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ABSTRACT

Thanks to the rapid development of orthopedic technology, many types of orthopedics have been
created to help patients with disabilities. Orthopedic ankle-foot surgery (AFO) is one of the most
common prescriptions for orthopedic lower extremities. In the past, there have been some ex-
perimental studies but not fully addressed analytically. This study begins with the modeling and
prediction of the non-linear behavior of AFOs non-joint plastic. Large strain effects and non-linear
materials are included in the formulation and their influence on results assessed. AFO has two im-
portant factors: rotational stiffness and fatigue life, which have not been widely studied. In this
study, the Newton-Raphson method is used to investigate the non-linear behavior of plastic ankle
insoles (AFOs) through finite element modeling; the results are compared with the reference study
to clarify. Since then, the finite element method will be applied to all models to determine the rela-
tionship between AFO trimline position and rotational stiffness for moderate and large rotation in
plantar flexion and dorsiflexion. The results of stiffness rotation suggested that stiffness analysis of
the orthotropic is effective as the help for the doctor in prescribing patients. In the fatigue analysis,
the structure is assumed that used in the range of repetitive loads, the S-N curve of the Polypropy-
lene material was used to the definition of material. The number of steps is investigated to define
the life cycles of the orthotropic through the variation thickness to find the optimum thickness to
meet the fatigue strength. Through careful consideration and specification of key modeling param-
eters, the finite element method is a reliable and efficient alternative for analyzing the non-linear
behavior and fatigue life of AFO designs, as simulation and empirical results are nearly possible.
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INTRODUCTION

AN ankle-foot orthopedic device (AFO) is a widely
used orthopedic device for patients with various mus-
cles and joint weakness and instability in the lower ex-
tremities . The range requirements for AFO bidirec-
tional flexion resistance vary according to the medi-
cal state, for example, for patients with stroke 2, mus-
cular diseases?, or for diseases are children. Over
the last 30 years, AFO research has been conducted
to investigate the stiffness qualities of standard AFO
designs>~’. The use of computers facilitates the de-
sign of AFOs with advantages such as design flexibil-
ity, production speed, quality consistency, and stan-

8 Darwich? evaluated two methods to

dardization
the AFO problem, one traditional and one utilizing
computer tools, and the findings revealed that the use
of computer tools had more advantages. Combining
simulation with experimentation in computer-aided
bioengineering gives the benefit of freedom in choos-
ing shape and materials, but it needs values to be an-
ticipated in the process; the simulation must be es-
tablished consistently. The model considered in this

study is described in Figure 1. Several evaluations of
plastic AFOs were carried out using the tried and true
finite element method (FEM) %712, Various designs
of AFO have also been evaluated by Surmen '® based
on FEM.

Most of the previous reviews have assumed that the
behavior of the structure is linear. This implies that
large strains and non-linear material effects are ig-
nored. When the load range of polypropylene exceeds
a certain point, however, it becomes a non-linear ma-
terial. Polypropylene materials have advantages, such
as durability and a shown ability to construct ortho-
pedic devices better than metal rods!. Still, it is dif-
ficult to anticipate their mechanical behavior under

real-world settings 4. Experiments 714

provide clear
evidence for the AFO’s geometric and physically non-
linear behavior.

This research focuses on constructing an AFO model
and analyzing the non-linear behavior of materials
with a large deformation effect under static load. FEM
analysis is first performed on a single model, a 40
percent trimline AFO design, to assess the impact
of geometrical and material nonlinearities. This is
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followed by systematic simulation of AFO samples
with variable cutouts to predict AFO stiffness. And
finally, AFO is analyzed in terms of fatigue to find
out an optimization thickness. Finite element analysis
was performed on ANSYS software, academic version
2021RI1.

Figure 1: AFO Model

BASIC OF THEORIES

Non-linear Static Analysis

In the finite element method, the applied load on the
system is approximated by a system of forces placed
at the nodes of the element (external force). Similarly,
the stress components of the system can be replaced
by a system of forces located at the nodes of the ele-
ment (internal force). According to the principle of
balance, these two force systems must be equal. How-
ever, in the iteration steps of the non-linear analysis
problem, the difference between these two force sys-
tems always exists and decreases as the number of it-
erations increases. When this difference is less than a
specified value, the problem converges. In the prob-
lem of non-linear materials, the Newton-Raphson it-
erative method is employed. It approximates non-
linear problems to linear problems by breaking down
the load into increasing load steps. The stiffness ma-
trix K will be re-generated after each load step because
of the change in stiffness due to the effect of the strain.
This iterative process can be briefly described as equa-
tion (1) 1°:

K(qi)qi =F (qi) (1)
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where: K(q;): tangent stiffness matrix of load step i
q;: deformation of load step i
F(q;): force of load step i

Fatigue Analysis

Fatigue Analysis is the structural analysis of the fail-
ure tendency of systems when they are subjected to
cyclical loads. Fatigue is the progressive and localized
structural damage that happens when a test model
is subjected to cyclic loading. Continued cycling
of high-stress concentrations may eventually cause a
crack that propagates and leads to failure.

In this study, fatigue analysis is performed by using
the Stress-Life (S-N) or S-N method. An S-N curve
usually characterizes materials fatigue performance,
also referred as a Wohler curve. This is often plotted
with the cyclic stress (S) against the cycles to failure
(N) on a logarithmic scale. S-N curves are derived
from tests on samples of the test model to be charac-
terized (often called coupons or specimens). Daily si-
nusoidal stress is applied by a testing machine, counts
the number of cycles to failure. In the presence of
gentle stress superimposed on the cyclic loading, the
Goodman relation (Equation (2)) is often utilized to
estimate a failure condition. It plots stress amplitude
against mean stress with the fatigue limit and the ma-
terial’s ultimate tensile strength as the two extremes.
Alternative failure criteria include Gerber and Soder-
berg are described in Figure 2.6
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Figure 2: Some Failure Criteria
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Figure 3: a) Surface of Leg b) Trimline

SIMULATION
Model

The coordinates of several points located on the sur-
face of a normal human right lower limb are mea-
sured from the drawings of the lateral and anterior
profiles of the limb as well as the cross-section of the
foot. These points are distributed around the circum-
ference of several cross-sections through the calf to
the foot>. The surface area of the leg is constructed
by using the surface tool that passes through closed
curves of the sections, as shown in Figure 3a.

The trimline is combined from straight segments and
arcs in the two-dimensional plane of the leg as shown
in Figure 3b. A set of parameters has been chosen to
determine the position of the points. Accepted values
for trimline in this study are a =260 mm, b= 110 mm,
c=80mm,d=e=f=g =30 mm (Figure 4a)>. The
distance from the heel to the origin in the vertical di-
rection is 83 mm, and in the horizontal direction is 55
mm. The cutting surface is created by extending the
cut line in the z-direction. The model is divided into
smaller areas that facilitate the imposition of applied
loads and boundary constraints.

Shell181 element is selected in this paper to model
AFO. The displacement and stress results converge
with the mesh level, including 2792 nodes and 2705
elements. It is assumed that the AFO has a constant
thickness of 2 mm throughout the analysis. Figure 4b
shows the model after meshing.

Material

In this study, Polypropylene (PP) material was chosen
because it is used mostly for AFO orthopedic materi-
als and has outstanding properties regarding high me-
chanical strength, non-toxicity in contact with skin.

Figure 4: a) Parameter of Trimline b) Mesh Model

The Poisson coefficient of the selected material is
0.35°. The stress-strain curve is referenced from the
article® with the elastic modulus E of 1390 MPa (Fig-
ure 5).

Stress-Strain Curve of PP

E = 1360 MPa

Stress [MPa]

0 10 20 30 40 50 60
Strain [¢-3]

Figure 5: Stress-Strain of Polypropylene

Boundary Condition and Load

One constraint is applied to the calf region to limit ra-
dially displacement caused by the calf strap. A cylin-
drical coordinate system is created with the z-axis co-
incident with the direction of the tibia, the y-radial
direction is the calf circumference, and the x-radial
direction is the direction centered on the z-axis. The
AFO is therefore only allowed to both rotary and slide
up or down the z-axis. Next, constraints are applied
on the heel region representing a foot-AFO-heel in-
teraction, for , the tightness between shoe the AFO
and the biomechanical properties that consider the
heel to rotate around the ankle walk. Therefore, these
nodes are constrained in the radial direction by a
cylindrical coordinate system with the origin at the
ankle center (Figure 6). The lateral and medial is also
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Figure 6: Boundary Condition and Coordinate Sys-
tem

assumed not to move to the sides (the z-direction of
the heel cylinder coordinate system), which is thought
to be caused by the compression of the shoe; hence, it
is also avoids buckling of the plate that significantly
affects the rotational stiffness of the structure during
dorsiflexion or plantar flexion. A pressure of 8.65 kPa
is applied to the area at the distal foot of the AFO for
dorsiflexion and plantar flexion. This value is derived
from the average force exerted on rotation during a
gait cycle .

Results of Static Analysis

The results of stress, displacement, and rotation are
presented in Table 1. The stress concentration area
is the inner surface of the ankle region. The maxi-
mum stress value of the analytical is 16.8 MPa which
is larger than the yield point (12MPa), so it will cause
residual strain after unloading, but this value has not
yet exceeded the tensile strength value of PP is 35
MPa 8. It can be seen that without the large deforma-
tion effect, both stress and displacement results are the
same for both directions; when considering the large
deformation, the resulting stress is about 6.5% larger
in the plantar flexion, and there is not much change in
dorsiflexion with large deformation. This difference
results from the changing of stiffness during large de-
formation. The stress results are also compared with
the article, and there is not much discrepancy; the er-
rors are less than 5%. The convergence of the von-
Mises stress results is presented in Figure 10. The pro-
gram automatically adjusts the mesh after each loop,
the convergence condition and the maximum number
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of solutions are set as the error between two consecu-
tive results is 1% or after 10 solutions that the results
do not convergence, then the program will stop solv-
ing. The initial mesh level is selected to be 13mm with
766 nodes and 760 elements, after 7 iterations, the er-
ror between two consecutive iterations is 0.555% less
than 1%, so it meets the convergence condition and
has the same number of nodes and elements are 45858
and 45578 respectively.

A series of AFOs models were generated by varying
the fillet angle at the ankle (dimension g in Figure 3c).
The ratio of the trimline arc radius at the lateral malle-
olus height is defined as the trimline shape parameter.
Apply a displacement to a node at the distal foot of the
AFO in the y-direction (Figure 8) so that rotations of
5° and 15° are produced, the constraints are preserved
except for the z constraint of the lateral and medial
which is removed to resemble the experiment !°. The
reaction force generated by the displacement applica-
tion on the node are used to calculate the bending mo-
ment. This moment is the result of the reaction force
times the arm R (Figure 8). Figure 9 shows the bend-
ing moment of two rotation angles corresponding to
dorsiflexion and plantar flexion. It can be seen that
for a rotation of 5° the error is up to 63% for 60% of
the trimline, and for 15° it is 88% and also for 60%
of the trimline. It is assumed that when the percent-
age of trimline is large than 50% and 60%, the AFO
has almost no resistance to bending so it is very sen-
sitive (soft rotation effect) to the applied forces, and
this making accurate hardness prediction very diffi-
cult>!>. If 50% and 60% trimline are not a consider-
ation, the maximum of the discrepancy are 13% and
26% respectively for 5° and 15° rotation.

Fatigue Analysis

This analysis assumes that a fully reversed load is cre-
ated in the two-direction stepping process of the AFO
(dorsiflexion and plantar flexion), and thus a stress cy-
cle including the compressive stress dorsiflexion and
the tensile stress of plantar flexion is generated. The
difference between tensile and compressive strength
The
boundary conditions are applied the same as in sec-

is ignored for the appropriate simplification.

tion 3.3; the pressure value applied to the AFO is 11.2
kPa; this value is averaged from the experiment 13 the
mesh is 5 mm. The AFO sample used has a 40% trim-
line, 3 AFO samples with thicknesses of 2, 3, 4 mm,
respectively. The S-N fatigue curve of polypropylence
is showed in Figure 1120, The results are show in Ta-
ble 2.

The area of failure distributes in the same area of con-
centrate stress in Figure 7. The results from Table 7
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Table 1: The results of simulation and compare with a 40 percent trimline

Type of analysis Direction of far ~Maximum von-Mises stress Discrepancy Maximum Rotation
foot rotation (top-inner) (MPa) (%) deformation  angle
(mm) (degree)
Reference pa-  This study
per®
Non-linear (with-  Dorsiflexion 15,8 15,78 0,12% 12,21 5,1
out large deforma-
tion)
Plantar flextion 15,8 15,78 0,12% 12,21 5,1
Non-linear (large  Dorsiflexion 16,2 16,8 3,7% 13,56 8,34
deformation)
Plantar flextion 15,1 15,8 4,6% 11,75 4,89

Table 2: Life and safety factor of 40% trimline

Thickness (mm) Cycles (231500steps/300day) 2
2 6619 (8 days)

3 524850 (2 years 3 months)

4 >1x107 cycles

Safety factor

0,59

Figure 7: Equivalent Stress with Large Deformation

o Undisplaced Node
Ankle Joint o Displaced Node

Figure 8: Imposed Displacements Relative to Nodal
Coordinate

Experimental
25 \\\ - . Analytical

Ankle moment [Nm]

20 30 40 50 60
Trim [%]

Figure 9: Predicted Ankle Moment Versus Trim-
line Stage For 5° and 15° Rotation (Dorsiflexion Mo-
ments Shown Negative, Plantar Flexion Moments
Shown Positive)
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Figure 10: Convergence Diagram for 40% Trimline
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Figure 11: S-N Curve of Polypropylence

show that for a thickness of 2 mm, the fatigue life is
very low, if considering the life in days, on the 8" day,
then the fatigue failure begins to occur, and thus the
2 mm thickness is considered to fail to meet fatigue
standards. For the 3 mm thickness model, it seems
that the destruction will start from the 680" day af-
ter 524850 steps. Therefore, it is found that this AFO
has a durability of about 2 years and 3 months. A fac-
tor of safety less than 1 indicates that the AFO will fail
before its design life is reached.

Through this fatigue analysis, it can be concluded that
a thickness of 3 mm should be applied, but for safety
reasons, after using from 1 and a half to 2 years, the
AFO should be replaced. The 4mm model, despite its
high fatigue strength, but so thick that the AFO be-
comes significantly heavier by about 30% compared
to 3mm.

CONCLUSION AND OUTLOOK

The bending moment results in this study allowed
clinicians to estimate the stiffness required for the
AFO, and then the required trimline could be deter-
mined. There are several limitations in this study that

should be noted. Firstly, only one patient AFO was
used, which excludes the impact of the patient’s foot
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size and shape on AFO behavior. In addition, the
simulation with the assumed constraints does not re-
semble the practical model. Although this may not
fully represent the motions of the AFO under walking
conditions, it does give a reasonable and approximate
value for the stiffness to which the AFO is subjected.

A preliminary analysis was performed to estimate the
life of the AFO under the stated conditions. One
surprise was that the predicted life to failure varied
greatly with AFOs of different thicknesses. AFO with
a thickness of 3 mm is highly recommended to ensure
its life expectancy in a long run. Nonetheless, it is no-
ticeable that AFOs with a thickness above 3mm may
cause discomfort when used.

ACKNOWLEDGMENT

This research is funded by the Ho Chi Minh City
University of Technology - VNU-HCM, under grant
number SVCQ-2020-KHUD-42. In addition, we ac-
knowledge the support of time and facilities from Ho
Chi Minh City University of Technology (HCMUT),
VNU-HCM, for this study.

NOMENCLATURES

AFO: Ankle Foot Orthosis
FEM: Finite Element Method
PP: Polypropylence
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