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Abstract

Objectives: Foot drop is caused by neurological disorders and traumatic injuries
and can impair gait pattern and increase energy expenditure during walking.
The use of appropriate rehabilitation devices plays an important role in
improving patients' motor performance. This study aimed to provide the design
basis for a rehabilitation shoe intended to improve selected biomechanical
parameters, including toe angle, muscle torque, and step length in patients
with foot drop. The findings of this study are considered preliminary design
evidence, and further studies with larger sample sizes are required before
moving toward product development and manufacturing.

Methods: This study was a case-based biomechanical simulation
investigation. The evaluated variables included toe angle, tibialis anterior
muscle torque, and step length. These variables were extracted using
musculoskeletal modeling in OpenSim software and finite element analysis
in ABAQUS. The obtained data were compared across four simulation
conditions: the designed shoe, the reference ankle-foot orthosis, the patient
condition, and the healthy control. Data analysis was performed
descriptively by evaluating and comparing biomechanical trend changes.
Results: The use of the designed shoe improved toe angle during the swing
phase by approximately 80% compared with the patient condition. In addition,
tibialis anterior muscle torque increased by approximately 85%, and step
length also improved relative to the patient's condition. These findings indicate
a relative improvement in gait-related biomechanical parameters in the
proposed model.

Conclusion: The proposed design improved three key biomechanical
parameters, including step length, tibialis anterior muscle torque, and toe
angle. Furthermore, the case-based simulation and descriptive statistical
findings suggested that the proposed model has the potential to effectively
control the coordinated movement of the ankle and forefoot in individuals with
foot drop.

Keywords: Ankle-foot orthosis, Biomechanics, Foot drop, Gait analysis,
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Extended Abstract

Background and Objective

Foot drop is a prevalent neuromuscular impairment
resulting from various etiologies, including peripheral
nerve injuries, stroke, neurological disorders, and
spinal cord injuries, all of which significantly disrupt
normal gait kinematics. This condition is primarily
characterized by weakness in the tibialis anterior
muscle, leading to a diminished capacity for ankle
dorsiflexion during the swing phase. As a result, to
mitigate toe drag, patients employ compensatory
strategies, including steppage gait (exaggerated hip and
knee flexion) or inward foot rotation. Prolonged
reliance on these adaptations can result in chronic
muscle fatigue, secondary musculoskeletal disorders,
and an increased susceptibility to falls. Various
therapeutic approaches exist for managing this
condition, including physiotherapy, functional electrical
stimulation, and ankle-foot orthoses (AFOs). Despite
significant advancements, many conventional orthoses
have rigid structures that restrict the natural range of
motion of the ankle joint. Furthermore, common
devices are often limited in terms of user comfort,
compatibility ~ with  standard  footwear, and
customization potential. Accordingly, this study aimed
to design and model an ergonomic rehabilitative shoe
for patients with foot drop. In addition to establishing
the design framework for such footwear, this research
evaluates the impact of the proposed model on
biomechanical parameters, including toe clearance
angle, tibialis anterior torque, and step length.

Materials and Methods

This research employed a proof-of-concept approach
utilizing biomechanical simulation and ergonomic
analysis. The initial data used in this study were
obtained from a 26-year-old female patient with foot
drop secondary to Guillain-Barré syndrome.
Anthropometric information, including lower-limb
length and height, ankle and forefoot dimensions,
and selected kinematic parameters, was used for
modeling. First, a musculoskeletal model of the lower
extremity was developed in OpenSim to extract
movement patterns, joint angles, ground reaction
forces, and muscle function throughout the gait cycle.
Dynamic gait models were then used to simulate
tibialis anterior behavior and ankle joint excursions.
The simulated outcomes comprised dynamic changes
in the toe clearance angle, foot-ground clearance,
gait kinematics, and joint/muscle torque profiles.
Subsequently, the proposed rehabilitative shoe was
designed incorporating biomechanical and
ergonomic principles. An internal elastic mechanism
was integrated into the design to assist ankle
dorsiflexion, thereby preventing foot drop while
preserving the relative flexibility of the ankle joint.
The shoe was engineered to allow for adjustable
assistive force tailored to the severity of the patient’s

impairment. Furthermore, key factors, such as
optimal plantar pressure distribution, muscle fatigue
reduction, user comfort, and compatibility with
activities of daily living, were integrated into the
design process. Following the conceptual design
stage, a 3D model of the shoe was developed in
ABAQUS software. The shoe components were
modeled using material properties analogous to
human soft tissues and the polymers commonly
utilized in shoe outsoles. To evaluate the model's
performance, four conditions were compared: the
designed rehabilitative shoe, a conventional AFO, the
unassisted pathological state of the foot drop patient,
and a healthy control. The primary outcome
measures included the ankle/toe dorsiflexion angle,
tibialis anterior torque, and step length. Due to the
limited sample size, data were analyzed descriptively.

Results

Simulation results indicated that the proposed
rehabilitative shoe significantly enhanced the
biomechanical performance of the patient's gait. The
toe angle during the swing phase exhibited an
approximate 80% improvement relative to the
unassisted pathological state, closely approximating
the normative values observed in the healthy
individual. This finding indicated that the internal
elastic mechanism was able to substantially control
foot drop and maintain adequate toe clearance during
walking. In addition, the results related to the tibialis
anterior muscle torque showed that using the
proposed shoe increased muscle performance by
approximately 85% compared to the patient's
condition. This finding indicates a reduced demand for
compensatory muscle activity and improved
neuromuscular coordination during gait. Analysis of
step length also demonstrated that utilizing the
designed shoe increased step length compared to the
unassisted pathological condition, bringing the gait
pattern closer to normative values. Compared to
conventional orthoses, the proposed model provided
greater flexibility during the gait cycle and imposed
fewer motion constraints on the ankle joint.
Furthermore, the finite element analysis (FEA) results
revealed a more uniform plantar pressure distribution
and a significant reduction in stress concentrations
across sensitive areas of the foot. Additionally, the
ergonomic design of the shoe enhanced user comfort
and daily usability while fully maintaining its
mechanical performance.

Discussion

5- The findings of this study demonstrated that the
proposed rehabilitative shoe design, based on
ergonomic and biomechanical principles, can
significantly improve the gait parameters of patients
with foot drop. Unlike many conventional orthoses that
feature rigid structures and restrict the natural range of
motion of the ankle joint in these patients, the




proposed model preserved relative joint flexibility
while providing functional support through its internal
elastic mechanism. Improvements in the toe clearance
angle, step length, and tibialis anterior muscle
performance underscore the positive impact of the
proposed design framework on patient gait patterns.
The proposed shoe design has the potential to reduce
the risk of falls, lower the metabolic cost of walking, and
enhance patients’ functional independence.
Furthermore, alongside its therapeutic efficacy, the
proposed design integrates key ergonomic criteria,
including comfort, optimal weight, and ease of use.
Prioritizing these patient-centered features is crucial
for improving patient compliance and promoting the
sustained, long-term use of the rehabilitative device. A
major methodological strength of the present study lies
in the synergistic integration of musculoskeletal

modeling and FEA, which enabled a highly detailed and
comprehensive evaluation of the biomechanical
interactions within the foot-shoe system. Nevertheless,
certain limitations must be acknowledged, primarily
the single-subject design and the simulation-based
nature of the study. Future studies should include
clinical investigations and experimental testing in larger
patient populations to provide a more comprehensive
evaluation of the proposed model's performance.

Conclusion

Overall, the findings of this study suggest that the
designed rehabilitative shoe can be proposed as an
innovative and practical solution for improving motor
function in patients with foot drop.
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