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Abstract. Finite element analysis (FEA) is a powerful tool in biomechanics. The mechanical properties of biological tissue used
in FEA modeling are mainly from experimental data, which vary greatly and are sometimes uncertain. The purpose of this study
was to research how Young’s modulus affects the computations of a foot-ankle FEA model. A computer simulation and an in-vitro
experiment were carried out to investigate the effects of incremental Young’s modulus of bone on the stress and strain outcomes
in the computational simulation. A precise 3-dimensional finite element model was constructed based on an in-vitro specimen of
human foot and ankle. Young’s moduli were assigned as four levels of 7.3, 14.6, 21.9 and 29.2 GPa respectively. The proximal
tibia and fibula were completely limited to six degrees of freedom, and the ankle was loaded to inversion 10◦ and 20◦ through the
calcaneus. Six cadaveric foot-ankle specimens were loaded as same as the finite element model, and strain was measured at two
positions of the distal fibula. The bone stress was less affected by assignment of Young’s modulus. With increasing of Young’s
modulus, the bone strain decreased linearly. Young’s modulus of 29.2 GPa was advisable to get the satisfactory surface strain
results. In the future study, more ideal model should be constructed to represent the nonlinearity, anisotropy and inhomogeneity,
as the same time to provide reasonable outputs of the interested parameters.
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1. Introduction

Finite element analysis (FEA) has been widely
used in biomechanics [1–8]. The biological tissue and
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organs all have very complicated shapes, structures
and mechanical properties. These characters make the
application of FEA in biomechanics very challeng-
ing [9–11]. In the FEA modeling, the mechanical
properties of various biological tissues are mostly
from experimental data in published documents. These
data often vary greatly and are sometimes uncer-
tain, because the measured property has considerable
variability influenced by degeneration, gender, race,
measurer, and experimental condition.

The mechanical property allocation has potential
influences on the FEA outcomes [4]. In the foot-ankle
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biomechanics, bones are not normally distinguished
to cortical and cancellous bones. They are usually
assumed as being homogeneous, isotropous and linear
elastic. Though Young’s modulus of bone is always
assigned with 7.3 GP [6, 7], the initiator could not
provide any source of origin for this value [12]. In
most documents, the Young’s modulus of bone was
measured from 6 to 27.6 GPa [13]. The moduli from
nanoindentation experiments on human tibia were even
from 13.1 to 32.2 GPa [14]. The default value of
7.3 GPa is a bit lower for this interval.

This study aimed to research how Young’s modulus
affects the computations of a foot-ankle FEA model.
A computer simulation and an in-vitro experiment
were carried out to study the stress/strain of the caput
fibulae while ankle inversion. This condition was ana-
lyzed here because ankle inversion commonly incurred
injuries in the caput fibulae and it was a representative
question in the foot-ankle biomechanics [15, 16].

2. Materials and methods

2.1. FE modeling and analysis

The geometry of the FE model was obtained from
three-dimensional reconstruction of computer tomog-
raphy (CT) images from the right foot of a female
cadaver (age: 56 years, height: 164 cm; and body mass:
58 kg). The donor had no foot affliction, abnormalities,
trauma, or systemic disease in the ankle or/and foot.
The in-vitro foot-ankle subject showed an unforced
supination posture with an ankle plantar-flexion of 27◦
and a subtalar-joint inversion of 18◦. A HiSpeed Dual
Product scanner (General Electric, Germany) was used
to scan the cross sections of specimen with intervals of
0.625 mm.

All 700 images were segmented using MIMICS
10.01 (Materialise, Leuven, Belgium) to obtain the
boundary point clouds for all bones. The point clouds
were proceed using the inverse engineering soft-

ware Geomagic Studio 11.0 (Raindrop Geomagic
Inc., Research Triangle Park, NC, USA) to generate
groups of detailed polygonal surfaces, and to subse-
quently smooth the noisy surface data. Distal tibia
and fibula with marrow cavities were constructed with
Boolean operation. Another inverse engineering soft-
ware Rapidform XOR2 (INUS Technology, Seoul,
Korea) was applied to produce 71 surface models
of ligaments and plantar fascia according to various
anatomical positions and directions.

All geometric models of bones, ligaments and fas-
cias were imported to the FE software ABAQUS 6.11
(Simula, Providence, RI, USA), in which the FE model
was finally constructed and computed. All bone blocks
were meshed with tetrahedral elements. The Poisson’s
ratio for the bony structures was assigned as 0.3, and
the Young’s moduli were assigned as 7.3, 14.6, 21.9
and 29.2 GPa progressively for four models (Table 1).
The bone surfaces were selected to be meshed as
tetragon elements and the elements were extruded to
generate cartilage models of hexahedron elements. The
similar process was operated to produce the hexahe-
dron elements of ligaments and plantar fascia. The
thickness of ligaments and plantar fascia referred to
experimental measurements by other authors [17–19].
Geometric parameters of main ligaments in foot were
reported by Mkandawire and Ledoux [18]. Geomet-
ric and viscoelastic parameters of main ligaments in
the ankle joint were described in other documents
[18, 19, 25]. The data were compared among different
documents, and some ligaments thicknesses without
reference were selected according to the data of neigh-
boring or similar ligaments. The entire FE model was
shown as Fig. 1.

The center of ankle joint (CAJ) for the model was
calculated from the medial and lateral malleoli [26]. In
terms of the boundary conditions, the superior surfaces
of the tibia, the fibula and CAJ were fixed completely.
A tie constraint was constructed between CAJ and
the calcaneum bone. The calcaneum bone was loaded
to rotate around CAJ for inversion of 10◦ and 20◦

Table 1
Mechanical and geometric parameters of tissues for finite element modeling

Tissue Element types Young’s modulus (MPa) Poisson ratio Thickness (mm) References

Bone Tetrahedron 7,300/14,600/21,900/29,200 0.30 – [4, 13]
Ankle Articular Cartilage Hexahedron 1 0.03 1.2 [20, 21]
Foot Articular Cartilage Hexahedron 1 0.08 0.4–1.0 [22, 23]
Plantar Fascia Hexahedron 350 0.49 2.02–2.57 [17, 24]
Foot Ligament Hexahedron 260 0.49 Table 2 [4, 18]
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Fig. 1. The finite element model of foot and ankle.

respectively. The calculated outcomes included the
principal strain, the principal stress and von Mises
stress of the fibula, stress and strain of calcaneofibular
ligament (CFL) and the contact stress of the tibiotalar
and subtalar articular cartilages.

2.2. In-vitro experiment

Six fresh-frozen human cadaveric shank-foot sam-
ples (3 left laterals; and 3 right laterals) were measured.
The donors included 2 men and 4 women, with a mean
age of 50 years (range 39–67 years). Each specimen
was radiographed to ensure that no specimens had
bone defects such as previous fractures, deformities or
tumors. After shipmen of frozen specimens to us, they
were immediately placed at −20◦C until the specimen
preparation.

For each specimen, the shank was cut transversely
approximately 20 cm proximal to the ankle joint. The
skin and subcutaneous tissue were dissected free from
the lateral ankle to expose ligaments and fibula bone
surface, and the joint capsule and ligaments of the
thawed cadaver ankle were left intact. After the tis-
sue has been removed, the region is degreased with
alcohol and acetone. As shown in Fig. 2, two resis-
tance strain gauges were bonded to the caput fibulae
with cyanoacrylate in the direction along the extension
CFL. The gauges were connected to static strain indica-
tor (DH-3818, Donghuatest Corp., Jingjiang, Jiangsu,
China) with 1/4 bridge converter and common compen-
sating gauge. A temperature compensating gauge was
bonded to a fibula section cut from the same specimen.

Figure 2 also showed that the tibia and fibula residu-
als were fixed completely with a bench vice, a steel pipe
and eight trip bolts. The lateral side of the sample was
placed at the top. The sample dropped spontaneously

Fig. 2. Setup of an in-vitro specimen and fixation of strain gauges.

since the foot gravity, and presented a supination con-
dition. A material test machine (CSS-44010, CRITM,
Changchun, Jilin, China) was used to load on the cal-
caneum bone for inversion of 10◦ and 20◦ respectively.
The loading rate was 2 mm/min. Before the formal
trial, each specimen was preconditioned to inversion
10◦ for five cycles with the same loading rate.

3. Results

3.1. FEA results

The FEA computations at four levels of Young’s
modulus were listed as Table 2. Changes of the peak 1st
and the absolute 3rd principal strains of the fibula with
increase of the bone Young’s modulus were plotted
as Fig. 3. When the Young’s modulus was assigned as
29.2 GPa and the ankle joint was inversed with 20◦, the
von Mises stress around the ankle region was shown
as Fig. 4.

The stress and strain peaks of various tissues in the
computational simulation were listed Table 2. With
increasing of bone Young’s modulus, the peak von
Mises stress, 1st and absolute 3rd principal stress of
the fibula were all increased The same tendencies were
also found in the peak von Mises stress and 1st princi-
pal strain of CFL increased. However, the 1st principal
strain and absolute 3rd principal strain decreased obvi-
ously with increasing of bone Young’s modulus.

Figure 5 showed that the 1st principal strain of the
fibula had the peak at the caput fibulae. Both the posi-
tion and direction agreed well between the calculation
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Table 2
Peak stress and strain of various tissues around ankle joint in finite element analysis

Ankle inversion (◦) 10 20

Young’s Modulus of Bone (GPa) 7.3 14.6 21.9 29.2 7.3 14.6 21.9 29.2
Von Mises stress of fibula (MPa) 14.0 15.4 16.2 16.8 28.1 30.8 32.3 33.3
1st principal stress of fibula (MPa) 16.3 17.6 18.5 19.2 32.8 35.5 37.0 38.0
3rd Principal stress of fibula (MPa) −11.2 −12.7 −13.5 −9.4 −23.7 −26.8 −28.5 −29.6
1st principal strain of fibula (��) 2038 1109 773 596 4102 2221 1543 1188
3rd principal strain of fibula (��) −1595 −873 −609 −470 −3293 −1807 −1260 −972
Von Mises stress of CFL (MPa) 22.8 24.1 24.8 25.2 45.1 47.6 48.9 49.8
1st principal strain of CFL (m�) 87 92 95 97 173 183 188 191
Contact stress of Tibio cartilage 0 0 0 0 112 212 249 164

tibiotalar joint (KPa) Talar cartilage 0 0 0 0 134 267 271 186
Contact stress of Talar cartilage 0 0 0 0 0 0 6.2 19.9

subtalar joint (KPa) Calcaneus cartilage 0 0 0 0 0 0 6.6 20.5

Fig. 3. Changes of the peak 1st and absolute 3rd principal strain with
increasing of bone Young’s modulus.

Fig. 4. Distribution of von Mises stress around ankle while 20◦
inversion (EBone = 29.2 GPa).

and experimental measurement. While ankle inversion
of 20◦, the contact stress of the tibiotalar joint increased
with increasing of bone Young’s modulus. When the
Young’s modulus was assigned as 29.2 GPa, the con-
tact stress of the tibiotalar joint decreased greatly.

3.2. Experimental measurement

The strains measured with two gauges were listed
as Table 3. Compared to the posterior gauge, the ante-
rior one captured larger strain mean value. However,
paired t-test found no significant difference between
two gauges. Compared to the ankle inversion of 10◦,
inversion of 20◦ produced significant larger strain in
both gauges.

4. Discussion

Many FE models have been constructed based on
CT or magnetic resonance imaging (MRI). Radiation
damage is universally acknowledged as the main disad-
vantage for CT scan. The abuse of CT-scan on healthy
subject even disobeys the ethical standards in some
countries. MRI provides fewer details of bony struc-
tures compared to CT scan. In this study, CT scan
was applied on a cadaveric sample to provide detailed
boney features and also to avoid radiation damage
for healthy subject. Another consideration is that both
computer simulation and experiment used the dead
samples. This could avoid the deviations associated
with differences between living and dead organisms.

The FEA computation is certainly affected by
the material parameters of involved tissues [4]. In
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(a) (b)

Fig. 5. Distribution vectorgrams of (a) 1st and (b) 3rd principal strain in the distal fibula.

Table 3
Measurements of two strain gauges in the in-vitro experiment (��)

Ankle Inversion Posterior Anterior

10◦ 134 ± 87 180 ± 89
20◦ 275 ± 188 304 ± 192

foot-ankle biomechanics, the cortical and trabecular
bones were customarily treated as being homogeneous.
Factually, they certainly differ in the mechanical prop-
erty and structure. A review of the bone properties
found that more recent experiment measured larger
Young’s moduli of bones. The pristine experiment usu-
ally carried out bulk testing on the entire bone or
polished standard sample, which made the measured
Young’s modulus more comprehensive apparent prop-
erty of the specimen [27]. New technologies have been
used to measure the bone properties in the micro- and
nano-structural level for recent years [11]. These mea-
surements considered less influences of the structure
and usually got larger Young’s moduli of bones than
traditional rough methods.

The marrow cavity has not been distinguished from
the intact bone in previous FEA studies of foot and
ankle [1–9]. In this predicament, it is understandable
to assign the apparent Young’s modulus of bone. The

present study improved the FE model with discrim-
ination of marrow cavity and substantia ossea. The
Young’s modulus must be increased in the substan-
tia ossea to compensate the stress invalid of the cavity.
Therefore, a higher Young’s modulus is advised for the
FE modeling in the present study.

Stress parameters have been more focused in biome-
chanics, because larger stress normally means the
greater risk in acute disorganization or long-term
pathological changes. The stress computation is less
determined by the Young’s moduli of hard tissues [4],
but has more close relation with its geometric structure.
However, strain is always directly measured to take the
place of stress in experiments. These two parameters,
stress and strain are dependent on each other and also
different. In FEA study, the strain computation is more
determined by the assignment of Young’s moduli of
involved tissues. If the strain of bone surface was the
only concern, the Young’s modulus should be assigned
greatly as far as possible, because the modulus is larger
in the surface cortical bone. If homogeneous property
was assumed, the stress distribution output would be
less changed by the Young’s modulus.

FEA has always been questioned for what extent it
can represent the simulated real world. It is necessary
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to validate the model before a FEA report is repre-
sented [9]. Two approaches to validate a FE model
are experimental validation and model-model valida-
tion respectively. The experiments used to validate FE
model include in-vivo experiment [2], in-vitro exper-
iment [3, 6, 9], or both of them [1]. If an experiment
is unavailable for certain study, instead other validated
models can also be used as the standard [5].

The results showed great individual variation. The
surface strain of the experimental measurement was
smaller than the corresponding 1st principal strain
peak in FEA. Though they are in the same order of
magnitude, the differences are still considerable. The-
oretically, the 1st principal strain peak is only in one
point, and is highly larger than the strains in the periph-
eral zone. While the experimental strain measures the
mean strain in certain direction and region, which
depended on the gauge position and size. The 1st prin-
cipal strain is the maximum strain of one point in all
directions. Its certain direction is hard to be predicted
before computation. Though the directions were sim-
ilar between the strain gauges and the computed 1st
principal strain, a tiny angular variation was unavoid-
able in the experiment. This deviation may greatly
influent the experimental strain value. Therefore, the
strain difference between in-vitro experiment and FEA
is understandable in the present study.

There were some limitations of this study. The
function of muscles was not considered in both the
computational simulation and in-vitro experiment.
Although this would not influent the conclusion, this
must be explained when these methods were applied to
deal with other problems. We advise a higher Young’s
modulus (29.2 GPa) used in this study to provide a sat-
isfactory stress and strain outputs. However, this was
still not the perfectly factual condition. In the future
study, more ideal model should be constructed to rep-
resent the nonlinearity, anisotropy and inhomogeneity,
as the same time to provide reasonable outputs of the
interested parameters.

5. Conclusion

The Young’s modulus of bone is always assigned
with 7.3 GPa in Foot and ankle biomechanics. The
assignation of this variable has seldom influence on the
stress outputs in the computations. Using the compu-
tational simulation and in-vitro experiment, this study
advised 4 times of the traditional Young’s modulus to

get the satisfactory surface strain. The in-vitro experi-
ment is a convenient means to get the real measurement
of the surface strain, but more valuable information
must be provided with FEA. The 29.2 GPa was in the
scope of measured modulus of bones and could be
accepted by the researchers.
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