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A good knowledge of midfoot biomechanics is important in understanding the biomechanics of the entire foot, but it has never 
been investigated thoroughly in the literature. This study carried out in vitro experiments and finite element analysis to inves-
tigate the midfoot biomechanics. A foot-ankle finite element model simulating the mid-stance phase of the normal gait was 
developed and the model validated in in vitro experimental tests. Experiments used seven in vitro samples of fresh human ca-
davers. The simulation found that the first principal stress peaks of all midfoot bones occurred at the navicular bone and that 
the tensile force of the spring ligament was greater than that of any other ligament. The experiments showed that the longitu-
dinal strain acting on the medial cuneiform bone was 26.2±10.8 -strain, and the navicular strain was 240.0±169.1 -strain 
along the longitudinal direction and 65.1±25.8 µ-strain along the transverse direction. The anatomical position and the spring 
ligament both result in higher shear stress in the navicular bone. The load from the ankle joint to five branches of the forefoot 
is redistributed among the cuneiforms and cuboid bones. Further studies on the mechanism of loading redistribution will be 
helpful in understanding the biomechanics of the entire foot. 
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The human foot can be divided into three parts from the 
posterior to the anterior: the rearfoot (hindfoot), midfoot 
and forefoot. Many acute traumas, stress fractures, chronic 
diseases, deformiies and instability problems associated 
with biomechanics occur in the rearfoot or forefoot region 
[17]. During static standing or motion, the rearfoot and 
forefoot directly contact the ground and their biomechanics 
has been thoroughly researched. [57]. Two recent experi-
ments showed that the rearfoot and forefoot support about 

80%90% of body weight while standing [5,6].  
The midfoot includes the cuboid (Cu), navicular (Na), 

medial (C1), intermediate (C2) and lateral cuneiform (C3) 
bones, and surrounding soft tissues. Relatively few studies 
have focused on the biomechanics of the midfoot [8]. Inju-
ries of the midfoot are relatively rare, but they are subtle 
and can lead to long-term morbidity if missed [9,10]. In the 
midfoot, injuries mainly occur to the Na bone and not to the 
four other bones [10]. 

The foot has both longitudinal and transverse arches. 
Scientists have deeply and widely investigated the biome-
chanical and clinical significances of the medial and lateral 
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longitudinal arches [11]. Nevertheless, there is very limited 
knowledge on how the load is distributed and how the me-
chanical information is split between two longitudinal arch-
es. The midfoot is the only connection of the two longitudi-
nal arches after they bifurcate at the heel and before they 
re-diverge from each other at five metatarsal (MT) branches. 
The midfoot may play a vital role in the loading change 
between the two longitudinal arches, but nobody knows 
how the biomechanical function acts during stance. 

The finite element method (FEM) is a powerful tech-
nique that reconstructs strain, stress, and deformation using 
a numerical model. It has been applied in biomechanics 
since the 1970s. Currently, the technological development 
of both hardware and software supports solutions with so-
phisticated models or algorithms [4,7,1115]. The present 
study carried out finite element analysis and in vitro exper-
iments to investigate the biomechanical response of midfoot 
bones during the stance phase of normal gait.  

1  Materials and methods 

1.1  Finite element modeling 

A male adult with no foot pathology or trauma history was 
selected. For preparation of a three-dimensional FE model, 
foot-ankle-shank complex data were obtained from com-
puter tomography scans at 0.625-mm intervals in the un-
loaded neutral foot position along the transverse plane. To 
reconstruct the geometries of bones and the skin surface, the 
scanned images were processed with MIMICS 12.0 soft-
ware. Solid models for each bone and the whole foot sur-
face were created from boundary surfaces with Geomagic 
Studio 9 software. All solid models were then imported and 
assembled in ANSYS 11.0 (ANSYS Inc., USA) for FE 
meshing and analysis. 

The FE model consisted of the distal tibia and fibula and 
28 foot bones: the talus, calcaneus, Na, C1, C2, C3, Cu, five 
MTs, 14 phalanges and two sesamoid bones. As shown in 
Figure 1, all bones were embedded in a volume of encapsu-
lated bulk soft tissue. All phalanges in each ray were con-
nected together. The interactions among articulated bones 
were defined as contacting elastic bodies to allow relative 
bone movement. Except for the ligaments around phalanges, 
all ligaments and plantar fasciae were modeled with ten- 
sion-only link elements. Bones and soft-tissue structures  

were all meshed with quadratic tetrahedral elements, while 
the articular cartilages were modeled extracting the corre-
sponding bone surface elements. 

The material properties of all tissues were assigned ac-
cording to previous simulations or experimental reports 
[2,12–14,16–21]. Bones and cartilages were idealized as 
being homogeneous, isotropic, and linearly elastic. The 
Young’s modulus and Poisson ratio of bones were chosen 
as 7.3 GPa and 0.3 respectively [2,16–18]. According to 
experimental measurements, the ankle joint and inter-foot 
joints had different material properties and cartilages thick-
nesses. Table 1 summarizes all the above-mentioned data 
and references. 

Siegler et al. [20] reported the tensile mechanical proper-
ties of the collateral ligaments of the ankle joint. The 
Young’s modulus of tibiofibular interosseous membrane 
was estimated according to the ultimate tensile stress and 
strain at rupture [21]. The Young’s moduli were selected as 
260 MPa for other inter-foot ligaments and 350 MPa for the 
plantar fascia [12]. The cross-section area (CSA) of the 
plantar fascia was calculated according to the thickness 
measurement measured by Pavan et al. [22]. Mkandawire et 
al. [23] measured and established a morphometric spectrum 
of CSAs for the foot and ankle ligaments. In the case that 
the ligaments were neither included in this spectrum nor 
measured by Siegler et al. [20], CSAs were selected ac-
cording to neighboring or analogical ligaments. The encap-
sulated soft tissue of the FE model was defined as being 
hyperelastic and was described by the Mooney-Rivlin re-
duced polynomial model [24].  

1.2  Finite element analysis  

The stance phase accounts for 60% of the normal gait cycle. 
The foot is loaded mainly in this phase because it is free 
from body weight loading in the swinging phase. The stance 
phase is divided into five sub-phases: heel strike, foot flat, 
mid-stance, heel off and toe off. This study simulated the 
mid-stance phase because the FE model was constructed in 
the neutral position, the most representative for evaluating 
gait biomechanics. 

The mid-stance phase occurs when the swinging limb 
just passes the stance limb. During this time, the stance limb 
becomes almost vertical and provides single-limb support, 
as the other limb freely swings forward. The dorsiflexors  

 

 

Figure 1  Finite element of the foot-ankle complex. A, The complete model. B, Element meshing of bones and ligaments. C, Perspective line drawing of 
the model. 
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are inactive and plantar flexors eccentrically contract to 
control the rate at which the swinging limb moves past the 
stance foot. During the stance phase, the vertical ground 
reaction force is approximately the body weight [25]. 
Therefore, in the simulation, the plantar surface was re-
strained with a rigid plate in the vertical direction, and a 
vertical loading was distributed on the tibia sections. Con-
sidering the force of the Achilles tendon, the resultant force 
should be equal to the body weight of 700 N. 

The triceps surae muscle has one major long-duration 
phase of activity throughout the stance phase. The forces are 
loaded on the posterior part of the calcaneal through the 
Achilles tendon [25]. Lin et al. [26] reported the muscle 
force exerted by the triceps surae. The data, provided with 
curves by Lin et al. [26], were normalized to the body 
weight and re-computed as Achilles tendon forces of 700 N 
for the mid-stance phase in the preset study. This value is 
identical to that calculated by Cheung & Zhang [14] using 
another method. 

The simulation calculated stresses and strains of the 
midfoot bones, and the ligament forces. This research used 
the first and third principal stresses, because they represent 
the maximum tensile and maximum compressive stresses in 
the direction of principal stress, respectively. Force and 
pressure were also computed at various joints of the midfoot. 
The application of pressure sensitive films has demonstrated 
the possibility of investigating the articulating surface loads 
of the tibiotalar [27], subtalar [2830], talonavicular [29], 
calcaneocuboid [29,31], tarsometatarsal [32] and metatar-
sophalangeal joints [33]. Although Ward & Soames [34] 
measured the contact patterns at the intercuneiform, cu-
neonavicular, cuneocuboid, and cubonavicular joints by 
injecting colored dyes, they obtained only data for the con-
tact areas and not pressures data of these joints. It is impos-
sible to measure all articulations with films because the 
gaps of some articulations are too small to insert the films. 

This study also analyzed the stress distributed on the articu-
lar surfaces between C1 through C3 and Cu. 

1.3  In vitro experiment  

Seven fresh human cadaveric foot-shank complex speci-
mens were tested. Specimens were radiographed to exclud 
the osseous pathology of preexisting disease or trauma. The 
specimens were amputated at the mid-tibia level. Skin and 
muscles of legs were stripped from 5 cm above ankle joints, 
while the ankle ligaments and Achilles tendons were left 
intact. The Achilles tendons were sutured using the 
Krackow technique and the suture silks were loaded with a 
standard weight of 70 kg through a pulley.  

The tibia shafts were fixed to a material testing machine. 
A vertical load of 700 N with loading rate of 2 mm min1 
was applied in 10 cycles. Each specimen was treated in ad-
vance with 10-cycles of preconditioning before the formal 
trial, to account for viscoelastic properties. The output strain 
was obtained once the specimen was stable. 

Strain gauges were used to measure the surface strains of 
Na and C1. Figure 2 shows that the strains of Na were 
measured along longitudinal and transverse directions. The 
strain of C1 was only measured along the longitudinal di-
rection. Before installing the strain gauges, the bone was 
dried with anhydrous alcohol and degreased with acetone. A 
temperature compensated gauge was installed to a fibula 
section of the same specimen for each trail.  

2  Results 

2.1  Principal stress of finite element analysis 

Figure 3 shows the von Mises stress peaks and the first and 
third principal stresses of midfoot bones. The concentrations 
of three stresses of Na all occurred at the insertion point of  

 

 

Figure 2  In vitro experiment on foot biomechanics. A, Laboratory scene. B, Schematic diagram of the positions and directions of strain gages. 
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Figure 3  Stress results of the midfoot bones. A, First principal stress. B, Third principal stress. C, von Mises stress. 

the spring ligament, and the absolute third principal stress 
concentration also occurred at the articular surfaces of the 
talonavicular and cuneonavicular joints. 

The von Mises stress peaks were higher for Na, C3, and 
C2 than for C1 and Cu. Among all midfoot bones, Na had 
the highest peak of first principal stress, but the lowest peak 
absolute of third principal stress. The peak of first principal 
stress for the other four bones decreased in the order: 
C3>C2>Cu>C1. The peak absolute of third principal stress 
for the above-mentioned four bones ranged from 9.79 to 
11.2 MPa. 

The von Mises peaks and the first and third stresses of 
C1 were all concentrated at the first intercuneiform articular 
surface. The von Mises stress and the first principal stress 
concentration of C2 occurred at the second intercuneiform 
articular surface. Moreover, the absolute third principal 
stress concentration occurred between the cuneonavicular 
and the C2 and C3 joints. All stress peaks of C3 were 
mainly distributed on the cuneocuboid articular surface. All 
stress peaks of Cu were mainly distributed on the cuneocu-
boid articular surface and at the insertion point of the cune-
ocuboid ligament. 

The spring ligament, short plantar ligament and plantar 
cuneocuboid ligament had stronger tensile forces of 82, 49 
and 27 N respectively. Most other ligaments within the 
midfoot, especially the dorsal ligaments, maintained relax 
and produced less tensile force. 

2.2  Experimental measurements of strain 

The in vitro experiments revealed that C1 produced com-
pressive strain of 26.2±10.8 µ-strain along the longitudinal 
direction. Na produced compressive strain of 240.0±169.1 
µ-strain along the longitudinal direction, and tensile strain 
of 65.1±25.8 µ-strain along the transverse direction. 

3  Discussion 

FE analysis carried out by Cheung et al. [12], simulating 
normal standing with two legs, calculated von Mises stress 
peaks of 1.47, 0.63, 1.42, 2.22, and 1.58 MPa respectively 
for Na, C1, C2, C3 and Cu. These computations could be 

considered reference values for this research, although 
bearing in mind that the values will be higher in the case of 
standing on a single leg. Thus, considering the different 
loading conditions and individual variations, the differences 
were understandable and acceptable.  

The von Mises stress peaks were larger for Na and C3 
than for C1, C2, and Cu, although the differences were very 
small. This did not provide relevant information to allow 
more accurate injury prediction. The absolute third principal 
stress peak was significantly lower for Na than for other 
bones. Moreover, the first principal stress peak was highest 
for Na among all midfoot bones. Therefore, the greater von 
Mises stress for Na was more related to the first principal 
stress than the third principal stress. The tensile strength of 
long cancellous bone is only about 70% of the compressive 
strength [35,36]. This means that the cancellous bone is 
more likely to be damaged by tensile stress than by com-
pressive stress. This feature explains why Na faces greater 
fracture risk than other bones under similar or even less von 
Mises stress, according to the results obtained in this study 
and the study of Cheung et al. [12]. 

The in vitro experiments revealed a great difference in 
strain measurements between Na and C1 bones. The strain 
gauge could only give local strain information, and the 
measurement greatly depended on the gauge size, position, 
and direction. Thus, the experiments could not absolutely 
demonstrate that there was greater strain for Na than for C1. 
However, tests showed that both bones were compressed 
along the longitudinal direction and Na was stretched in the 
transverse direction. Na is located between the talus and C1, 
C2 and C3 and articulates with them via the talonavicular 
and cuneonavicular joints. This circumstance of unidirec-
tional compression provides tensile strain in the transverse 
direction. The wide articular surfaces promote tensile strain 
extending thorough the narrow transverse strap. This may 
contribute to the sensitivity of Na to stress fracture under 
cyclic loading. 

Bones C1 through C3 have similar stress amplitudes and 
distributions. They all are articulated with Na upstream and 
with MTs downstream. The loading from Na to MTs is al-
located and regulated trough C1, C2 and C3. If one of the 
cuneiforms carries markedly greater or smaller loading than 
the other cuneiforms, the load can be redistributed among 
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the bones. This mechanism protects cuneiforms from high 
stress and potential injury; however, this process at the cu-
neonavicular joint deteriorates the biomechanical environ-
ment of Na. The three bearing regions work as a bending 
moment producing more complex tensile or shear stress on 
the bone that can damage Na during load regulation. 

The FE simulation also showed that the higher stresses of 
Na were largely due to spring ligament. The analysis 
demonstrated the important effect of spring ligament on the 
foot structure. Cheung et al. [13] found that the force loaded 
on the spring ligament was 50 N for a twofoot balanced 
landing. The present study revealed a force of 82 N during a 
singlefoot stance phase. 

The concentrations of principal stress were mainly lo-
cated on the articular surfaces of intercuneiform and cune-
ocuboid joints. Previous biomechanical studies focused 
more on the cuneonavicular, calcaneocuboid, and tarsomet-
atarsal joints in the longitudinal direction, because they 
transfer the loading from the ankle to the forefoot. However, 
the loading transfer mechanism in the transverse direction is 
also important. 

Compared with the medial sides, both C2 and C3 had 
greater stress peaks on the lateral articular surfaces. These 
two bones were also subject to greater stresses than C1 and 
Cu. Figure 4 shows that the loading should be transferred 
from C2 to C1 and from C3 to Cu. Like a stream, the load-
ing passes from a higher to lower stress region, and from the 
midstream to the brinks. The mechanism is always reflected 
as the abduction of four bones to different degrees. Com-
pared with the lateral longitudinal column, the medial col-
umn is more efficient in transferring the load from the ankle 
joint to the forefoot. The loading re-distribution communi-
cates the force stream between two longitudinal arches, and 
compensates the deficit of the lateral column.  

The force transfer within the midfoot makes C1, C2, C3 
and Cu concordant in the loading bearing. Force transfer 
can effectively reduce higher stress on a certain bone or 
certain location, and greatly influences injury risks in the  

 

 

Figure 4  Load re-distribution among cuneiform and cuboid bones.  

midfoot. Moreover, the cross-sections of C1, C2, C3, and 
Cu in the sagittal plane were mainly filled with osseous tis-
sue. Therefore, as the stiffest section, the synergetic four 
bones can avoid injuries. The mechanism of load 
re-distribution mechanism within the midfoot also balances 
the load on the forefoot; this affect the stress and even inju-
ry risks of the forefoot tissues. 

In conclusion, the stress fracture of the midfoot generally 
occurs at the Na mainly because of tensile stress in the 
transverse direction. The anatomical position and spring 
ligament are both important to the biomechanical environ-
ment of Na. The load from the ankle joint to five branches 
of the forefoot is redistributed among C1, C2, C3 and Cu. 
Further studies on the mechanism of the load redistribution 
will be helpful in understanding the biomechanics of the 
entire foot. 
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