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INTRODUCTION  

The human foot is an immensely complex structure com-
prising numerous bones, muscles, ligaments and synovial 
joints. As the only body component in contact with the 
ground, it plays multiple crucial roles in attenuating ground 
impacts, supporting against gravity, maintaining locomotor 
stability and generating propulsive power during locomotion 
[1-3]. Over recent decades, a large number of experimental 
and computer simulation/mathematical modeling studies 
have been conducted to investigate the locomotor functions 
of the human foot complex [4,5]. Of the mathematical mod-
eling approaches for analyzing biomechanical foot functions, 
the finite element (FE) analysis has the advantage to assess 
the loading conditions within the foot musculoskeletal struc-
ture during locomotion [5]. It provides valuable stress and 
strain distribution knowledge of foot bones and soft tissues, 
which are not measurable in vivo. Many FE foot models 
have been developed recently based on different assumptions 
and simplifications to address different medical or scientific 
questions [6-11]. The musculoskeletal structures in most of 
the current FE foot models have been oversimplified or the 
muscle actions were totally neglected [5-8] due to the high 
degree of complexity of the human foot musculoskeletal 
system. This limits the potential application of the FE foot 
model to medical diagnosis and clinical decision making. 

 
The objective of this study is to develop a novel 3D FE 

human foot model with more detailed subject-specific repre-
sentation of all major musculoskeletal structures, which can 
be used to investigate the delicate interactions and responses 
inside of the foot musculoskeletal complex. 
 
METHODS 
The skeletal geometry of the foot FE model was recon-
structed from medical CT images (Lightspeed16, General 
Electric Company, Fairfield, U.S.A), which were obtained by 
scanning the right foot of a healthy male subject  (age: 27 
yrs, weight: 75kg; no history of lower limb injury or foot 
abnormalities) with a 1.5 mm slice interval. To accurately 
locate the origins of some ankle plantiflexor muscles, femur 
and shank bones are also constructed. Based on the foot 
skeletal model, a total number of 85 foot ligaments including 
plantar fascia were integrated into the model. In this study, 
twelve major muscle groups around talocrural, subtalar and 
metatarsal-phanlangeal joints were constructed (see Figure 
1). The musculoskeletal geometries of these twelve muscle 
groups were determined according to the MRI images and 
the 3D human anatomy software (Interactive Foot and Ankle 
2.0 (Primal Picture Ltd. U.K) (see Table 1 for detailed in-
formation). The muscles were constructed by considering the 
mechanical properties of the realistic muscles. This includes 
both contractibility (ability to contract) and extensibility (the 
ability to be stretched). The muscle forces can not only be 

transmitted via linear path, but can also be transferred 
through curved path in 3D.  

 

 
Figure 1: The FE foot model (consisting of 29 bones, 85 
ligaments, 12 muscle groups and foot plantar soft tissue) 

 
The constructed FE foot musculoskeletal model was then 
used to investigate the foot mechanics in the mid-stance 
phase during level walking. Muscle forces and ankle joint 
forces acting on talus bone derived from reference [5,12] 
were used as inputs. A simulation time period of 2.4 ms was 
used and the vertical component of ground reaction force 
was set to be 516N based on the gait measurement data, 
which is very close to the one (511N) used in previous study 
[5]. The simulation was conducted using ABAQUS/Explicit 
module in ABAQUS (Simulia, Providence, U.S.A) software 
package, and segmental inertia properties, contact mechanics 
and frictional properties were all considered. A rigid fixed 
plate was used to simulate the ground support, and the foot-
ground interface was defined as contact surfaces with fric-
tional coefficient of 0.6 [8, 9], while the joint surfaces and 
the interfaces between bones and foot plantar were all de-
fined frictionless contact. The mesh of bones, soft tissue and 
ligaments were determined by a converging analysis. To save 
computation cost, femur and shank bones were defined as 
rigid parts in the simulation. The material properties of all 
structures included in the model were taken from literatures 
[8,10,11]. To validate the FE model, a one- meter-long  
 

Table 1: 12 muscles constructed in the foot model 
 
Number Muscle Identity Number Muscle Identity 

1 Gastrocnemius 
medial 7 Tibialis anterior 

2 Gastrocnemius 
lateral 8 Extensor digitorum 

longus 

3 Soleus 9 Fibularis tertius（
peroneus） 

4 Flexor digitorum 
longus 10 Extensor hallucis 

longus 

5 Flexor hallucis 
longus 11 Fibularis longus 

6 Tibialis posterior 12 Fibularis brevis 
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pressure plate (RSscan, Belgium) was also used to record the 
foot pressure distributions at 250Hz during waking of the 
same subject. 
 
RESULTS AND DISCUSSION 
Some preliminary results were obtained from the mid-stance 
simulation using the foot FE musculoskeletal model. Figure 
2 depicts the predicted plantar surface pressure distribution 
pattern, which showed good agreement with the pressure 
plate record. In the mid-stance phase, the predicted peak 
pressures were found in heel area (0.21MPa), and the region 
under 1st-5th metatarsal bone (0.16MPa). For measurement, 
they are 0.12MPa, 0.05MPa, respectively. This discrepancy 
may be mainly due to the assumption that the foot plantar 
material property is linearly elastic, homogeneous and iso-
tropic. The linearly elastic material may overestimate the 
actual soft tissue stiffness compared to the real nonlinearly 
viscoelastic material [8], hence leads to increased plantar 
pressures. 
 

 
Figure 2: Plantar surface pressure distribution pattern (a: FE 

predicted; b: pressure plate measurement) 
 

 
 
Figure 3: Von Mises stress distribution on metatarsal bones 

  
During loading period, it is found that the peak von Mises 
stress firstly appeared in the lateral side of the 1st metatarsal 
and middle dorsal side of 2nd metatarsal bone, about 5.7MPa 
and 4.0MPa respectively (Figure 3). The pattern may be 
reasonable in that the ankle joint force is transmitted mainly 
from rear foot to fore foot through talonavicular joint and 
cuneonavicular joint in the mid-stance and consequently the 
1st-3rd metatarsal bones may sustain more loadings, which is 
also supported by the results of Gefen et al. [5]. Figure 4 and  
 

 
 

Figure 4: Plantar fascia extension 

Figure 5 show the extensions of foot plantar fascia and deep 
transverse metatarsal ligaments during simulation. This is 
expected as the foot arch tends to flatten during the mid-
stance phase. The plantar fascia was stretched to transfer the 
tensile stress to calcaneus and metatarsal heads; five 
branches of plantar fascia have different extensions depend-
ing on loading transfer condition. As shown in Figure 4, the 
first and second branches have the largest extensions, about 
1.9 mm and 1.8 mm respectively, which supports our conjec-
ture that the first two metatarsal bones sustain more forefoot 
force in the mid-stance phase. 
 

 
Figure 5: The displacements of deep transverse metatarsal 

ligaments 
 
Four deep transverse metatarsal ligament groups also expe-
rienced extension. This may be explained by the foot inver-
sion and supination motions in the mid-stance phase during 
walking. 
 
CONCLUSIONS  
A novel three-dimensional FE musculoskeletal model of the 
human foot complex with more detailed subject-specific 
representation of all major anatomical structures was devel-
oped in this study, which showed reasonably good agreement 
with gait measurement data. Our future work involves the 
extension of the current FE foot model to a fully muscle-
driven dynamic FE musculoskeletal model and also the in-
vestigation into the foot dynamics and structural responses 
during different motor activities. 
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