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ABSTRACT
Background: Objective of the study was to generate an experimental foundation for the clinical application of
extraosseous talotarsal stabilization (EOTTS) in treatment of flexible flatfeet in children by investigating the
biomechanical characteristics of flexible flatfoot and the effects of EOTTS on hindfoot biomechanics.
Methods: Three-dimensional finite element models of the foot and ankle complex were generated from computer
tomography images of a volunteer’s left foot in three states: normal, flexible flatfoot, and post-EOTTS. After validation
by X-ray, simulated loads were applied to the three models in a neutral position with both feet standing.
Results: In the flexible flatfoot model, the contact stress on the subtalar joint increased and contact areas decreased,
resulting in abnormal stress distribution compared to the normal model. However, following treatment of the foot with
EOTTS, these parameters returned to close to normal. Subtalar joint instability leads to a flexible flat foot. Based on
this study, it is proposed that EOTTS can restore the normal function of the subtalar joint in and is an effective treatment
for flexible flatfoot in children. We and many clinical data studies provide evidence for sinus tarsi implants in pediatric
patients. It is showed that the formation of flexible flatfoot is induced by subtalar joint instability.
Conclusions: Because of the EOTTS provides the best biomechanical solution to subtalar joint instability, the EOTTS
became an effective form for subtalar joint instability treatment.
Keywords: Subtalar joint, Flatfoot, Finite element analysis, Biomechanical phenomena, Extraosseous talotarsal
stabilization, Sinus tarsi stent/implant

INTRODUCTION
A flatfoot is the result of a combination of deformities.
Specifically, the primary deformity is the talar instability.
Study has been demonstrated that medial displacement
calcaneal osteotomy has little to no impact on talar
realignment.1 Other studies show that the deformity of
calcaneus being in the valgus position, which also results
in the talus having a medial plantar tilt that leads to a
reduction in or absence of the longitudinal arch.2 Flatfoot
can be categorized as being either flexible or rigid and the
method of treatment depends on this designation. When

non-weight-bearing, a flexible flatfoot has a normal
architecture and excessive midtarsal and talotarsal joint
pronation with clear collapse of the medial arch during
both static and dynamic weight-bearing.3,4 While the
majority of cases of flexible flatfoot in children remain
asymptomatic, those cases that are symptomatic need to be
treated with either conservative or surgical approaches.5,6
There is no overall consensus on the optimal method of
treatment. However, there is a consensus on a stable
hindfoot being critical to foot, ankle, and proximal
musculoskeletal chain biomechanics.7,8 Since the recovery
for osseous reconstructive surgeries is prolonged, subtalar
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arthroereisis is recommended due to the subtalar joint
alignment being restored. It is suggested an implant be
positioned in the tarsal sinus, but there is no consensus on
issues related to biomechanical changes in the hindfoot
and proximal musculoskeletal structures.

Yat-sen Memorial Hospital in 2015. This volunteer was 12
years old, was 152 cm tall, and had a body mass of 40 kg.
She did not have any bone, ligament, cartilage, vascular,
or nerve injuries or infection of foot joints based on
physical and radiological examinations.

Extraosseous talotarsal stabilization (EOTTS) is a special
type of talotarsal arthroereisis. A representative
extraosseous talotarsal stabilizer, HyProCure has been the
most widely used device for EOTTS. Graham et al
consider EOTTS to be applicable in flexible flatfoot with
talotarsal partial dislocation with rigid flatfoot being a
contraindication for EOTTS.9 EOTTS is preferred for
flexible flatfoot because it stabilizes the axis of the subtalar
joint motion and, thus, restores the normal biomechanics
of the hindfoot and allows patients to quickly perform
weight-bearing activities. Recently, there has been a
gradual rise in the use of EOTTS with HyProCure to treat
flexible flatfoot in children in the clinic because the
method is convenient, minimally invasive, and results in a
good prognosis with fewer complications.10

She also had no foot deformity, abnormal gait, foot injury,
tumors, or surgical history. Examination of the left foot
revealed no pathologic features and, thus, was evaluated
using radiographs and magnetic resonance imaging.
Cross-sectional computed tomography (CT) images were
obtained at 0.6 mm intervals in a plane 20 cm above the
ankle traveling down to the sole of the foot.

After flexible flatfoot has been treated by EOTTS, an
improvement in deformity, pain, instability, and other
symptoms in children is often observed.11 This raises the
question of how HyProCure implantation causes
biomechanical changes of the subtalar joint and whether
EOTTS can restore the stability of the subtalar joint. At
present, studies on the curative effect of EOTTS have been
mostly clinical evaluations and have not been verified by
fundamental experimental studies.10,12,13 Currently, there is
no robust biomechanical evidence available to support
EOTTS as an optimal approach for distributing subtalar
joint stress. Traditional research methods have failed to
characterize the mechanism underlying force transmission
in the interior of the subtalar joint. For example, cadaveric
specimens often display notable individual differences and
do not have physiologic function.14
Finite element (FE) analysis has been widely used in the
field of medical science.15,16 In particular, the threedimensional (3D) FE method enables sensitive, effective,
and reproducible mechanical analysis and can be used to
characterize contact stress and evaluate facet stress
distribution.9
The present study aimed to assess the influence of EOTTS
using HyProCure stent positioned in the tarsal sinus on
interior stress distribution in the subtalar joint. An
understanding of the stress distribution within the subtalar
joint could aid in better understanding the biomechanical
behavior of the hindfoot.

A geometrically accurate FE model was generated by
performing a 3D reconstruction of the obtained CT images
of a female volunteer’s left foot and ankle in a neutral
unloaded position. This volunteer had not experienced
previous trauma and had no other abnormalities when
examined by radiograph. Next, 64-slice spiral CT scans
were obtained as described above. The data were saved in
digital imaging and communications in medicine
(DICOM) format. Prior to evaluation by radiography and
CT scan, the volunteer provided informed consent.
Numerical approach
The original DICOM format images were obtained by
scanning the child’s left foot using a 64-slice spiral CT,
imported into Mimics software, and manually segmented
to extract the target tissue. From this, a 3D geometric
model of the subtalar joint was generated through the
threshold segmentation and corresponding deletions
performed according to the different gray values. Every
bone was fit with highly accurate boundary surfaces using
several techniques, both manual and automated, available
in Mimics (Materialise, Leuven, Belgium). The 3D
structures of the subtalar joint talus, calcaneus, and
navicular were reconstructed using thresholding
segmentation and region-growing tools.
Subsequently, the resulting data were exported in the point
cloud file format and transferred into SolidWorks 2009
(SolidWorks Corporation, Concord, MA, USA).
Geometric models were then created and the talotarsal
complex, including the tibia, talus, fibula, calcaneus, and
navicular, was constructed. The threshold operation was
used to distinguish between bones and soft tissues, the
resulting bone information was extracted, and a geometric
3D foot model was created from this extracted bone
information and output as STL files.
FE models of a normal foot, flexible flatfoot, and postEOTTS foot

METHODS
Data collection
This study was approved by the institutional review board
of Sun Yat-sen Memorial Hospital. This is a pre-clinical
study that collected 1 volunteer who was treated at Sun

The geometric model was exported as an STL file and then
imported into the reverse-engineering software Geomagic
studio to smooth the fitting surface, eliminate noise from
the model, and process point cloud information. The
resulting files were output as an IGES file from which an

International Journal of Research in Orthopaedics | January-February 2022 | Vol 8 | Issue 1

Page 6

Cheng X et al. Int J Res Orthop. 2022 Jan;8(1):5-13

entity suture model was generated using UG software by
curve reconstruction with rapid form. To create an FE
model of the entire foot, the resulting data were imported
into the Simulation module, which allowed for 3D
contacts, springs, torques, and forces to be applied. In
addition, the IGES entity model was imported into the FE
software Abaqus (version 12.0, professional version;
Simulia, Providence, RI), as well as HyperWorks FE
analysis processing software, where grid division was
performed and material parameters and specific load set
up. From this, a 3D FE model of a child's normal foot
containing the talus, calcaneus, navicular bone, ligaments,
tendons, and articular cartilage was output. There is a
complete set of model adjustment and optimization
procedures, mainly based on the position and angle of the
X-ray bone, as shown in Figure 1. Based on the normal
foot FE model, adjustments were made to the talus to
adduction, the calcaneus to abduction, and the forefoot to
pronation, while the fibula and tibia were fixed. The angles
of adjustment were determined according to the X-ray
images of the flexible flatfoot before surgery. A complete
model of flexible flatfoot was created by assembling
according to the original anatomic relationship.
An implant geometric model was established in Abaqus
(Simulia) using the HyProCure parameter for clinical
insertion in the tarsal sinus. According to the angles of the
flexible flatfoot determined by X-ray images obtained
after surgery, the HyProCure device and subtalar joint
were assembled to adjust the model. In the 3D FE model,
the stent insertion was performed under the following
basic conditions. For this device type, the medially
threaded cylindrical portion was positioned within the
canalis of the tarsal sinus. The HyProCure device had a
final position within the central half of the tarsal sinus, i.e.
the center of this device (point of transition from the
cylindrical to the conical aspect) ran along the longitudinal
talar bisection line. Furthermore, the device was oriented
along the natural alignment of the tarsal sinus, i.e. in an
anterior-lateral-distal
to
posterior-medial-proximal
manner. The geometric model of the complex was then
imported into HyperWorks FE analysis processing
software and a grid generated and assigned before
processing, which lead to the output of a post-EOTTS 3D
FE model. In this model, both the bone and stent were
considered linear elastic materials.

Material parameters
In the simulation module, a new static example was
generated based on the assembly. The parameters were
selected according to the cortical and trabecular elasticity.
Bony structures and stent were simulated for the isotropic
linear elastic material, where the material properties of the
bone and stent were determined based on the literature.17
Specifically, the bone elastic modulus was considered 73
MPa, the Poisson ratio 0.3, the stent of the elastic modulus
200000 MPa, and Poisson's ratio 0.3. The bony structures
were idealized as isotropic, homogeneous, and linearly
elastic. The stent and talar contact friction coefficient was
0.4, the calcaneus and stent contact friction coefficient was
0.4, and the friction coefficient was 0.01 to establish
contact with the articular surface. The structure of the bone
and cartilage was modeled as an isotropic linear elastic
material using nonlinear uniaxial ligament as a connecting
unit to simulate the properties of tension and no
compression. Bone, articular cartilage, ligament, and
HyProCure were regarded as continuous, homogeneous,
and isotropic linear elastic materials. The material
attributes in these models are listed in Table 1. All the
models in the neutral position were loaded by longitudinal
forces to simulate body weight using the method of static
loading. All the models were validated by X-ray.
Boundary and loading conditions
Loadings at neutral position of a single foot standing were
simulated in all models. Here, the central points of the
upper tibia and fibula were fixed with the remaining bones
left free to move. To simulate standing and balancing on
one foot while bearing a body mass of 40 kg, a vertical
force of 400 N was applied to the upper tibia.
Observed indicators
We observed the stress distribution, stress concentration
area, joint contact area, contact stress, and Von-Mises
stress of the anterior, middle, and posterior articular
surfaces of the subtalar joint and the talonavicular articular
surfaces in the static state of weight-bearing. After all the
experimental results were exported, the biomechanical
changes in the three models were compared.

Table 1: Material attributes in the models.
Materials
Bone
Cartilage
Ligament
HyProCure
Sole
Floor

Elastic modulus (MPa)
7300
1
260
103400
0.15
17000

Poisson's ratio
0.3
0.4
0.4
0.35
0.45
0.1

Bulk modulus (MPa)
6083.3
1.6667
433.33
114890
0.5
7083.3

Shear modulus (MPa)
2807.7
0.35714
92.857
38296
0.05172
7727.3
Continued.
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Figure 1: Model adjustment and optimization procedures. Based on the basic foot model and design parameter,
data will import into finite element software. Then finite element will simulate and load. The angles of adjustment
were determined according to the X-ray images of the flexible flatfoot before surgery. A complete model of flexible
flatfoot was output.
RESULTS

Validation of models

Establishment of models

The models were validated based on plantar contact area,
plantar stress distribution, peak stress, and bone positions
in radiographs of the volunteer’s foot. The normal foot,
flexible flatfoot, and post-EOTTS foot models were
similar to the entities and those previously described in the
literature.18-21 After applying boundary conditions and
loads, the model's stress-strain results were compared with
the results in the literature to verify the model's validity.1821
The experimental results are similar to those in most
studies (including cadaver model, in-body study and finite
element model), indicating that this experimental model is
relatively reliable.

Based on 3D CT scan data of a normal child’s foot, we
established the 3D FE model. Based on this model, we
made adjustments according to the flatfoot and then
simulated HyProCure implanting, thus establishing a 3D
FE model of a post-EOTTS foot. A 3D FE model of a
normal foot in children, including the bone, articular
cartilage, main ligaments, and sole was generated with
1568634 nodes, 861755 units, and good geometric
similarity (Figure 2a and b).
The FE model of the flexible flatfoot was based on the FE
model of the normal foot, where the talus was adjusted to
adduction, calcaneus to abduction, and forefoot to
pronation and the fibula and tibia immobilized. This model
contained 1611755 nodes and 883124 units (Figure 2c and
d). The post-EOTTS foot model was established using
Abaqus (Simulia) and HyProCure parameters for clinical
insertion into the tarsal sinus. According to the angles of
the flexible flatfoot in the X-ray images taken after
surgery, the HyProCure device was assembled and the
subtalar joint adjusted in the model. The resulting postEOTTS foot model included 1684487 nodes and 916316
units (Figure 2e and f).

Biomechanical analysis/effects of EOTTS
All three models were imported into the FE analysis
software, where load was applied in the neutral position to
simulate the loading state of the human body and stress
analysis of the subtalar joint was conducted. The stress
distribution, stress increasing zone, joint contact area,
contact stress, and von-Mises stress in the flexible flatfoot
model in a weight-bearing stance were significantly
different from in the model of the normal foot. The
experimental results for the post-EOTTS model were
similar to that of the model of a normal foot. The
biomechanical values from the models of the flexible
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flatfoot, post-EOTTS foot, and intact subtalar joint were
compared.

concentration was diminished and the stress distribution
normal in the post- EOTTS foot model.
As shown in Table 3 and Figure 4, von-Mises equivalent
stress was analyzed. The contact stress of the joint is
complex and, therefore, the maximum principal stress and
von-Mises equivalent stress should be comprehensively
investigated. Compared to the normal foot model, the vonMises equivalent stress on the subtalar and talonavicular
joints were overloaded in the flatfoot model. However, the
von-Mises equivalent stress was close to normal in the
post-EOTTS foot model. Compared to the normal foot
model, the von-Mises equivalent stress on the subtalar and
talonavicular joints tended to be concentrated in the
flatfoot model during weight conditions. The distribution
of the contact stress was abnormal. However, the vonMises equivalent stress concentration was diminished and
the stress distribution was close to normal in the postEOTTS foot model. These trends displayed by the vonMises equivalent stress were similar to those displayed by
the maximum principal stress. Both of these types of stress
reflect changing trends in contact stress distribution.

Figure 2: Constructed normal, flexible and postEOTTS foot of 3D FE models (a) entity model of
preprocessing generates, (b) complete foot
construction (including bone and soft tissue), (c) entity
model of preprocessing generates, (d) output 3D finite
element flexible foot model, (e) the entity post-EOTTS
foot model of preprocessing generates, (f) output 3D
finite element post-EOTTS foot model.
The maximum principal stress at each joint surface, which
reflects the size and direction of contact stress, is shown in
Table 2. The stress distribution diagram of the model is
shown in the Figure 3. The maximum principal stress
increased from the normal foot to the flatfoot and then
decreased after EOTTS treatment of the subtalar and
talonavicular joints. The maximum principal stress and
local contact stress on the subtalar and talonavicular joints
were too high in the flatfoot model. Compared to the
normal foot model, the maximum principal stress on the
subtalar and talonavicular joints tended to be concentrated
during weight status, the main stress area was transferred,
and the distribution of the contact stress was abnormal in
the flatfoot model. However, the maximum principal stress

The contact areas of the articular surfaces in the talus and
calcaneus are described in Table 4. Compared to the
normal foot model, the contact areas of the articular
surfaces of the subtalar and talonavicular joints were
smaller in the flatfoot model and recovered to normal
levels in the EOTTS simulation model. The decreases in
the subtalar and talonavicular joint articular surface
contact areas in the flatfoot model are mainly reflective of
the mid-astragalus and rear-astragalus talonavicular
articular. These recovered to normal in the post-EOTTS
foot.
As shown in Table 5, the bone coordinates were analyzed.
The variation tendency of each bone on the x-, y-, and zaxes differed between models. In the flat-footed model, the
coordinates of astragalus on the x- and z-axes and
calcaneus on the z-axis decreased. The coordinates of the
calcaneus on the x-axis, navicular on the x- and z-axes, and
cuboid on the x- and z-axes increased. However, there
were no significant differences in the sitting values of the
talus, calcaneal, navicular, and cuboid on the y-axis. This
indicates the talus shows inward and downward
displacement, calcaneal shows outward and downward
displacement, and cuboid shows outwards and upwards
displacement. The variation tendency of each bone on the
x-, y-, and z-axes recovered to normal in the post-EOTTS
model.

Table 2: Maximum principal stress of articular surface (MPa).
Paramet
-ers
Normal
Flatfoot
EOTTS

Astragalus joint surface
AnteriorMidastragalus astragalus
0.39
0.79
0.22
0.99
0.31
0.78

Rearastragalus
1.13
1.45
1.2

Talonavicular
0.39
0.64
0.41

Calcaneal joint surface
AnteriorMidcalcaneal
calcaneal
0.35
0.22
0.31
0.6
0.38
0.32

Rearcalcaneal
0.53
0.74
0.51

Calcaneocuboid
1.37
0.87
1.49
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Table 3: Von-Mises stress of articular surfaces (MPa).
Paramet
-ers
Normal
Flatfoot
EOTTS

Astragalus joint surface
AnteriorMidastragalus astragalus
0.57
0.86
0.48
1.29
0.56
1

Rearastragalus
1.29
1.65
1.34

Talonavicular
0.61
0.85
0.65

Calcaneal joint surface
Anterior- Midcalcaneal
calcaneal
0.57
0.21
0.51
1.57
0.53
0.45

Rearcalcaneal
0.6
1.22
0.8

Calcaneocuboid
1.91
1.24
1.99

Rearcalcaneal
394.2
311.2
382.7

Calcaneocuboid
233.9
306.9
225.4

Table 4: Contact area of articular surface (mm2).
Paramet
-ers
Normal
Flatfoot
EOTTS

Astragalus joint surface
AnteriorMidastragalus astragalus
55.4
107.8
61.5
79.2
55.8
95.6

Rearastragalus
380.6
327.5
374.1

Talonavicular
356.6
304.6
342.9

Calcaneal joint surface
Anterior- Midcalcaneal
calcaneal
56.3
117.5
53.7
83.6
54.6
101.5

Figure 3: Cloud chart of maximum principal stress of each joint surface; top row are the (A) normal, (B) flatfoot,
(C) EOTTS of anterior-astragalus; bottom row are the (D) normal, (E) flatfoot, and (F) EOTTS of rear-astragalus.

Figure 4: Cloud chart of the equivalent stress of von-Misesin each joint surface; top row are the (A) normal, (B)
flatfoot, and (C) EOTTS of talonavicular; and bottom row are the (D) normal, (E) flatfoot, and (F) EOTTS of midastragalus.
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Table 5: Coordinates of bones (mm).

Parameters
Normal
Flatfoot
EOTTS

Astragalus
XYaxis
axis
6.45
2.24
3.75
2.81
6.32
2.45

Zaxis
11.64
8.23
10.87

Calcaneus
XYaxis
axis
2.07
2.43
7.88
2.84
2.8
2.62

DISCUSSION
The methods most commonly used to evaluate the effects
of EOTTS are human motion analyses, follow-up
investigations, and cadaveric experiments.14,22,23 Gait
analysis is the most frequently employed method used to
examine human motion to assess surgical outcomes and
rehabilitation.23 FE analysis is effective for characterizing
postoperative biomechanical changes and provides direct
guidelines when assessing surgical options.24 In 1972,
Brekelmans et al introduced FE analysis into the medical
field as a first group.25 Now FE analysis has become
widely used in orthopedic biomechanics research to
analyze changes in internal stress, strain on bones, joints,
and implants, contact area, and stress distribution.26 This
method is a feasible alternative to other available
experimental methods and generates realistic simulations
of in vivo conditions.27 Computational analysis renders
insight into contact pressure, distribution of internal stress,
and deformation of individual subjects under load despite
the presence of complex geometries and material
properties.28-30 Therefore, FE analysis could be employed
to inform surgical decisions when treating various injuries
to the foot and ankle. Recently, FE analysis has become
widely used for biomechanical assessments of the foot and
ankle due to its sophisticated computation and unique
ability to include load and material properties.29
Along these lines, the 3D FE method is useful for
analyzing the biomechanical characteristics of the subtalar
joint.31 In the present study, we established a 3D FE model
of a normal human talus and characterized the structures
around it using CT image sequences, which allowed an
accurate simulation of the talus and surrounding
anatomical structures. All three models in the present
study originated from one volunteer’s CT images, which
reduces individual differences in the flexible flatfoot. An
ideal model of flexible flatfoot in children must include the
essential characteristics since most cases of flexible
flatfoot are similar to each other. There is a broad
consensus that simulations from normal volunteers to
establish models of pathology are more acceptable than
models from the diseased foot itself.18 Such models could
help better understand the biomechanical behavior of the
flexible flatfoot and its surgical treatment. We calculated
and assessed the changes in contact stress on the subtalar
joint before and after EOTTS using 3D FE modeling. The
purpose of this study was to provide a theoretical basis for
the clinical application of EOTTS for treating flexible
flatfoot in children.

Zaxis
5.23
2.24
4.75

Navicular
XYaxis
axis
1.31
1.17
2.07
1.12
1.42
1.16

Zaxis
3.1
4.6
3.63

Cuboid
Xaxis
3.52
7.23
4.19

Yaxis
0.87
0.98
0.92

Zaxis
2.83
4.2
2.68

The major finding of this study was that flexible flatfoot is
attributed to subtalar joint instability, and shows that the
stresses are more concentrated, increased local stress,
abnormal stress distribution and abnormal movement of
subtalar joint. The talus was partially dislocated from the
calcaneus in the posterior to medial aspect during loading.
Furthermore, partial dislocation was also associated with
loading at the foot and ankle, which should be clinically
recognized. In ideal treatments of flexible flatfoot,
implants should both stabilize the subtalar joint and
facilitate physiologic relative motion; EOTTS may allow
achievement of this goal.32 Traditional surgeries require
immobilization for a relatively long period, which can
negatively impact functional recovery of the foot.
Therefore, stent can mechanically stabilize the hindfoot
and allow activity in the early stage.33 There has been
debate about device removal. Since the overall goal of
treatment is to restore functioning of the joint, we propose
the devices do not need to be removed until the bony
structure reaches maturity.
Despite the valuable results obtained in the present study,
there are some limitations inherent to modeling due to
simplifications of several factors. First, it is difficult to
determine typical values for mechanical characterization
of materials when assessing human tissues. Second,
experimental studies about the subtalar joint have been
scarce and provide little data that can be used in our FE
models.34 Third, because many nonlinear problems are
involved in modeling and calculation, the convergence of
results can also be hard to control. This results in bones
being considered homogeneous, isotropic, and linearly
elastic. Articular cartilage deformation was overlooked
due to bones being considered rigid and cartilage function
was incorporated into the model by neglecting friction.
These limitations, as well as others, such as simplification
of stent geometry and model grid parameters, must be
taken into account before directly translating these data
into the clinic.35
Another limitation of this study was that the foot and ankle
remained in a static standing position, despite foot and
ankle motion being a dynamic process. Therefore, we will
next study the dynamic flatfoot motion period. Individual
differences in this study may have impacted the results.
This study analyzed the effects of flexible flatfoot and
EOTTS on subtalar joint stability based on interior stress
changes, but other factors that affect the subtalar joint
stability should be considered in practice. It is a relatively
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simplified loading method with some differences between
the model results and actual situation.
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