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Abstract: Background: Solid Ankle Foot Orthosis (SAFO) has the ability to hold the plantarflexion and dorsiflexion.
It helps improve foot clearance which can stop foot drop. During gait, it usually possesses a specific area with high
pressure due to gait that leads to cracks in that particular area. Structural reinforcement can be introduced to tackle
this problem. This study aims to observe the effect of structural reinforcements on SAFQ’s stiffness against the
force generated during the stance phase and to find out which parameter combination gives the best results.

Methods: The SAFO was designed into 3 models, SAFO variation | without reinforcement, SAFO variation Il with

reinforcement of 260 mm, and SAFO variation 11l with reinforcement of 130 mm. Carbon fiber (CF) and
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polypropylene (PP) were used as materials in the simulation. The SAFO models were analyzed by the Finite
Element Method in the gait cycle and cuff loading simulation.

Results: The simulation showed that the SAFO toughness and stiffness increased as the increase in length of the
reinforcement was applied. CF material provided better toughness and stiffness than PP. CF AFO variation 11 had
the highest toughness during the gait cycle simulation. During cuff loading simulation, CF AFO variation 11 had the
highest level of stiffness with a rotational stiffness ratio of 246.52 Nm/°.

Conclusions: The presence of structural reinforcement in SAFO affects the toughness and stiffness of SAFO.
Keywords: solid ankle foot orthosis; foot drop; post-stroke; rehabilitation; reinforcement; healthcare.

2020 AMS Subiject Classification: 92C50.

1. INTRODUCTION

Stroke is one of the leading causes of disability worldwide [1]. The abnormality of gait includes
a wide range of total patients who have recovered from the stroke. Around 20-30% of the
patients who survived the acute stroke lost their ability to walk, and some needed an assistive
device to do their daily activities [2]. Post-stroke gait is characterized by reduced walking speed,
increased energy consumption, asymmetry, drop foot, and lack of muscle activity in the stance
phase of the gait cycle [3].

A drop foot is a symptom of a neuromuscular disorder that can be temporary or permanent. In
patients with drop foot, the tibialis anterior muscle experiences weakness, eliminating the
patient’s ability to perform dorsiflexion to lift the forefoot from the ground [4]. 20% of post-
stroke patients have suffered from foot drops [5].

Apart from drop foot abnormalities, post-stroke gait is also characterized by less muscle activity
during the stance phase. A heel rise indicates the transition from the mid-stance to the terminal
stance. The heel rise begins with the internal plantarflexion motion of the ankle, and later the
foot will do a pushing force on the ground to make a progressive push forward for propulsion.
Under normal conditions, the calf muscles will reach a peak of contraction during the terminal
stance. This contraction compensates for the emergence of an external moment from the push of

the foot against the ground during heel rise [6].
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AFO is commonly divided into two types which are passive and active AFO, which has a control
system that can adapt to the human gait [7]. Moreover, the passive AFO is divided into two types
which are articulated and non-articulated AFO, which could be used by post-stroke patients with
insufficient balance and unstable stature [8].

Solid-type AFOs (SAFO) can be applied to post-stroke patients with weakness of the tibialis
anterior muscles (dorsiflexion muscles) and calf muscles that function as compensators for heel
rises. This condition can be achieved because SAFO prevents plantarflexion and dorsiflexion [9].
When plantarflexion is restricted, the drop foot problem is resolved and provides better foot
clearance. In addition, restriction of plantarflexion will inhibit the heel-rise process and eliminate
the terminal stance phase. In this condition, the function of the calf muscles weakened in post-
stroke patients in stabilizing the gait process is no longer needed [10].

Most of the AFOs are custom-fabricated, accounting for 73%. On the other hand, the most
frequently used material is thermoplastic, with a percentage of 83%. This production process
takes a long time and is done manually, where the skills of the orthotics matter and will
determine the quality of the fabricated AFO. Therefore, the existence of an initial quantification
to measure the character of AFO, which is a crucial factor such as stiffness and thickness, will be
very beneficial in determining the extent of resistance that can be given by an AFO [11].
Orthosis fabrication processes such as AFO can be carried out using Computer-Aided Design
(CAD) and Computer-Aided Manufacture (CAM) to improve the quality of health services for
rehabilitation patients [12-14]. The application of both can be reflected in using the Finite
Element Method (FEM) in modeling AFO in a specific patient. This method allows orthotics to
measure the mechanical behavior and distribution of stress concentrations before the AFO
manufacturing process. The existence of this process will reduce the occurrence of errors so that
it will save time and wasted fabrication material [11].

SAFO will experience mechanical compressive forces during the gait cycle, leading to a critical
point where it will eventually lead to cracks in several specific areas of the SAFO. Orthotics
solved this problem by applying structural reinforcements of various particular shapes and

different positioning positions. As a result, prefabricated SAFO has a fracture ratio of one to two
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relative to custom SAFOs [15]. In their research, Gomes et al. [16] used structural
reinforcements on retromalleolar sections with different dimensions. As a result, the thickest

reinforcement provides the best endurance.

2. METHODS

The design phase of the SAFO 3D model was carried out using Autodesk Fusion 360. Fig. 1
shows the 3D SAFO model designed to vary in the length of reinforcements. Variations in the
reinforcement length applied to the models are 260 mm, 130 mm, and without reinforcement.

The thickness of the reinforcements was 6 mm in all models.

ocl

(@) (b) (©)
Fig. 1. The dimension of reinforcements for each SAFO variation. (a) Model I, (b) Model I1,

(c) Model 111 (Unit in mm)

The simulation started with selecting the material that forms the SAFO model. The materials
used are carbon fiber (CF) and polypropylene (PP). After choosing the material, the boundary
conditions were set, including fixed support and the direction and magnitude of the applied load.
The load was applied to the hindfoot, midfoot, and forefoot. These loads represent human gait at
initial contact, midstance, and terminal stance. The magnitude of the applied loads was 500 N.
Apart from describing the external force during the gait cycle, the loading was also applied to the

posterosuperior part of the SAFO. The loading was directed perpendicular to the sagittal plane,
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pointing towards the medial region of the SAFO. This loading was used to measure the stiffness
of the SAFO models.

A convergence study was conducted to find the optimal mesh size for the entire simulation [17,
18]. The model design used as an experimental model during the convergence study was model
I11 (reinforcement length of 260 mm). The simulation carried out as the convergence study is the

initial contact during the gait cycle. Convergence study results are shown in Fig. 2.
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Fig. 2. Convergence Study of SAFO Model

Fig. 2 showed that the stress simulation results were stable or convergent from the number of
elements 130917 to 609675. Therefore, the number of features 281375 was considered an
optimal choice. The results of this convergence study indicated that a mesh size of 0.003 m was
the optimal size. This mesh size was used throughout the simulation. The convergence study
process with the same method has also been carried out by Basri et al. [19].

The model's mechanical behavior in response to loading was analyzed. The stress simulation
results were used in Equation 1 to calculate the value of the safety factor. The safety factor is
calculated by dividing the maximum stress the material can withstand by the equivalent pressure
obtained from the simulation [20]. The safety factor shows the safety level of the simulated
model. A high safety factor value indicates that the AFO has high endurance [21]. Therefore, it

can be said that the AFO model is safe to use.
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Ultimate Tensile Strength

Safety Factor = x100% 1)

Maximum Stress

The level of stiffness of each model analysis was also carried out. It was determined from the
deformation result of posterosuperior AFO (cuff area) loading simulation. Fig. 3 shows the
schematic calculation of the level of stiffness of the AFO.

The highest deformation value in the simulation was used in Eq. 2 to obtain the angular
deflection. The angular deflection results from Eq. 2 were utilized in Eq. 3 to determine the ratio
of rational stiffness, whose value will represent the AFO models stiffness level. Analysis of the

level of stiffness using rational stiffness has also been carried out previously by Chen et al. [15].
6 = tan™ () (2)

Rotational Stif fness = % 3)

Fig. 3. SAFO Stiffness Level Calculation. Note: (x) Highest Deformation in Cuff Loading
Simulation, (r) AFO Height, (F) Applied Force, (8) Angle Deflection

3. RESULTS

Gait cycle loading was carried out to analyze the resistance of AFO during use. In this simulation,
a static force of 500 N is used, which represents the vertical component of the Ground Reaction
Force (GRF) that arises during the gait cycle. The stress distribution during GRF loading was

shown in Figures 4 and 5 for three different models and two materials.
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Fig. 4. Stress Distribution of Three PP SAFO Models with Different Structural
Reinforcement in Three Subphases (Initial Contact, Midstance, and Terminal Stance)
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Fig. 5. Stress Distribution of Three CF SAFO Models with Different Structural

Reinforcement in Three Subphases (Initial Contact, Midstance, and Terminal Stance)
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The von Mises stress data were used to calculate the safety factor of the model. The safety factor
of the model is depicted in Figure 6. SAFO with CF material had a higher safety factor than with
PP material. The material's Ultimate Tensile Strength (UTS) had a significant role in obtaining
safety factors. Regarding subphases, the safety factor is the highest during initial contact. This
condition indicated that both SAFO was safe during the initial contact. The concern from the
result in Figure 6 was on the midstance and terminal stance for SAFO with PP material, which

showed a value under 100%. This result indicated that the SAFO would be prone to crack or

failure during those two subphases.
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Fig. 6. Safety Factor of Three SAFO Models with Different Structural Reinforcement in

Three Subphases (Initial Contact, Midstance, and Terminal Stance): (a) PP and (b) CF

The deformation result of the simulation was used to calculate the rotational angle and rotational
stiffness. The rotational stiffness defines how far the SAFO can bend during walking. The
purpose of SAFO is to provide stability to the user so that the user can maintain his posture. So,
SAFO should have a low rotational angle or high rotational stiffness to perform its function. The
rotational angle and rotational stiffness of SAFO model with different materials and

reinforcement lengths are shown in Figure 7.
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Fig. 7. The Angle and Rotational Stiffness of SAFO Models Based on Their Material

and Reinforcement Length

4. DISCUSSION

The Effect of Material Choice

Regarding material choice, CF SAFO models gave lower deformation results in the simulation of
cuff loading than PP SAFO. The deformation result was inversely proportional to the stiffness
level of each model. Materials with high structural stiffness produce minor deformation when
subjected to forces [17]. For example, the cuff loading of PP SAFO variation Ill (with 260 mm
reinforcement) had a rotational stiffness of 87.67 Nm/°. On the other hand, the CF SAFO
variation Il yielded a rotational stiffness of 228.99 Nm/°. The AFO models that have a better
level of stiffness would lead to a better effect on patients in cases of stroke with weakened
tibialis anterior and calf muscles [23], [24]. Higher rotational stiffness would provide more
stability to the ankle of the users because higher force is needed to bend the SAFO.

Comparing stress results in gait cycle simulation regarding material difference showed that CF
SAFO vyielded a lower maximum stress value than PP SAFO. For example, PP AFO variation |
(without reinforcement) during terminal stance had the maximum von Mises stress of 46.836
MPa. CF AFO variation | during the same phase produced the maximum von Mises stress of

43.959 MPa.
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The safety factor obtained after analyzing the maximum stress showed that CF SAFO was far
superior to PP SAFO. The CF SAFO model simulation stress in all phases and variations had
values lower than the material’s ultimate tensile strength. The safety factor of the CF SAFO
model in all phases and variations yields results above 100%. This result showed that all CF
SAFO variation models were safe for use during the gait cycle. Considering the high safety
factor calculation results in CF SAFO, the thickness of the CF SAFO to be manufactured can be
reduced due to material and cost efficiency for future possibilities [25].

The Effect of Structural Reinforcement Length

The stress on variation in the reinforcement length showed a decrease in the von Mises stress as
the length of applied support increased. This result can be observed from the von Mises stress
results in variation 111 (with 260 mm reinforcement), yielding the lowest stress compared to other
model variations under the same gait subphase and material. This result was suitable with the
study of Gomes et al. [16], which showed that the stress decreased along with increasing the
length of the applied reinforcement.

The decrease in stress distribution obtained during the gait simulation and the increase in the
reinforcement length were due to a change in the SAFO geometry. The longer the support used
in the model, the more the model’s geometry would be in terms of volume. This higher model
volume caused the stress to be distributed to more elements. This condition reduced the stress
results obtained during gait simulation [24].

The maximum stress in all gait simulations was found in the ankle trimline area. The function of
a SAFO that provides ankle stability to the patient requires high rigidity in the ankle trimline area
[26]. This condition results in a low flexion tolerance in that area. Under this circumstance, that
specific area will experience a higher stress concentration than others, making it vulnerable to
cracks [22].

The comparison of deformation during cuff loading simulation showed a decrease in the
deformation as the reinforcement length increased. These results indicated that the reinforcement
affects the geometry of the designed SAFO model. The deformation obtained showed the level

of structural stiffness of each SAFO model variation. For PP, the highest level of stiffness was
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obtained in variation Il with a value of 94.88 Nm/°. Variation model Il also yielded the highest
level of stiffness in CF material with a value of 246.52 Nm/°.

The effect of increased stress due to the high moment arm during terminal stance is evident in
the stress results of all the PP SAFO variations. All of the safety factors of PP SAFO during
terminal stance yield below 100%. This result showed that the increasing stress during terminal
stance exceeded the ultimate tensile strength of PP. In this condition, all variations of the PP
SAFO will be prone to fail during terminal stance, causing cracks to appear in ankle trimlines
where the maximum stresses accumulate [22].

Despite this, when SAFO is applied, the terminal stance will be eliminated due to its high rigidity.
Therefore, although the PP SAFO simulation during terminal stance in all variations experienced
failure due to cracks, PP SAFO is still safe for patient use because the terminal stance has been

eliminated in the first place.

5. CONCLUSIONS

In general, the toughness of SAFO to the forces that occur during the stance phase of the gait
cycle would increase as the length of applied reinforcement increases. Comparing the material
difference during the simulations under the same variations and phases, it can be concluded that
CF SAFO provides better toughness than PP SAFO. A comparison of simulation results in terms
of the reinforcement length showed that the structural stiffness level in the SAFO model would
increase as the length of applied reinforcement increases. Furthermore, under the same variety of
support, CF SAFO gives a better stiffness level than PP SAFO.

CF SAFO variation Il gives the best parameter combination. Based on safety factor calculation,
the model has the highest result at each phase of the gait cycle that has been simulated. In terms
of the level of stiffness to provide more ankle stability, the CF SAFO variation Il also gives the
best results with a ratio of 246.52 Nm/°. Dynamic loading should improve the simulation results
approach to the initial gait cycle. Fatigue analysis can also be carried out to examine the behavior

of the SAFO model on repeated use.
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