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Abstract

The objective of this study is to evaluate the applicability of the finite element method to analyze pressure distribution in the healthy
human foot. Images of a foot were captured using computed tomography and converted into a three-dimensional model, which was
adjusted with the aid of CAD software. The model was imported into Abaqus software for finite element analysis, considering the di-
fferent regions of the foot. Observations of displacement, stresses, and pressure distribution demonstrated a biomechanical behavior
of the foot consistent with that reported in the existing literature, regarding the regions of peak plantar pressure. These findings de-
monstrate the feasibility of evaluating the physical and mechanical behavior of the human foot using the finite element method, and

can serve as a reference for the study and manufacture of orthotic appliances, prosthetic devices, and insoles.

Level of Evidence V; Prognostic Studies; Expert Opinion.
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Introduction

Diabetic neuropathy (DN) is a complication that affects
about 50% of patients with diabetes mellitus. It manifests
chiefly as loss of sensation®. In the presence of DN, bone
microfractures occur, disrupting the plantar arch, changing
the points of support and facilitating loss of skin continuity.
Secondary infections are compounded by an associated mi-
croangiopathic ischemic state®. It is estimated that, by the
year 2025, approximately 333 million people will have been
diagnosed with diabetes worldwide®%. This socioeconomic
impact highlights the need to assess risk factors for the de-
velopment of lower-limb ulcers and amputations in patients
with diabetes and consequently, the study of pressure over-
load on the diabetic foot®.

Pressure distribution in the diabetic foot is usually measu-
red through pressure sensors applied to the patient. However,
such devices are limited to foot pressure distribution and do
not reveal the internal influences between bones and soft
tissue. An alternative approach is the finite element method
(FEM), which would allow one to model and simulate the human
foot by predicting the distribution of plantar pressure during

use of different shoes, insoles, and orthotic appliances, thus
facilitating the manufacture of custom devices for each speci-
fic patient. Furthermore, the FEM can also predict the internal
forces and deformations of the bones and soft tissues of the
foot®. The present study builds on the work of two groups:
Antunes et al. (2007) and Cheung and Zhang (2006)®.

Methods

Computed tomography scans (slice thickness 0.5mm) of
the right ankle and foot of a healthy female volunteer (age
26 years, weight 56kg) with anatomically normal feet were
obtained. The captured images were reconstructed as 3D
surfaces (STL format) using InVesalius® v.3.1 software. Sepa-
ration masks were used to isolate the anatomical structures
of the foot into 31 bones and 1 soft-tissue volume (represen-
ting the entire foot). Magics® software was used for geometric
fine-tuning and smoothing of the STL triangle mesh. The ad-
justed STL model was then transformed into STEP format®.
Three-dimensional modeling and geometric treatment were
performed in the Solidworks® software environment. Briefly,
a model was created from the bone structure filled with car-
tilage (Figure 1A).
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This bone-and-cartilage model was then subtracted from
the overall foot model to obtain a hollow soft-tissue model,
i.e., consisting of skin, fat, and muscle alone. These made up
the whole study model (Figure 1B, 1C and 1D).

A finite element model (FEM) was created in Abaqus® 6.14-5
software for further simulation, based on the distribution
of contact pressures between the ground and the foot. Tie
and surface-to-surface constraints were created for each
bone-cartilage pair in the FEM model. This type of constraint
links the nodes of the master surface to the slave surface,
transmitting forces from part to part. In this case, the surfa-
ces of the bone-cartilage set were defined as the master and
the internal surfaces of the soft tissue as the slave. The foot-
to-ground interface was defined through a pair of surface-
to-surface interactions which allowed sliding, with the upper
surface of the ground as the master and the lower sole of the
foot as the s/ave. This allows the generation of a contact
pressure field on the plantar surface area. A coefficient of
friction of 0.6 was defined for the tangential behavior of the
contact, while an Augmented Lagrange constraint method
was used for the normal behavior of the contact.

The materials used in the model were considered isotropic,
homogeneous, and linear-elastic, except for the soft tissue,
which was set as hyperelastic due to its characteristic nonli-
near elastic behavior. The ground was set as a non-deformable
rigid material. The plantar fascia was divided into five axes,
represented by truss elements with a cross-sectional area
of 58.6mm®@. To account for the key function of the plantar
fascia (stabilizing the longitudinal arch of the foot and sustai-
ning high stress levels during weight bearing), the behavior
of the truss element was defined as non-compressible. The
nominal properties of the materials were obtained from the
literature (Table 1). The nonlinear mechanical behavior of the
soft tissue was defined by a hyperelastic model, based on
a second-order polynomial strain energy function. The para-
meters were obtained from Antunes et al. (2007)¢.

Figure 1. A. Modeling and attachment of cartilage elements for

bone support; B. Full 3D model; C. Finite-element mesh model.
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To generate the mesh, 3D-tetrahedral elements were defi-
ned. Linear formulations were used, except for the soft tissue,
which used a hybrid formulation instead to ensures the
near-incompressible constraint of the nonlinear elastic beha-
vior of the material. All structures, element types, and for-
mulations were based on the work of Antunes et al. (2007)™
and Cheung and Zhang (2006)® (Table 2). The size of the
mesh element was refined on the plantar surface, on the car-
tilage surfaces in contact with the bone surface, and on the
inner soft tissue surface in contact with the bone-cartilage
joint. The complete model consists of 680,689 mesh elements.

The load on the posterior face of the calcaneus bone was
simulated using five vectors with vertical forces of positive
magnitude in the Y-direction®. As the volunteer in the pre-
sent case had a body mass of 54 kg, the weight on each foot
was 270 N and the force applied on the tendon was 135 N.
Thus, a load of 27 N was uniformly applied to each vector and
the weight on each foot (270 N) was applied vertically below
the support in the positive Y-direction.

The 270-N force represents the reaction of the person’s
weight, and could only be applied after rendering the upper
surfaces of the soft tissue, tibia, and fibula fixed. In addition, a
kinematic constraint was defined so as to allow the ground to
move only in the positive vertical direction (Y axis), without
any possibility of rotational motion.

Results and Discussion

Displacement was measured by calculating the difference
in positions of the nodes before and after application of for-
ces in the model. Figures 2A and 2B show the displacements
identified along the Y axis. The peak displacements were

Table 1. Mechanical properties attributed to the study elements

Modulus of Poisson’s a q

Element . . gy Cross-section [mm?
elasticity [MPa] ratio ()

Bone 7,300 0.3 -
Cartilage 10 0.4 -
Soft tissue Hyperelastic - -
Plantar fascia 350 0.4 58.6
Ground 210,000 0.3 -

*MPa: megapascal / **v - / ***mm?2 square millimeter

Table 2. Element, type of element, and formulation

Element Type of element Formulation
Bone 3D-tetrahedron Linear
Cartilage 3D-tetrahedron Linear
Soft tissue 3D-tetrahedron Linear, hybrid
Plantar fascia 1D-truss Linear
Floor (Ground) 3D-hexahedron Linear




-0.875mm in the dark blue region and +4 to +5mm in the
area of the metatarsals and phalanges. This is a result of the
weight reaction force applied to the foot support (positive
Y-direction) exceeding the Achilles tendon force (applied to
the upper surface of the calcaneus, positive Y-direction) and
the forces applied to the model being displaced away from
the fixed surfaces (tibia, fibula, and soft tissue). Thus, the
weight reaction force deforms the less rigid regions (soft
tissue) and displaces the more rigid structures (bones)
upwards. As the bony structure of the foot is rigid and the
cross-sectional surfaces are fixed, the foot then pivots, cau-
sing downward displacement of the bones of the hindfoot
(calcaneus, talus). This is also demonstrated by the decrease in
displacement from the region of the phalanges to the region of
the fibula and tibia, exhibiting a “relief displacement” pattern.

Figures 2C and 2D show that the interactions and constraints
between bone and cartilage have been correctly established.
In the bone structure as a whole, peak stress levels of 2 to
4MPa (200 to 400N/cm?) are seen in the metatarsals, talus,
calcaneus, tibia, and fibula. High peak stresses, e.g., 15.21 MPa
(1521IN/cm?), are also seen at the attachments of the plantar
fascia; this is related to tensioning of the truss element.

Regarding plantar pressure distribution, that of the propo-
sed model was consistent with the findings of Hamill et al.
(2016)™, The greatest pressure is seen the heel, followed by
the tuberosity of the fifth metatarsal; pressure is then distri-
buted across the heads of the metatarsals, being highest at
the first metatarsal, followed by the second and third meta-
tarsals. Furthermore, the “footprint” (i.e., the pressure distri-
bution of the simulated foot) was similar to a flat map obtai-
ned by scanning a rigid PU foam cast of the volunteer’s foot
(Figures 3A and 3B).

Considering the findings of Cheung and Zhang (2006)®
and Antunes et al. (2007)™, our results are similar with res-

Figure 2. Distribution of displacements identified in the simula-

tion: A, soft tissue; B, bone tissue; C and D, internal Von Mises
stress distribution (MPa).
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pect to the distribution of higher and lower pressures, with
the exception of the pressure identified on the head of the
fourth metatarsal, which was lower in the proposed model.
The models described in the literature also showed more lo-
calized pressures on the heads of the metatarsals, while in the
present model pressure was distributed more evenly.

The flatness of the foot surface studied herein (as captu-
red by computed tomography) resulted in this more uniform
distribution, unlike in models described in the previous lite-
rature, which had peak pressure points at the “center” of the
heel. Regarding the presence of pressure points in the distal
phalanges, the proposed model resembles that of Antunes
et al. (2007)?, rather than Cheung and Zhang (2006)®. This
may be due to center of pressure (COP) considerations.

The results obtained were compared with those of baropo-
dometry. In the proposed model, the Achilles tendon force
was not calculated; instead, we used the parameter reported
by Hamill et al. (2016)™. The position of the center of pres-
sure was obtained as shown in Figures 3C and 3D. Confron-
tation of the calculated COP against baropodometry shows
that the Achilles tendon force does not correspond to 50%
of the weight-bearing force in each foot. This is due to the
fact that the COP was located elsewhere. Indeed, the physical
therapist who performed baropodometry noted that the vo-
lunteer had genu recurvatum. The examination showed that
peak pressure was exerted on the heel (- 14.73N/cm?2). There
were no localized pressures on the heads of the metatarsals,
only a large area of distributed pressure corresponding to the
forefoot, with a peak pressure of 2.72N/cm2.

Finally, the difference in Achilles tendon forces may be due
to the fact that Cheung and Zhang (2006)® modeled more
than 100 ligaments to connect the bones (thus allowing the
possibility of slight slippage between the bones) instead of
geometrically generating cartilages to connect the bones (tie
constraint), as was done in the present model.

D 1502 glen?

Figure 3. A and B, simulated model versus flat map of plantar
surface; C and D, comparison between simulated model and ba-
ropodometry findings.
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The clinical use of pressure distribution analysis through a
finite element computational model, especially in patients
with diabetic foot, should allow development of customized
insoles by homogeneous weighting of foot pressure dis-
tribution, thus eliminating points of excessive stress at the
foot-footwear-ground interface and helping prevent ulcers,
infections, and amputations. The same technology can be
offered to patients who have undergone partial amputations
of the foot, redistributing stump pressures and avoiding fur-
ther amputations.

Conclusion

Finite element analysis provides a feasible, reproducible manner
of reproducing the biomechanical behavior of healthy feet.
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