, as shown in Figure 1. The geometries 

of bones could be constructed individually, and some could be fused together for 

simplification. Connective components such as ligaments and plantar fascia were 

commonly simplified as trusses rather than 3D physical geometries. The material 
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properties were defined from rigid to deformable such as linear or non-linear 

elasticity25, 59. Viscoelasticity52 has been taken into account for dynamic simulation13, 

54, 60.  

  

Figure 1 A demonstration of current modeling technique of finite element model of 

foot and ankle. 

 

The boundary and loading conditions were determined empirically for simplified 

partial foot models, since the muscle structures were seldom constructed and it was 

not practical to obtain physiological loadings of individual segments. For more 

geometrical detailed entire foot models, the boundary and loading conditions were 

commonly obtained from human motion analysis with inverse dynamics, more 

closely representing the loading conditions. The muscle forces were either estimated 

from electromyography (EMG) or obtained from multi-body musculoskeletal 

modeling. There are still challenges in the accuracy of muscle forces. 

 

3. Foot problem-specific computational models  

3.1 Flatfoot 

Flatfoot (Pes Planus) is characterized by a lowering of the medial longitudinal foot 
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arch, and could be a progressive deformity secondary to the posterior tibial tendon 

dysfunction, associated with ligament deficiency. Correction surgeries have been 

reported to change the interdependent action between the osseous alignment and 

dynamic stability within the foot. Computational analyses of surgeries have been 

adopted based on FE models54 and multi-body musculoskeletal models8, 34.  

 

The stress distribution of the plantar foot is an essential contributor of normal 

function of the foot. It was investigated under a balanced standing state using an FE 

model consisting of simplified bony structures, some of the ligaments, tendons and 

plantar fascia 54. Linear elasticity and viscoelasticity were used for tissue properties. 

This model was expected to mimic surgical operations. 

 

Joint loads and foot deformation may be affected by surgeries and have been 

investigated using rigid-body models in deformity correction interventions such as 

subtalar arthroereisis6, calcaneal osteotomy, the Evans procedure, and 

calcaneocuboid distraction arthrodesis34. For more accurate representation of foot 

deformity, 3D patient-specific musculoskeletal models of six flatfoot patients were 

developed 48 to supplement the 2D radiographs for diagnosis and staging of this 

disease. The unipedal stance was simulated with the application of body weight and 
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muscle contraction vectors based on EMG measures. The model was validated 

through comparison between kinematic measurements in these models and 

photographs. Some of these measures showed strong correlations and demonstrated 

that computer modeling offers a promising alterative to 2D radiographs for 

non-invasive in vivo kinematic diagnosis. 

 

The mentioned FE model provided the stress distribution of the plantar foot, but the 

biomechanical behavior of the inner foot, which is the advantage of the FE analysis, 

was lacking investigations. These musculoskeletal models can quantify the effect of 

surgeries on certain kinematics and kinetics of the entire foot, but are not capable of 

investigating rationale information, such as stress distribution in the bones and 

contact pressure at the joints.   

 

3.2 Diabetic Foot 

Nearly one-third of diabetic patients have pathological conditions in the feet and the 

forefoot region is reported as the most common affected site in an FE study which 

showed that the bony prominence at the sesamoids produce large internal stress 

concentration in the soft tissue 14.  
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The microvascular changes in diabetic patients, accompanied with repetitive 

micro-trauma give rise to tissue breakdown. This condition was resembled by altering 

the material properties of the encapsulated bulk tissue. Cheung et al.21 conducted a 

sensitivity analysis on bulk tissue properties to investigate soft tissue stiffening 

associated with diabetic foot. Patient-specific tissue properties were acquired using 

ultrasound indentors1, 2. The role of the impaired tissue was investigated using a 

hierarchical approach2. 

 

The structural change and loading profile of diabetic patients were considered by a 

patient-specific model 31. With this model an analysis with a patient-specific loading 

profile was conducted, followed by another analysis using the averaged gait data 

from 10 diabetic patients31. The findings were compared to that of a normal 

participant to examine the influence of diabetic foot on the plantar pressure.  

 

Orthotic intervention aims to redistribute the localized plantar pressure that causes 

ulceration. The design factors of orthotics and therapeutic footwear have been 

investigated such as the material properties 7, 19, 24 and the geometrical designs 1, 2, 24. 

Cheung et al. 19 implemented the Taguchi approach to reduce the simulation counts 

and study the insole and midsole thickness and hardness.  
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3.3 Hindfoot  

Compared to the fore- and midfoot, the hindfoot structures are more flexible with a 

relatively large joint sliding and play a major role in transferring force between the 

body and the support. Computational analyses in this region have been increasingly 

adopted for the prediction of surgical outcomes.  

 

Soft tissue reconstruction 

Soft tissue reconstruction is commonly adopted for corrections of foot dysfunctions. 

To evaluate the effectiveness of a reconstruction operation, 3D FE models of the 

ankle joint complex were developed to simulate ligamentous deficient and 

reconstruction interventions58, 61. Forces in the ligaments and bone displacements 

were estimated, and the findings indicated that no reconstructions could completely 

restore the normality of the ankle joint but some procedures could be beneficial for 

restoring joint stability.   

 

Ankle arthrodesis 

Ankle arthrodesis constrains the relative motion between the talus and tibia, which 

may subsequently exert extra stress on the adjacent joints or segments and 
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accelerate joint degeneration. FE models of the ankle joint have been developed to 

investigate effects of inferior tibiofibular syndesmosis injuries and screw fixation 

treatments on ankle functions37, 38, to compare the effectiveness among different 

surgical protocols4, 5, and subsequently to investigate the effect of bone quality on 

surgical outcomes3. Ankle instability, the stress distribution around the ankle joint 

and joint range of motion were investigated and found to be changed before and 

after ankle joint fixation. The stress in the screws, which is a factor related to screw 

fractures, was evaluated23 with the application of approximate loads mimicking 

normal gait. In these simulations, linear elastic, isotropic and homogeneous 

properties were applied to structures for simplification. 

   

These models exclusively include the ankle joint, based on which valuable knowledge 

at the ankle joint, related bones and implants was provided. No muscle structures 

being represented for muscle force application, loadings were therefore applied with 

assumption and approximations.  

 

Ankle arthroplasty 

Ankle arthroplasty is becoming more popular as an alternative to ankle arthrodesis. It 

reserves ankle motion, but improper design of implants and surgical protocols can 
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cause complications such as surgical failure, subsidence of implants and arthritis. To 

improve the design of the prosthesis and the effectiveness of the surgery, FE analyses 

using more comprehensive foot and ankle models were conducted 11, 22, 41, 51.  

 

Replaced ankle joint could alter the load distribution of the entire foot in considering 

that the design cannot accurately replicate the nature joint geometries. The effect of 

ankle arthroplasty on bone distribution and plantar pressure have been estimated 

using a comprehensive FE model of the foot and ankle consisting of major anatomical 

structures and components of ankle prosthesis41. FE models consisting of ankle joint 

bones and prosthesis22, 45 instead of the entire foot have been constructed for the 

investigation of biomechanical behaviors of the ankle prosthesis. In both the models 

of the entire foot and the ankle joint, muscle structures were not represented 

resulting in the impossibility of muscle force applications. The interfacial 

biomechanics of the bone and implants was also investigated in a more microscopic 

level through the simulation of strain-adaptive bone remodeling processes11. A 

model of the ankle-implant assembly was developed and bone density distribution 

and compression force were applied.  

 

Because of the complexity of ankle joints, a full understanding of the effects of 
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arthrodesis and arthroplasty needs more comprehensive FE models involving the 

entire foot, ankle, and implants, proper representation of connective tissues and 

muscles. 

 

Calcaneus bone fixation  

The calcaneal fracture accounts for more than 60% of the entire tarsal bone fractures 

47. Improper treatments might lead to symptoms and dysfunctions of joints and 

muscles. Partial FE models mimicking calcaneus fracture were used to explore the 

necessity and function of sustentaculum tali screw placement 42 and the 

effectiveness of bone fixation methods 32, based on the investigation of maximum 

principal stress and fracture displacement. A FE model consisting of 28 bones of the 

foot was developed to investigate the effect of progressive bone removal from the 

calcaneus on the mechanical stress redistribution of the foot 8. Elastic and isotropic 

properties were assigned to bones, cartilage, ligament, and plantar fascia. 

Concentrated forces were applied as the loading condition. Stress distribution in the 

calcaneus bone was investigated and was found to be significantly different from the 

intact condition indicating an increase in fracture risk. 

 

Subtalar 
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Several treatment strategies including leg cast, internal fixation and external fixation 

have been used to address subtalar dislocation. To assess the optimal configuration 

of screw fixation for subtalar arthrodesis, an FE model of the talus and calcaneus was 

constructed36. Rotational torque was applied to mimic the loading condition of 

subtalar external and internal rotation. The divergence angle and contact length were 

recorded to evaluate the rotational stability, and suggested an optimal surgical choice 

among different screw configurations. External fixation of subtalar has been 

evaluated in a simplified foot model44 under axial loading through the tibia bone. The 

displacement was investigated to explore the stability and indicate a more effective 

treatment.  

 

The current FE models for the simulation of calcaneus fracture treatments are partial 

foot models focusing on the involved bones or implants with simple elastic material 

properties. The loadings are implemented using torque or concentrated forces. 

 

3.4 Midfoot 

The midfoot is a relatively stable structure with less motion during locomotion 

compared with the hindfoot and forefoot. Contusion, sprain, subtle acute fracture 

and osteoarthropathy are associated with instability and malalignment. Surgical 
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protocols were proposed and evaluated using computational simulations17, 40, 53 to 

explore detailed knowledge for evidence-based treatments.  

 

An accurate representation of the foot and ankle in an FE model was used to 

simulate the surgery of the first and second tarsometatarsal joint fusion17, 53. Linear- 

and hyper-elasticity were assigned to the bones and soft tissues. Physiological 

boundary and loading conditions obtained from gait analysis were applied to the 

simulation. Joint contact pressure, bone stress and plantar pressure of the entire foot 

were investigated and compared between the normal foot model and the 

surgery-interfered foot model. The results indicated that the surgery resulted in a 

high risk of arthritis in adjacent joints and stress fracture in the second metatarsal 

bone. Improvement in surgical protocol such as fusion with wedge osteotomy at 

involved joints was proposed, but requires further verifications. In an investigation of 

midfoot biomechanics, the mid-stance event of the gait was simulated in an FE 

model of a normal foot 40, which similarly consists of major bony and soft tissue 

structures. The stresses in the bones of the midfoot were investigated, and the 

navicular bone was found to be more susceptible to stress fracture than other bones 

in the midfoot because of the tensile stress in the transverse direction. 
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Clinical biomechanics of the midfoot was investigated using a comprehensive FE 

model of the entire foot and ankle complex under physiological loading conditions, 

which were obtained from 3D human motion analysis. The results could be more 

persuasive and reliable than that from over simplified models for clinical reference. 

 

3.5 Forefoot 

Hallux 

Hallux valgus is one of the most common foot disorders affecting more than 

one-third of elderly. It is associated with ligamentous laxity and hypermobility which 

exacerbate the load balance of the forefoot and is thought to be related to certain 

extrinsic factors such as high-heeled shoes and constricted footwear.  

 

The forefoot transverse deformation entails the spread and collapse of the transverse 

arch presented in hallux valgus and was investigated during landing30 and gait55. A 

whole stance phase was simulated with stiffness reduction on the ligaments to mimic 

first ray hypermobility55. The hypermobile first ray was found to increase the load at 

the metatarsocuneiform joint in the medial-lateral direction. The mediolateral joint 

force would shift the first metatarsal out of normal alignment, leading to metatarsus 

primus varus and subsequent hallux abducto valgus. A computational analysis using a 
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patient-specific first ray model56 showed that the joint force direction and deformity 

angle would be exacerbated extensively under load compared to the normal foot. Yu 

et al. 59 studied the interaction between the foot and a high-heeled shoe. The first 

metatarsophalangeal joint was found to experience higher stress with high-heeled 

shoes, which may contribute to the progression of hallux valgus.  

 

Computational models have been applied for the estimation of hallux valgus 

corrections. Chevron osteotomy was investigated using a 2D first metatarsal model 

and compared the compressive and shearing stress of the bone under a surgical 

protocol of 60- and 90-degree incision angles39. The modified 90-degree Chevron 

osteotomy could produce better union loading conditions. A load-to-failure scenario 

was simulated using 3D metatarsal models that were drilled with holes according to 

the surgical protocol of hallux valgus correction52. Inhomogeneous and isotropic 

material properties were applied. The sensitivity of position and dimension of the 

drilled holes on the principal strain was evaluated aiming to optimize the outcome of 

hallux valgus surgery.  

 

FE studies have also been adopted to investigate biomechanics of hallux rigidus26 and 

clawed hallux surgeries35. A 3D FE model of the first metatarsophalangeal joint was 



18 
 

developed and used to simulate suggested causes of hallux rigidus26 including tendon 

and fascia tightness and bone geometry mismatch. The analysis showed that fascia 

tightness produced high stress on the articular cartilage which was demonstrated as 

a possible cause of hallux rigidus. Two correction surgeries of claw hallux including 

muscle transecting and interphalangeal joint fusion were simulated and compared 

using FE models35. The surgeries were demonstrated to restore hallux alignment, 

nevertheless, in some cases resulted in high pressure in metatarsal region. 

 

Lesser Toe  

Lesser toe deformities are related to an imbalance of muscle forces. Flexor digitorum 

longus (FDL) transfer, flexor digitorum brevis (FDB) transfer, and proximal 

interphalangeal (PIP) joint fusion, which are common corrections for the 

hammer/mallet toe deformity, were investigated by 3D models from a normal 

participant 9, 10, 28. The tendon transfer surgeries were performed by moving the 

insertion of the tendon. These procedures were claimed to reduce the dorsal 

displacement of the proximal phalanx10, 28. Moreover, FDL and FDB transfer was 

found to reduce the stress of the proximal phalanx, whereas PIP fusion had a distinct 

stress profile 10. Notwithstanding, all procedures increased the stress of the second 

metatarsal, particularly PIP fusion 9. 



19 
 

 

Metatarsal 

The configuration of the metatarsal is crucial in maintaining the transverse arch27. 

The load transfer mechanism under different metatarsal configurations were 

analyzed using FE method27. This study discovered that abnormal metatarsal head 

arrangement reduced the load sharing of the first ray, which may contribute to 

metatarsalgia.  

 

The shape of the fifth metatarsal is associated with risk of stress fracture. 

Researchers have investigated the principal stresses along the site of the Jones 

fracture to postulate the vulnerable region for fracture initiation46. Furthermore, 

Brilakis et al. 12 investigated the influence of standing posture on the healing of the 

fifth metatarsal fracture at different healing stages. Their findings suggested that the 

everted and dorsiflexed standing posture produced higher strain compared with 

balanced standing, especially for a metaphyseal-diaphyseal junction fracture. 

However, there was a lack of FE analysis with regard to metatarsal trauma and its 

surgical interventions. 

 

3.6 Plantar Fascia 
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Plantar fasciitis is one of the most common foot complaints associated with heel pain. 

The high incidence rate in runners suggests that plantar fasciitis could be caused by 

repetitive micro-injury. Despite simulations of plantar fasciitis being rare, various 

studies have investigated the stress and pressure alleviation by orthotic insoles.  

 

The shapes and materials of orthotic insoles are frequently studied based on 2D and 

3D FE models. A 2D cross-section FE model along the frontal plane of the heel was 

constructed29 consisting of the insole, midsole, heel pad and bone to estimate the 

conformity. A 3D FE model of the foot and ankle33 was developed for the 

optimization of insole designs aiming to reduce the junctions stress between the 

fascia and calcaneus. The optimized insole could reduce the peak plantar pressure, 

the plantar fascia stress and strain. 

 

Plantar fasciotomy is a common procedure to treat chronic heel pain, while 

compromising midfoot stability. Total and partial fascia release were performed by 

dissecting the long plantar medially on a 3D FE model of the foot and ankle16. A 

pronounced change was found in plantar pressure distribution after 40% fascia 

release. Plantar ligamentous structure failures was simulated in a FE study57 and the 

failures were found to increase the stress of the bones and plantar ligaments, 
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accompanied by an increased passive tension on intrinsic muscles. Likewise, the 

contribution of individual plantar ligamentous structures was demonstrated by 

releasing the plantar fascia, spring ligament, and short and long plantar ligaments in 

succession50. Ligament release would impose additional tension on the rest 

ligamentous structures and lead to bone rotation and increased stress in the 

metatarsals.  

 

4. Remarks 

There is an increasing trend towards using computational modeling and simulations 

in medical advancement. The FE approach would be a versatile platform for the 

understanding of biomechanics and pathomechanics of the musculoskeletal system. 

Significant contributions are expected to address foot and ankle problems effectively 

for surgical protocols and the design of orthopedic implants and orthosis with 

adequate accuracy.  

 

Many FE models of the foot and ankle have been developed and these developments 

have no doubt helped to lay important groundwork. However, we must realize the 

complexity of foot and ankle problems and strong challenges confronted in the 

further development of accurate models for clinical applications.   
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First, comprehensive FE models representing major anatomical structures of the 

entire foot and ankle are necessary for the evaluation of interventions. The foot and 

ankle complex is a synergic structure and any local change may alter not only at the 

modified site but also in the adjacent regions, even over the entire foot. A 

geometrically detailed model may involve bones, muscles, ligaments, plantar fascia, 

other soft tissues and foot support. Attention should be paid to balance between 

accurate details and proper simplifications.  

 

Second, patient-specific FE models are strongly needed to involve individual features 

particularly with pathological conditions. Currently, it is not practical to create 

individual FE models involving all details since model establishment is time 

consuming. Most studies made use of normal participants to construct the model, or 

created a pathological model from the normal one. For foot problems with distinct 

structural deformity such as hallux valgus, using a normal foot as the representative 

model will inordinately lose the “abnormality”.  

 

Third, it is necessary to properly describe the tissue material properties, particularly 

under large deformations and dynamic situations. Linear elasticity and hyperelasticity 
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was used while viscoelasticity or poroelasticity can be used for biphasic materials 

under dynamic situations. Patient-specific material properties such as for the diabetic 

foot play an important role in the design of orthotics and are expected to be detailed 

in future.  

 

Finally, the boundary and loading conditions are direct factors contributing to model 

accuracy. Currently, boundary and loading conditions can be acquired from human 

motion analysis; however, prescribing the appropriate muscle forces remains a 

challenge. Muscle forces are currently estimated from EMG or musculoskeletal 

models. The accuracy of the estimation under different conditions requires 

verifications. Patient-specific loading profiles are lacking, especially before and after 

surgical treatment.  

 

Further attempts should aim towards applying multiscale modeling approaches to a 

comprehensive understanding of the biomechanical and biological issues of the foot 

and ankle complex with surgical treatment. For example, estimating the segment 

loading conditions can provide further information for down-scale investigations on 

the mechanism of bone fracture and remodeling. Computational models at single 

scales are provided from the body down to the microstructure, and the effects on all 
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levels should be addressed.  
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Figure legends 

Figure 1. A demonstration of current modeling technique of finite element model of 

foot and ankle. 

 




