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The patient with a spinal TB that has kyphosis will be prone to falling. Ankle Foot
Orthosis (AFO) is proposed as a medical instrumentation that can help the patient's gait
rehabilitation become more stable and reduce excessive leg movement. However, the
design of AFO is not specified for spinal TB cases, and the fabrication process is mainly
trial and error. This study aims to do a simulation based on finite element analysis on
the AFO model for spinal TB patients. There were two variations in thickness (5 and 7
cm) and four types of materials (Polypropylene (PP), Carbon Fiber (CF) 230, 290, and
395) based on the available AFO used by the patient with gait disorder. The AFO model
is subjected to loading according to the gait phase and cuff loading to analyze the stress,
deformation, deflection, and safety factors. PP-based AFO model has the highest
deformation among other materials. AFO with 7 mm thickness had lower deformation
of up to half of the deformation in AFO with 5 mm thickness. The AFO model made
from CF 395 at 547 MPa owns the most considerable maximum von Mises stress. In
conclusion, AFO made from CF 395 with a thickness of 7 mm is considered suitable
for rehabilitating spinal TB patients to provide stability. For future studies, the most
suitable model of this study could be fabricated by a 3D printing process to be used by
spinal TB patients.

1. INTRODUCTION

Tuberculosis (TB) has become a global problem, especially
in developing countries. More than 10 million people in the
world suffered due to TB in 2019, with India as the highest
contributor in this number (26%), followed by Indonesia in
second place at 8.5% and China in third place at 8.4% [1].
Spinal TB accounts for about 50% of cases of bone TB and is
a hazardous type of TB because spinal infections caused by
TB bacteria can cause neurological disorders with a
prevalence of 10% to 43% [2]. Even spinal TB with no longer
active TB can lead to permanent spinal deformation and
paraplegia [3-6]. The progressive reduction of the spine will
result in the collapse of bone tissue, which causes a decrease
in the mechanical strength of the bone to support body weight
and causes a deformity in the form of kyphosis [4]. The
formation of kyphosis can lead to a sagittal imbalance (a
condition where the body can maintain an upright posture) of
the body when walking so that the body will implement a
compensatory mechanism characterized by knee flexion and
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ankle extension inducing pelvic translation. However, the
existence of this compensatory mechanism makes spinal TB
sufferers more prone to falling in the late stance phase [7].

Most spinal TB patients undergo medication to eradicate the
bacteria, usually for six months. During this period, the patient
still has to suffer from the deformation in the spine, which
affects their gait. Some treatments for extrapulmonary TB
sites, such as the use of orthopedic hardware, have been
recommended by some experts. An extension of up to 12
months of treatment was also recommended for this case,
including spinal TB [6]. The spinal deformation in spinal TB
cases could lead to gait disorders. It could be treated by using
orthosis, which can give more stability to the user's stature
when standing and support during walking.

Ankle Foot Orthosis (AFO) is a medical instrumentation
that can assist the rehabilitation process of paraplegia in spinal
TB patients so that the patient's gait can approach normal
conditions [8]. The type of AFO suitable for spinal TB cases
is ventral AFO, which has an anterior resistance called a cuff
to keep the legs balanced and sturdy enough to support body
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weight. To ensure the convenience of using AFO, several
parameters that need to be considered in AFO design are
rigidity, geometric shape, and the type of material used [9].
However, even if these parameters were as well defined as
possible, for AFO whose parameters were explicitly adjusted
to the situation of one patient, the probability of AFO to
fracture was twice as high as for AFO whose parameter values
were fixed [10]. Model design and simulation based on the
Finite Element Method (FEM) are carried out with the help of
computers to reduce the duration of trial and error when
looking for the most optimal AFO model parameters [11].

Our previous study carried out the design and simulation of
ventral AFO for cases of spinal tuberculosis [12]. The
differences in safety factors from variations in the thickness of
the AFO were found. The AFO model's thickness, such as the
AFO's stiffness, will affect the AFO's behavior when the load
is applied. Furthermore, the material choice is also essential
since the AFO should maintain its mechanical integrity when
walking. The Ventral AFO has a design that resembles a solid-
ankle AFO that covers the posterior and inferior surfaces of
the calf and foot. Still, the Ventral AFO is also equipped with
a stiff anterior surface to resist excessive tibial displacement
in the stance phase, increase knee stability, and provide knee
torque. Extensor externally during the stance phase. This AFO
is also known as ventral AFO due to the addition of the ventral
part. Generally, Ventral AFO treats weakness of the plantar
flexor and dorsiflexor muscles and excessive tibial shift. The
design of Putra (2021) has not taken into account the influence
of different materials in the AFO design and simulation [12].
In this study, the solid design of the ventral AFO model was
adapted to the condition of spinal TB patients who experience
spinal deformities in the form of kyphosis. The parameters
varied in the AFO model, namely in terms of the material and
thickness of the AFO. The simulation of the FEM numerical
method was carried out to determine how the response of the
variation in the AFO model to the loading simulates the gait
stage during the stance phase and also loading in the cuff
section. The analysis was carried out on the deformation,
stress, and safety factors. The final objective of this study is to
obtain a suitable and safe variation of the AFO model in
rehabilitating the gait of spinal TB patients so that the gait
condition can approach a normal state.

2. MATERIALS AND METHODS
2.1 Material properties and model dimension

Four material variations were applied to the AFO model:
Polypropylene (PP), 230 GPa Carbon Fiber (CF), 290 GPa CF,
and 395 GPa CF. The materials are assumed to be isotropic,
linear, and homogeneous. The characteristics of the materials
used in the simulation can be seen in Table 1. The dimensions
of the AFO model are obtained from anthropometry data of
normal subjects who do not suffer from a history of spinal TB
disease or spinal deformities, which represents the Indonesian
population prone to have spinal TB, around the age of 21-30
[13]. The anthropometric data and body weight of the subject
were presented in Table 2.

The design of the AFO model was carried out with Fusion
360 (Autodesk, Singapore). The model was built by following
the current ventral AFO and using the anthropometric data of
the AFO user, as stated in Table 2. AFO models have a cuff
with a height of 6 cm. AFO model 1 has a thickness of 5 mm,
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and the AFO model 2 has 7 mm, as shown in Figures 1 and 2.
The thickness used in this study was chosen based on the
previous study by Gomes et al. [10], which also used 5 and 7
mm.

Table 1. The material properties used in the simulation [13-

15]
Material op  CF230 CF200 CF3%
Properties GPa GPa GPa
Density (kg/m%) 902 1800 1800 1800
Poisson’s Ratio 0.443 0.4 0.4 0.4
Young’s Modulus - 915 o3 55, 590 Gpa 395 GPa
Y axis MPa
Young’s Modulus - 915 o5 op, o3 pa  gGPa
Z-axis MPa
Young's Modulus - 915 5350, 536pa  GPa
X-axis MPa

Table 2. Anthropometric data of AFO user

No. Data Value

1. Leg Height (36 £0.05) cm
2. Foot Length (24 £0.05) cm
3. Calf Girth (33.5 +0.05) cm
4, Forefoot Diameter (7 £0.05) cm
5. Malleoli Diameter (13 +0.05) cm
6. Body Weight (55 +£0.5) kg

)
60 mm

1

365

mm

90.73 mm

107.12 mm

241.11 mm

Figure 1. Solid model AFO 1 side view (left) and top view
(right), measured in millimeters

60 mm

(]

367
mm

96.42 mm

118.81 mm

246.61 mm

Figure 2. Solid model AFO 2 side view (left) and top view
(right), measured in millimeters



2.2 Boundary conditions settings

The loading points on the AFO are adjusted to represent the
patient's body load on the AFO cuff and AFO footplate at the
initial contact, midstance, and terminal stance stages during
the gait cycle. The loading is in the same direction as the y-
axis (vertical direction) and has a magnitude of 550 N for
initial contact, midstance, and terminal stance. This load
represents the force from the body weight of the AFO user
[14]. The load on the cuff was in the x-axis direction with a
magnitude of 500 N. The load occurred horizontally in the cuff
since our legs moved forward while walking toward the cuff
section. The load towards the cuff section is usually lower than
the user’s body weight. However, in this study, we used the
load near the body weight to simulate the force when the user
is prone to fall forward. The previous study also used the
loading condition in the gait cycle and the force towards the
cuff section [12, 15, 16]. The fixed support and loading
position are depicted in Figure 3.

The model was assumed to be used by the spinal TB
patients, and most of the loading came from the ground
reaction force, which was divided into three subphases in this
study: initial contact, midstance, and terminal stance.

: » 4 ‘.. »
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Figure 3. Loading area (red) and fixed support (blue) for the
force on the cuff: (a) loading area in initial contact, (b)
loading area in mid stance, (c) loading area in terminal

stance, (d) fixed support in Ground reaction Force loading,

(e) loading area in cuff loading, and (f) fixed support in cuff

loading

2.3 Convergence study

Convergence studies must be conducted to determine a
sufficient meshing level to obtain accurate simulation results
without excessive computational burden [17, 18]. This process
was performed by comparing the maximum stress value for
each element size variation and taking the element size with a
stable stress value as the correct element size. The mesh shape
that was used in this convergence study was tetrahedral. The
use of tetrahedral was based on their ease of application, which
did not require further user adjustment and well-representative
pressure distribution [19]. The AFO model was converged in
a convergence study using the h-refinement method [20, 21].
Both AFO models converged at approximately 2.3 mm in size.
For the results, von Mises stress and deformation were used to

evaluate the FE model. This process also aims to validate the
model to give adequate results for designing AFO for spinal
TB cases.

3. RESULTS AND DISCUSSIONS

Several results of the simulation can be seen in Figure 4.
The von Mises Stress result showed the stress distribution in
the AFO during the stance phase. The variation of the AFO
model with a thickness of 7 mm has a larger volume, so the
stress distribution in the AFO model became more uniform
and lowered the maximum stress. This uniform distribution is
essential for the AFO model to ensure that the AFO does not
receive the maximal excess stress at one point and cause it to
break under the Ground Reaction Force (GRF). The maximum
stress concentration point presented in the AFO model with a
thickness of 5 mm is less than in the AFO model with a
thickness of 7 mm, which experiences loading in the
midstance phase. Thus, an AFO model with a thickness of 7
mm has fewer points that are more prone to fatigue. Figure 5
emphasizes the statement above that the maximum stress was
consistently more minor in the thinner AFO. It also happens in
different loading and material types. The AFO model made
from CF 395 at 547 MPa owns the most considerable
maximum von Mises stress.

6.0523e6
5.3801e6
4707866
4Ag356e6
2.6911e6
2.0189%6
1.3466e6
6.74395
2150.8 Min

4.1923e7 Max
3.7265¢7
3.2607e7
2.795e7
23292e7
1.8634e7
1.3976e7
9.3185¢6
4.660826
3024.4 Min

Figure 4. The von mises stress phenogram of ankle-foot
orthosis in three subphases for two different thickness modes:
a. Initial Contact (5 mm), b. Initial Contact (7 mm), c.
Midstance (5 mm), d. Midstance (7 mm), e. Terminal Stance
(5 mm), and f. Terminal Stace (7 mm)



Multi-Vari Chart for Maximum von Mises Stress (MPa) by Material - Loading Type
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Figure 5. The multi-vari chart of von mises stress in terms of
material type, loading types, and thickness of AFO

The thickness variations in the AFO model were carried out
to provide rigidity to the AFO model to support the body load
of spinal TB patients. The result of deformation, when loading
is applied to the initial contact, midstance, and cuff loading
phases, showed that increasing the thickness of the AFO
model to 7 mm would result in a decrease in the deformation
value of up to half of the deformation value when the thickness
of the AFO model was 5 mm as shown in Figures 6 and 7. This
result was aligned with the statement that adding the thickness
value of the AFO model could increase its durability so that
even if the same load were applied, the AFO model would not
be prone to experience elongation [10, 22, 23].
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Figure 6. The contour plot of deformation in ventral ankle-

foot orthosis in three subphases for two different thickness

modes in meter: a. Initial Contact (5 mm), b. Initial Contact
(7 mm), c. Midstance (5 mm), d. Midstance (7 mm), e.
Terminal Stance (5 mm), and f. Terminal Stace (7 mm)
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Multi-Vari Chart for Deformation (mm) by Material - Loading Type
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Figure 7. The multi-vari chart of deformation in terms of
material type, loading types, and thickness of AFO

In some simulation results for the initial contact, midstance,
and terminal stance phases, some irregularities indicate that
the maximum stress is very high when fixed support is applied.
This result was caused by the stress singularity arising from
the simplification needed to conduct the simulation. In factual
circumstances, no fixed support structure is so rigid that it does
not experience movement [24]. There may be a build-up of
stress at this point, but the value should not be as high as the
simulation results showed. Besides, the stress singularity can
be ignored because the maximum stress value was only minor
compared to the overall model size.

Following the effect of thickness on stress values, the safety
factor for the variation in the AFO model with a thickness of
7 mm has a higher value than the safety factor for the variation
in the AFO model with a thickness of 5 mm. This result
indicates that the variation of the AFO model with a thickness
of 7 mm has a more remarkable ability to provide resistance to
the burden of spinal TB patients and has a lower potential for
fracture [25-27].

The result shows that the PP-based AFO model variations
have the highest deformation among other materials during the
stance phase. The difference in deformation values for
variations in the AFO model material is caused by the higher
elastic modulus of CF material compared to PP. Hence, the
characteristics of the CF material are stiffer than the others.
However, the AFO model made from CF 395 GPa had the
highest modulus of elasticity among all the tested materials. It
still experienced a higher deformation than CF 230 GPa and
CF 290 GPa due to the modulus of elasticity in the y and z
axes, which are much higher. Thus, the AFO model made from
CF 395 GPa is more elastic when applied to the y and z axes.

The maximum stress received by the variation of the AFO
model made of PP during the midstance, terminal stance, and
cuff loading has passed the Ultimate Tensile Strength (UTS)
limit of PP material, which is 29.9 MPa. Even though the
variation of the PP model can still receive maximum stress in
the initial contact phase, the maximum stress value is too close
to the UTS value, so it will affect the fatigue speed and cause
the AFO model made from PP to break faster when used
routinely. This result indicates that the PP-based AFO model
is not strong enough to maintain its shape while supporting the
patient's body weight during the stance phase. It cannot resist
abnormal knee movements in spinal TB patients. In
conclusion, it is unsafe for patients to use [28, 29].

For stress analysis on the AFO model made from CF,
because the UTS value for CF material is high, the stress
simulation results for all variations of AFO made from CF 230



GPa, 290 GPa, and 395 GPa can still be accepted by the
material without causing fractures so that the feet patient can
maintain body balance during stance well. In loading the initial
contact, midstance, and terminal stance phases, the most
significant maximum stress value is owned by the AFO model
made from CF 395. In addition, a stress singularity effect
makes top stress points of very high value only appear in the
fixed support section. However, on cuff loading, the maximum
stress value on the AFO model made from CF 395 GPa is
smaller than on other CF models made from AFO. This reason
is the lower value of the shear modulus belonging to the CF
395 GPa material, which causes the maximum stress value
near the trimline to experience less shear stress than other AFO
models made from CF [25, 30]. The AFO CF 395 GPa model
is more elastic when subjected to shear stress, providing firm
support for the patient's body weight during the stance phase
and flexible leg movement.

The AFO model made from PP has a maximum stress value
that has passed the UTS of PP. The safety factor was the lowest
among other variations of AFO materials, which meant that
the AFO model made from PP was not as safe as the AFO
model made from CF when used for patients because it is more
prone to fracture [31]. Meanwhile, the AFO model made from
CF 290 GPa, especially the AFO variation two models, has the
most significant safety factor for loading the initial contact,
midstance, and terminal stance phases. The AFO variation two
made from CF 390 GPa has the most significant safety factor
value except for the cuff loading. Even though the high safety
factor value is a benchmark that the AFO model can withstand
loading well, the safety factor simulation results from almost
all AFO models are very high until they exceed 100%. This
unrealistic safety factor value occurs because the simulation
program only calculates the input value.

The Vertical Ground Reaction Force (VGRF) data will have
two peaks in ordinary people who do not have a gait disorder.
The first peak occurs when the gait is in the initial contact
phase, where the heel hits the floor, and the center of gravity
moves closer to the floor surface, causing an increase in the
floor's reaction force in the vertical direction. Meanwhile, the
second peak occurs in response to the floor's response to the
force generated by the plantar flexion in the terminal stance
just before toe-off to move the body forward [32]. On the other
hand, the balance compensation mechanism in spinal TB
patients, which affects the appearance of dorsiflexion during
the stance phase, causes the thrust against the body to be less
than usual, so the second peak in VGRF decreases [33].

The condition causes the legs of spinal TB patients to
become unstable in supporting the body and makes them prone
to falling in the final terminal stance phase. This condition is
where the ventral AFO plays a role in reducing ankle
extension, which will lead to the prevention of excess tibial
movement so that the VGRF of spinal TB patients in the
terminal stance phase can reach a value sufficient to produce
near-normal gait [3, 34, 35]. Based on the maximum stress
value data obtained from the simulation, the AFO model
experiences the highest maximum stress in the terminal stance
phase and then in the initial contact phase. Peak stress values
in these two phases indicate that the AFO model increases
VGRF in the terminal stance phase, stabilizing spinal TB
patients' gait [36].

The AFO variation two models made from CF 395 GPa are
considered the most suitable for use by patients with spinal
tuberculosis because of their mechanical characteristics that
are strong enough to provide a knee extensor moment
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externally and are elastic enough to allow regular gait
movements to suit the needs of spinal TB patients. The impact
of using this AFO configuration in the clinical setting is that
the patient will have a more rigid ankle since the material is
stiff, and the stress distribution result showed a high safety
factor. In addition, the stability of the user will be maintained.

Several limitations were present in this study. First, the
AFO model is only a rigid body that uses isotropic and
homogenous materials. The model itself did not have a fixator
to the foot, like straps on the calf or foot. The use of fixed
support as the boundary condition in the model aimed to
mimic the role of supporting items in the AFO. Further study
in finite element analysis using more than a single rigid body
is needed to analyze the model's response to a more realistic
model, such as straps and foot models. However, the result of
this study already showed that the effect of materials and
thickness in the AFO model could give information about the
crucial location in which the pressure is located, and it is
acceptable. More complex analysis is needed to obtain a more
realistic result.

The other limitation is the applied load in the model. The
load related to the body weight was involved in the sole area
based on their subphase in the gait cycle. Three subphases
were used in this study. The common subphase is in which a
pressurized area is located. That is why the loading simulation
is modeled in static conditions. However, it is better to
simulate the full version of loading behavior in the stance
phase as a cycle to mimic walking conditions. The result of
this study in three different subphases indicated that the
highest von Mises stress was found in the initial contact
subphase. Initial contact is an essential subphase in the gait
cycle since it is the point where the foot comes into contact
with the floor, and it should maintain the body weight along
with the stance phase. The simulation is patient-specific
because the loading condition is related to body weight. The
AFO model itself is customizable and different for each user.

4. CONCLUSIONS

The varied dimensions and types of AFO materials affect
the results of deformation and stress, which lead to different
safety factor values for each variation of the AFO model. In
this simulation, the variation of the AFO model made from PP
with a thickness of 7 mm has a higher safety factor than the
variation in the AFO model made from CF with a thickness of
5 mm. The high-value safety factor indicates that AFO has
sufficient ability to accept stress from gait cycle loading. The
AFO considered suitable for rehabilitating spinal TB patients
is the AFO variation two models made from CF 395 GPa with
a thickness of 7 mm. By having this result, a more dedicated
AFO for spinal TB patients could be optimized. It can be an
optional rehabilitation strategy for spinal TB cases that
undergo a medication procedure of tuberculosis drugs. The
future study could apply a loading to the AFO model using
dynamic loading based on the ground reaction force data of
spinal TB patients and test the effect of the AFO model on the
gait of spinal TB patients directly. In addition, the high safety
factor value of the AFO carbon fiber model can be overcome
by reducing the value in dimensional variations, which can
make the fabrication process of the AFO model made from
carbon fiber easier. The design should be fabricated and
validated using an experimental set-up indicating the condition
of spinal TB patients for further implementation.
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