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Abstract

Ankle and foot orthotics play a pivotal role in the rehabilitation of individuals who have suffered a
stroke, aiding in the restoration of their gait and overall mobility. However, optimizing the effectiveness
of these orthoses requires a personalized approach that takes into account each patient's unique
biomechanical characteristics. This study delves into the innovative use of carbon fiber combined with
cost-effective 3-D printing technology to craft custom foot plate orthoses for individuals with partial
foot amputations. The core of this investigation revolves around the development, testing, and
validation of a novel prosthetic foot plate. To ensure precision in design and performance, the study
begins by modeling the human foot as a finite element (FE) model, replicating the dimensions of a UK7-
sized foot with a 2 mm thickness. This FE model serves as the foundation for the creation of the foot
plate, enabling theoretical predictions and empirical assessments to be conducted with scientific rigor.
One of the most significant findings of this research is the remarkable efficiency of carbon fiber in
extending the length of the legs and mitigating strain on the delicate distal ends of the feet. By
redistributing the weight to other areas of the foot or leg, the carbon fiber foot plate offers a
breakthrough solution for enhancing balance, stability, and comfort for individuals with partial foot
amputations. In summary, this study showcases the transformative potential of carbon fiber and 3-D
printing in the realm of ankle and foot orthotics, with a particular focus on individuals with partial foot
amputations. Through meticulous design, testing, and validation, the research underscores the
importance of tailored orthotic solutions and offers a promising pathway towards optimizing gait
rehabilitation and overall mobility for a diverse patient population.
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INTRODUCTION

An amputation, whether resulting from illness or a traumatic accident, can have a profound impact
on an individual's mobility and overall quality of life. In many cases, preserving as much of the natural
limb as possible is a primary objective to maintain functional capabilities. Partial foot amputations, in
particular, offer a potential advantage over more
extensive amputations, as they allow for the
retention of a portion of the foot. This preference
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Advancements in prosthetic technology have
provided individuals with innovative solutions to
replace missing body parts, such as limbs, thereby
enhancing mobility and restoring some degree of
normalcy. Prosthetic limbs are engineered to
closely mimic the function and comfort of natural
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human limbs, offering hope and improved functionality to amputees. In the context of partial foot
amputation, carbon fiber footplates and prosthetic sockets, produced using techniques like standard or
stereolithography, have been instrumental in optimizing the gait cycle [2].

The surgical approach to amputation is a critical factor in preserving normal foot and ankle function.
Retaining as much length as possible in the residual foot is a central objective in this regard. This study
delves into the importance of maintaining the length of the residual foot to support normal foot and
ankle function during walking. To achieve this, the study considers load conditions, taking into account
ankle mobility and the concept of floor response force. By emphasizing the significance of preserving
the length of the residual foot, this research contributes to the ongoing efforts to enhance the functional
outcomes and overall well-being of individuals who have undergone partial foot amputations [3].

MATERIALS AND METHODS
Manufacturing of Insole using Carbon fiber using 3D Printing

The manufacturing process of insoles using carbon fiber and 3D printing represents a significant leap
in orthotic technology, offering a precise and customizable solution for individuals with partial foot
amputations. To achieve this cutting-edge approach, we follow a meticulously planned procedure that
combines traditional and modern techniques, resulting in a superior product that enhances comfort and
functionality.

First and foremost, the foundation of the insole is created through the traditional method of 3D
template production. A UK7-sized template is used to ensure accurate foot measurements. To construct
the insole, layers of carbon fiber, precisely cut to UK7 specifications, are strategically combined with
epoxy adhesive [4], [5]. This meticulous layering process forms the core structure of the insole. To
further enhance its durability and cohesion, an 80 kg weight is applied, exerting pressure to consolidate
the carbon fiber layers into a unified piece while refining the surface finish.

Before transitioning to the actual manufacturing phase, we integrate state-of-the-art 3D printing
technology to create a model. This model serves as a critical tool for cutting the carbon fiber to the exact
shape and size required for the insole, ensuring a seamless fit and optimal functionality (as depicted in
Figure 1). This 3D-printed model essentially acts as a mold in the subsequent stages of production,
contributing to the precision and customization of the final product.

The journey towards the creation of the carbon fiber insole continues with the digital realm. The
stereolithography CAD file (.stl) is generated following the meticulous 3-D modeling of the AFO foot
plate within UG-NX software (Figure 2). This digital representation of the footplate is then imported
into the UP-mini 3.0 application, which facilitates the 3D printing process [6]. The choice of ABS
material for 3D printing ensures a balance between durability and flexibility, key factors in providing a
comfortable and supportive insole.

In summary, the manufacturing process of insoles using carbon fiber and 3D printing harmoniously
merges traditional craftsmanship with cutting-edge technology. This approach results in highly
customized, durable, and precisely fitted insoles that not only enhance the gait cycle but also improve
the overall quality of life for individuals with partial foot amputations. This innovative technique
showcases the potential of advanced materials and manufacturing methods to revolutionize orthotic
solutions for a diverse range of patients.

In accordance with the flowchart depicted in Figure 3, carbon fiber sheets are employed in the
manufacturing process of the orthosis.

Theoretical Calculation
The orthosis is represented as a cantilever beam in the theoretical analysis of partial foot orthoses,
with one side fixed and the load applied at the other end, as depicted in Figure 4. To calculate the
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maximum deflection and mass moment of inertia of the orthosis, specialized formulas are employed,
drawing upon established principles and equations [7], [8], [9]. These calculations are essential in
understanding the structural behavior and mechanical performance of the orthosis under various loading
conditions, contributing crucial insights to its design and functionality.

Where, ymaX- Total deformation in mm.
L1, L2 - Length in mm.

E- Young’s modulus N/mm2.

I - Moment of inertia in mm4.

| = txb3

712
Where, t —thickness of plate in mm.
b- Width of plate in mm.

Figure 1. 3-D printed template to manufacture carbon fiber foot plate.

Taking
measurement of
the lower limb
portion

Selecting the
material i.e.
Carbon fibre

Now cutting the
model as per
shape required

Layer wise
formation of plate
with help of
epoxy resin

Now press under the
fixture of load upto
80Kg weight.

Figure 2. Flow diagram of manufacturing of AFO.
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Figure 3. Carbon fiber Partial Foot Orthosis.
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Figure 4. Foot orthosis considered as cantilever beam and the length of orthosis.

The deformation of the is calculated for 20kg, 30kg and 40kg load at heel using above formula as
shown in below side Table 1.

Table 1. Theoretical calculation at Heel for different load conditions.

Load Applied Theoretical deformation
20 Kg 0.729 mm
30 Kg 0.856 mm
40 Kg 0.829 mm

Theoretical Calculation at Toe for 20kg, 30kg and 40kg load is calculated using above formula as
shown in below side Table 2.

Table 2. Theoretical calculation at the Toe for different load conditions.

Load Applied Theoretical deformation
20 Kg 0.4120 mm

30 Kg 0.5527 mm

40 Kg 0.82419 mm

EXPERIMENTAL VALIDATION

According to the established procedure for testing the Partial foot orthosis device, the Venire caliper
and load cell are installed on the experimental setup as seen in Figure 5. Clear any previous loading
data from the load cell reading first. In situations 1 and 2, begin adding weights to the footplate to
correct the toe and heel, respectively, following established protocols [10], [11], [12], [13]. VVarious
stresses should be applied to the relevant areas, after which the toe and heel deformation should be
measured using a digital Venire caliper and the findings should be recorded meticulously [14] [15].
These precise measurements are vital for evaluating the orthosis's performance and ensuring its
effectiveness in real-world scenarios.

Figure 5. Foot orthosis considered as cantilever beam and the length of orthosis.
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EXPERIMENTAL RESULTS

The experimental results show that 20 kg, 30 kg, and 40 kg of weight are applied to the toe and heel,
respectively. We steadily increased the weight on the toe until it reached 40 kg while maintaining the
heel in place. Experimental study conducted by [16] examines the tensile and flexural behavior of epoxy
and SiO, composite, while another article focuses on the design and development of a carbon fiber-
based Ankle Foot Orthosis for foot amputated individuals. [17] Highlight the experimental investigation
of a composite material's hardness and tribology behavior, as well as the design and development of an
innovative Ankle Foot Orthosis using carbon fiber, to assist individuals with foot amputations in
regaining mobility and improving their quality of life. The toe deformation was measured using the start
and end measurements of a digital Vernier caliper. To apply load to the area of the heel, a similar
technique is used. In observation Tables 3 and 4, respectively, display the heel deformation.

Table 3. Observation table (Heel).

S.N. [Load applied (kg) |Initial Vernier reading (mm) |Final Vernier Reading (mm) |Deformation (mm)
01 |20 5.85 5.11 0.74

02 |30 5.85 4.88 0.97

03 |40 5.84 4.44 1.4

The greatest distortion observed, measuring at 1.4 mm, although relatively minor, illustrates a
noticeable trend where deformation in the heel area escalates proportionally with increasing applied

loads. This insight highlights the orthosis's response to varying stresses.

Table 4. Observation table (Toe).

S.N. [Load applied (kg) |Initial Vernier reading (mm) |Final Vernier Reading (mm) |Deformation (mm)
01 |20 14.2 13.51 0.69
02 |30 143 13.46 0.84
03 140 14.4 13.36 1.04

Although the maximum deformation measured was just 1.04 mm, it is evident that the distortion in
the toe region increases with higher applied loads. A comprehensive comparison of theoretical and
experimental assessments conducted on both the heel and toe regions is presented in Tables 5 and 6,
with corresponding comparative results depicted in Figure 6 and Figure 7. Remarkably, the outcomes
of this comparative research indicate that the deformation estimated using all three methodologies
consistently falls within acceptable limits. This consistency underscores the orthosis's reliability, as the
deformation values remain practically constant across various computational approaches and load
conditions.

Comparative results (Heel)
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Figure 6. Comparative results (Heel).
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Comparative results (Toe)

1.6
€ 1.4
£ 1.2
£ 1
£ 0.8
8 0.6
= 0.4
& 0.2
0
20
@ Theortically (mm) 0.729 0.856 0.829
= Experimental (mm) 0.74 0.97 14

Figure 7. Comparative results (Toe).

Table 5. Comparative results (Heel).

Theoretically (mm)

Experimental (mm)

Load applied (kg)
20

0.729 mm

0.74 mm

30

0.856 mm

0.97 mm

40

0.829 mm

1.4 mm

Table 6. Comparative results (Toe).

Load applied (kg) Theortically (mm) Experimental (mm)
20 0.4120 mm 0.69 mm
30 0.5527 mm 0.84 mm
40 0.82419 mm 1.04 mm

CONCLUSIONS

In conclusion, replicating the intricate design and functionality of the human foot remains a
paramount challenge in the realm of prosthetic technology. The carbon fiber prosthetic foot, subjected
to rigorous testing under various loads at the heel and foot, has demonstrated promising results. The
data presented in Tables 5 and 6 underscore the alignment between theoretical predictions and empirical
measurements of deformation at the heel and toe regions. The heel exhibits a percentage variation of
20%, while the toe demonstrates a slightly lower percentage variation of 17.5%. These findings reaffirm
the feasibility of achieving functional parity with natural limbs using advanced materials like carbon
fiber. As we continue to refine and innovate in this field, the potential for transformative advancements
in prosthetic design and performance becomes increasingly attainable.
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