
 

SINERGI Vol. 28, No. 3, October 2024: 595-604 
http://publikasi.mercubuana.ac.id/index.php/sinergi 

http://doi.org/10.22441/sinergi.2024.3.015 
 

 
 

K. Saptaji et al., Improvement of ankle foot orthotics fabrication using 3D printing method 595 

 

Improvement of ankle foot orthotics fabrication using 3D 
printing method  

 
Kushendarsyah Saptaji1*, Dinda Arina Manasikana1, Octarina Adiati Juniasih2, Mochammad 
Rafli Ramadhani1, Muchammad Oktaviandri3, Anwar Ilmar Ramadhan4, Yuli Panca Asmara5

 
1Mechanical Engineering Department, Faculty of Engineering and Technology, Sampoerna University, Indonesia 
2Department of Mechanical Engineering, Sepuluh Nopember Institute of Technology, Indonesia 
3Department of Mechanical Engineering, Universitas Pembangunan Nasional Veteran, Indonesia 
4Department of Mechanical Engineering, Universitas Muhammadiyah Jakarta, Indonesia 
5Faculty of Engineering and Quantity Surveying, INTI International University, Malaysia 
 

Abstract  
Orthotics are the body support devices used for correction, 
immobilization, fixation, and prevention of paralysis. The greatest 
number of orthotics utilized by people suffering from plantarflexion 
and dorsiflexion disability, especially in Indonesia, is ankle foot 
orthotic (AFO). However, the duration associated with fabricating 
AFO through conventional methods is considered time-consuming. 
This paper aims to fabricate ankle foot orthotics (AFO) using 
innovative combinations of 3D scanning and 3D printing. The 
method begins with 3D scanning of the patient’s lower limb using 
photogrammetry (3DF Zephyr). The design is generated and 
adjusted, afterwards, the orthotic prototype is produced by fused 
deposition modeling (FDM) 3D printing using polypropylene (PP) 
material. This choice is attributed to the material's advantages, such 
as being lightweight, rigid, durable, and cost-effective. The 3D mesh 
model scanned using 3DF Zephyr shows good quality and more 
precise results. In addition, the prototype produced using 3D 
printing was tested by walking based on normal gait analysis’s 
angle of foot and calf measurement, which shows a maximum 
range of motion (ROM) of 16.1˚. The proposed methods of 
fabricating orthotic prototypes can successfully reduce the 
processing time by approximately 70% compared to the 
conventional method. 
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INTRODUCTION 

According to the World Health 
Organization (WHO), approximately 15% of the 
global population lives with some form of 
disability. In Indonesia, a report by Monash 
University estimates that at least 10 million 
people have disabilities, representing about 
4.3% of the population. The data also highlights 
that one of the most common health conditions 
affecting daily functioning is lower limb 
disabilities. [1]. These disabilities may result 
from illnesses, accidents, or congenital 
conditions. An orthosis serves as a specialized 
orthopedic device designed to correct, 
accommodate, or enhance the function of a 

body part that has lost its functionality. It either 
aids or prevents the movement of a limb or the 
spine, categorizing it as a crucial biomedical 
device [2]. Furthermore, the lower limb plays a 
pivotal role in providing support for body 
movement [3].  

Ankle-foot orthosis (AFO) is the most 
commonly prescribed lower limb orthotics. It is 
customized for individuals with walking-related 
functional limitations due to weakened ankle 
musculature and paralysis. AFOs play a pivotal 
role in modulating the gait cycle by providing 
external support, control, and stability to the 
ankle and foot. Therefore, the presence of AFO 
could support the ankle motion during the gait 
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cycle [4]. Gait cycle refers to a fundamental 
aspect of human locomotion, encompasses the 
repetitive events of walking and running, begins 
when one-foot contacts the ground and ends 
when the same foot contacts the ground 
repeatedly [5]. By aligning and supporting the 
lower extremities, AFOs contribute to the 
optimization of the gait cycle, assisting 
individuals in achieving a more natural and 
efficient walking pattern.  

AFO traditional manufacturing processes 
are handcrafted by orthopedists which involves 
direct patient interaction during casting and 
fitting sessions [6], allowing for real-time 
adjustments based on patient feedback. 
However, this crafting method required skilled 
orthotist since the product quality depends on 
the specialist skills and experience [7]. In 
addition, AFOs fabrication using conventional 
methods involves a series of time-consuming 
processes. These typically include patient 
assessment, manual casting, material selection, 
molding and shaping, adjustments, and a 
finalization phase. This method required longer 
processing time, higher costs, and may 
generate more material waste [8]. Other than  
that, the traditional method such as casting 
process has low dimensional accuracy [9], 
resulting in a low geometrical representation of 
the model.  

Alternatively, orthotic devices can be 
revolutionized in their production through the 
implementation of additive manufacturing (AM) 
technology also known as 3D printing. This 
cutting-edge technology capable of accelerates 
production time while maintaining high degree of 
precision [10]. Presently, fused deposition 
modelling (FDM) printing stands out for its ease 
of implementation and compatibility with common 
thermoplastic materials [11]. Moreover, the use 
of FDM is applicable for AFO due to its results of 
the porosity and density measurement [12]. 
Besides, it has demonstrated its capability to 
produce parts with complex geometrical features 
which makes FDM attractive for AFO 
manufacturing [13].  

The incorporation of this manufacturing 
method with 3D scanning technology enables the 
fabrication of patient-specific anatomical models 
based on image data [14]. Scanning method 
collectively gathered the foot’s accurate 
dimension and morphology for constructing 3D 
model of the AFO device [15]. By utilizing 
Computer-Aided Design (CAD) software, the 3D 
scan undergoes detailed processing, allowing for 
precise adjustments to the geometry [9]. 
Subsequently, the refined orthotic design 3D 
model can be seamlessly exported for production 

using a 3D printer. Therefore, this technology 
continues to advance, promoting a new era of 
patient-specific, efficient, and customized 
solutions in the medical field [16][17].  

Apart from the fabrication process, the 
quality and the mechanical property of the 
prototype is also crucial [18]. Since the orthoses 
are produced to meet the specific function based 
on the user’s needs, the presence of finite 
element analysis (FEA) specifically the stress-
strain analysis becomes essential [19]. This 
analysis helps in predicting the prototype's ability 
to withstand the user's weight and prevent 
material failures [20][21]. It is possible to 
examine the mechanical behavior of AFO parts 
under certain loading and boundary conditions 
according to the patient requirement [22].  

Regarding the background mentioned, the 
development of lower limbs orthotics fabrication 
process has been pursued. It is focused on 
transitioning conventional manufacturing 
methods to the additive manufacturing process, 
offering increased ease, flexibility, and 
accelerated fabrication capabilities. The 
objective of this study is to fabricate and assess 
the reliability and efficiency of AFO prototype. 
The fabrication process employed 
photogrammetry method which delivers a 3D 
image by combining multiple photos of the 
specific object. Photogrammetry scanning 
presents a groundbreaking alternative to 
traditional 3D scanning techniques by utilizing 
photographs taken with smartphone cameras. 
This approach simplifies the scanning process, 
making it more accessible and user-friendly. 
With just a series of photographs captured from 
different angles, photogrammetry can generate 
detailed 3D models, eliminating the need for 
specialized 3D scanner machines. This 
innovative method can be effectively employed 
in scanning patient's foot to customize the AFO 
design. Furthermore, the captured data can be 
processed remotely, enabling long-distance 
customization, and enhancing efficiency in 
patient care. Afterwards, the 3D design and 3D 
printed prototype were analyzed using FEA and 
gait cycle analysis. Understanding the gait cycle 
helps in optimizing the function of the AFO 
throughout the different phases of walking. It is 
expected that this method can produce an Ankle 
Foot Orthotic prototype suitable for patients with 
more effective production time compared to 
conventional methods.  
 
METHOD 

In this study, the ankle-foot orthotics 
fabricated manufactured to address the unique 
biomechanical needs and anatomical 
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characteristics of the individual by implementing 
3D scanning and 3D printing method. This 
approach ensures a better fit and enhances the 
effectiveness of the AFO in providing support for 
the user. Therefore, it could increase the precision 
and individualization in the development of orthotic 
solutions within the study. The method is divided 
into four main steps: scanning and designing, 
FEA, fabrication, and evaluation processes. 

 
Scanning and Designing Process 

The alternative 3D scanner object 
photogrammetry was used in this study since 
constructing the 3D laser scanner is typically very 
expensive. The photogrammetry applications 
employed to obtain the 3D model are Meshroom 
and 3D Zephyr. These two photogrammetry 
applications also provide the simplest process 
compared to other applications. Moreover, the 
result of photogrammetry scanning process is a 
3D mesh and still required further processing 
stages such ad editing and refining. The editing 
process of the 3D model is conducted by 
converting the mesh to solid feature using 
SolidWorks software.  
 
Finite Element Analysis Process 

Once the solid model is completed and 
verified, finite element analysis (FEA) was 
performed. The FEA was conducted in order to 
evaluate the strength of the ankle foot orthotics 
design. The model was then divided into smaller 
bodies or FE (Finite Element) and interconnected 
at a common point is called discretization [23]. 
SolidWorks software was employed to execute 
the FEA of the model. The analysis can be done 
by projecting every part of the AFO which was 
done by divided into some parts of the foot. 

 
Fabrication Process 

The ankle foot orthotics model was 
fabricated using a 3D printing process. FDM was 
chosen due to its cost-effectiveness and 
compatibility for a wider range of polymers. 
Additionally, it enables the production of 
customized and complex geometries that might 
be challenging to fabricate. In this specific 
method, polypropylene (PP) is considered 
suitable for orthoses applications due to its  cost, 
quality, toughness and rigidity [6]. PP is practical 
for Ankle-Foot Orthoses with Flexural modulus of 
190,000 psi (per-ASTMD790). Besides,  it almost 
used in every types of conventional orthotics with 
printing temperature in the range of 240-260˚C 
[24][25]. Moreover, the fabrication parameter of 
the AFO is always based on the patient foot. 
Therefore, the parameter details can be shown 
after the 3D scanning and scaling processes. 

Evaluation 
One of the goals of this study is also to 

fabricate an AFO prototype which is safe and 
comfortable during standing or walking activities. 
Hence, the prototype testing performed through 
patient fitting in accordance with the normal gait 
cycle [26] where it includes seven stages. Those 
seven stages are heel strike, load response, 
midstance, terminal stance, initial swing & mid 
swing, and terminal swing. Gait cycle was also 
related to the range of motion (ROM) of the 
ankle. In this study, ROM is considered crucial for 
optimal weight distribution and balance during 
activities such as standing, walking, or running. 
For lower-extremities, ROM stands for the extend 
or limit of foot ankle to move around the ankle 
joint or simply the sum of dorsiflexion a plantar 
flexion. Dorsiflexion means the flexion of the foot 
upward while the plantar flexion is the opposite. 
The ankle neutral angle as the reference in gait 
cycle motion is 90°. For normal adult men, the 
maximum angular deviations range of the 
dorsiflexion is 10° to 15°, and for plantar flexion is 
40° to 55°. However, during everyday activities, 
the maximum ROM in the sagittal plane for 
walking is 30° [27]. 

For medical devices like AFOs, patient 
comfort and rehabilitation timelines are crucial. A 
faster fabrication process means shorter wait 
times for patients, contributing to improved 
overall healthcare outcomes. Therefore, the time 
effectiveness analysis was conducted in order to 
assess the 3D printed AFO compared to 
conventional fabrication method. 
 
RESULTS AND DISCUSSION 
Designing Result Process 

In order to develop the ankle foot orthotics 
model, a dummy patient of lower limb part was 
scanned. The 3D scanning process of the body 
part was similar to scanning process of non-living 
object. Figure 1 shows the patient injured lower 
limb (left) and the result of 3D scanning using 
3DF Zephyr. The 3DF Zephyr works by rendering 
the photos taken. The figure shows a 3D model 
of the legs including the calf. Therefore, the 3D 
design of AFO can be generated based on this 
3D model.  

 

 
Figure 1. 3D Scan of lower limb using 3DF 

Zephyr 
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Raw scan result Smoothen process 1

Smoothen process 2Final design

 
Figure 2. Meshmixer results 

 

 
Figure 3. Measurement of real foot length is 22.7 

cm 
 

 
Figure 4. Adjusted foot length using SolidWorks 

 
Meshmixer was utilized for preparing 

scanned lower limb model for 3D printing 
process. It exports the model into a format 
compatible with the 3D printers, such as STL.  
This software also provides several features 
which includes smoothening the surface of 3D 
model and converting it into SolidWorks file. The 
Meshmixer 3D scanned rendering result depicted 
in Figure 2. The 3D model is ready to be used for 
designing AFO. After converting into SolidWorks 
file, the measurement for the foot was scaled up. 
It turns out that discrepancies in the vertical 
dimension between the 3D-scanned foot and the 

patient’s foot exist as depicted on Figure 3. The 
adjustment was made by scaling the size using 
SolidWorks software to ensure the optimal fit of 
AFO for the patient resulted in Figure 4. Once the 
3D model and dimensions were generated, then 
the AFO design was performed.  The scanning 
process result displays the detailed morphology 
of the patient’s foot. Afterwards, the designing 
process of the AFO was conducted using 
SolidWorks based on the refined 3D scan result. 
The design was carried out by outlining the foot 
and calf structure presented. When the basic 
design of the AFO is completed, the 3D scan 
data is removed. Subsequently, AFO surface and 
edges are refined. Since the main focus of this 
project focused on fixing the angle of the foot, 
adding straps are essential to tighten the foot and 
the orthotics device. Hence, slots for strap 
placement were added to the design.   

The final design of the AFO is depicted on 
Figure 5 which also divided into 6 parts for FEA 
purpose. The bottom part (Part 1) in contacts the 
sole which provides support from underneath 
while evenly distributing pressure. Part 2, the 
ankle support, wraps the lower back part of the 
leg (ankle) aiding in proper foot alignment. 
Extending further up the leg, Part 3, the lower calf 
support ensures that the orthotic remains 
correctly positioned during movement. Part 4 is 
the upper calf strap area, designed for attaching 
straps that wrap around the upper calf, securing 
the orthotic securely to the leg and preventing 
unwanted movement. Part 5 provides medial 
(inner) support to the foot and ankle maintaining 
proper alignment. Lastly, Part 6 provides lateral 
(outer) support, working in conjunction with the 
medial support to keep the foot and ankle stable 
and aligned. Hence, the FEA simulations were 
conducted on each part to analyze the 
performance of the design. 
 

 
Figure 5. Final design with 3 mm design 

thickness divided into 6 parts, 1) bottom, 2) 
ankle, 3) lower calf, 4) upper calf, 5) medial, and 

6) lateral supports. 
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Finite Element Analysis Result  
 The Finite Element Analysis which 

resulting in Von Mises Stress was calculated and 
shown in Figure 6 to Figure 11 and Table 1. It is 
particularly valuable in assessing the potential 
yielding or failure of the AFO material under 
complex loading conditions. It is employed to 
predict and analyze material failure or 
deformation under the mechanical loads applied 
to the object. Therefore, during the designing 
process, it ensures the specimen or prototype 
meets the safety and performance standard. 

The direction of the force for each part 
varied depending on the contact surface of the 
components. Figure 6 illustrates the stress 
distribution in Part 1, the bottom support of the 
AFO, where the upper surface contacts the 
patient’s sole. The body force is applied vertically 
to the top face of the component, while the 
bottom surface acts as the fixed support. The 
maximum and minimum stress occurs are 
4.393×104 N/m2 and 1.071×104 N/m2, 
respectively. The color coding in the image 
illustrates the stress distribution, with blue 
indicating lower stress areas and red 
representing higher stress areas. It depicted that 
the edges exhibit higher stress compared to the 
center, highlighting areas that are more 
susceptible to deformation or failure.  

For parts 2 to 4, the contact surfaces are 
located on the inner surfaces of each part. 
Forces act towards those inner surfaces of the 
components, with the opposite side providing 
fixed support. Thus, the simulation’s boundary 
conditions of each part are identical. The critical 
points for each part mostly occur at the edges. 
On the lower leg support (see Figure 7), the 
highest stress value reaches 1.998×105 N/m², 
while the lowest is 3.283×104 N/m². In Figure 8, 
the lower calf part exhibits a maximum stress of 
7.157×104 N/m² and a minimum of 
1.372×104N/m². Moving up to the upper calf 
support on Figure 9 (part 4) the maximum and 
the maximum stress exhibit are 1.816×105 N/m² 
and 1.819 N/m², respectively. In this particular 
segment, the strap attachment area is found to 
experience the lowest stress compared to other 
parts since the tension from the strap is 
neglected. Besides, among all the three 
elements, the highest maximum stress developed 
in part 2 as the ankle support on Figure 9 as it 
reaches 1.998×105 N/m2 or equal to 199.8 kPa.  

 
Figure 6. Finite Element Analysis Part 1, bottom 

support of The AFO Design 
 

 
Figure 7. Finite Element Analysis Part 2, lower 

leg support of The AFO Design 
 

 
Figure 8. Finite Element Analysis Part 3, lower 

calf support of The AFO Design 
 

 
Figure 9. Finite element analysis result of part 4, 

upper calf support of the AFO design 
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Figure 10. Finite element analysis of part 5, 

medial support of the AFO design 
 

 
Figure 11. Finite element analysis of part 6, 

lateral support of the AFO design 

 

For the last two components (Part 5 and 6), 
both components share an identical geometric 
profile which applied in different positions. Part 5 
is positioned on the inner side of the foot as the 
medial support, closer to the midline of the body 
and aligned with the toes. Conversely, part 6 acts 
as the lateral support, placed on the outer side of 
the foot, opposite the medial support. Therefore, 
the direction of forces, contact surfaces, and 
fixed supports for these components act in 
opposing directions. The maximum stress 
presence on components 5 and 6 were found to 
be relatively high which are 2.940×105 N/m2 and 
2.477×105 N/m2, respectively. The color code 
reveals that the central part of the ankle support 
shows lower stress values. In contrast, the edges 
exhibit higher stress values, making them more 
susceptible to deformation and potential failure. 
The details of the maximum and minimum von 
Mises stress analysis for each component were 
compiled and listed in Table 1. Among all 
components, Part 1 has the lowest von Mises 
stress, ranging from 10.71 to 43.93 kPa, 
indicating better stress distribution. Conversely, 
Part 5 experiences the highest minimum and 
maximum von Mises stress values, at 38.46 kPa 
and 294.0 kPa, respectively. These findings align 
with the study conducted by Totah et. al. [28], 
which used finite element analysis on an entire 
AFO made by the plaster casting method.  

 

Their research also revealed similar critical 
stress concentrations in the ankle area, 
corresponding to Parts 4-6, and the lowest stress 
concentrations at the upper calf. On the other 
hand, the yield strength of pure polypropylene 
(PP) in room temperature stands at 
approximately 32-35 MPa [25]. Thus, based on 
the FEA results, all stress levels are below the 
specified yield strength of PP. This affirms that 
the design maximum stress concentration values 
occurred within an acceptable range, establishing 
the reliability of the AFO. 

 
Prototype Fabrication Result  

Upon completing the simulation procedure, 
the assembled prototype can be fabricated using 
FDM 3D printing. The printed AFO prototype is 
presented in Figure 12 (a). Additionally, various 
supplementary components are incorporated to 
ensure the specimen's functionality and suitability 
for testing purposes. The final assembly of the 
AFO is shown on Figure 12  (b). 
 
Evaluation 
a. Gait Cycle Analysis 

The testing section conducted according to 
the normal gait cycle. The range of motion (ROM) 
of the ankle occurs primarily in the sagittal plane 
as the sum of plantar- and dorsiflexion angle. The 
ankle normal angle of the AFO is 90°. To validate 
reliability of the prototype, this study manually 
measures the angle of foot and calf as depicted 
on Figure 13. Notably, the observed angles of the 
testing result during gait cycle range from 89.7° 
to 105.8°. Hence, the maximum of dorsiflexion 
and plantar flexion is 0.3° (0.33%) and 15.8° 
(17.5%), respectively. It means that the sum of 
dorsiflexion and plantar flexion angle is 16.1° 
which comparable the ROM values of AFO gait 
cycle analysis from previous study (10°–16°) [29]. 
Moreover, during everyday activities, the 
maximum ROM in the sagittal plane is 30° for 
walking [27]. Thus, the AFO fabricated in this 
study found to be reliable since the ROM angle 
lays within the acceptable range. 

 
Table 1. Result of Von Mises Stress Analysis 

Using SolidWorks 

Symbol 
Von Mises Stress 

Min Max 

1 10.71 kPa 43.93 kPa 
2 32.83 kPa 199.8 kPa 
3 13.72 kPa 71.57 kPa 
4 18.19 kPa 181.6 kPa 
5 38.46 kPa 294.0 kPa 
6 33.24 kPa 247.7 kPa 
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Figure 12. (a) 3D printed AFO using FDM and PP 

material (b) AFO prototype after assembly 
 

b. Time Effectiveness Analysis   
The main purpose of this study is to compare 

conventional, and 3D printed AFO based on the 
amount of production time. The comparison 
between conventional and 3D printed AFO can 
be seen in Figure 14. According to R.K. Chen et. 
al. [30] the process of conventional 
manufacturing involves more production time 
compared to the 3D printing process. As 
conventional AFO is typically produced using 
traditional fabrication methods, it requires several 
manufacturing processes which involve shaping 
materials like plastic or metal based on a cast of 
the patient's limb. The process took longer time, 
approximately 126.5 hours since it involves 
measurement of negative impression size which 
then converted into positive mode using gypsum 
mixture. Additionally, the finishing stage is 
required which manually executed using 
sandpaper etc.   Conversely, 3D printing methods 
promote shorter production time compared to the 
traditional one. It only required several simple 
steps such as measurement stage, capture the 
limb photo for scanning, rendering the image, 
then followed by design and analysis. Lastly the, 
after all the stages are completed, it comes to the 
last part which is 3D printing process. Based on 

the duration calculations, it only takes 38 hours to 
complete which saves approximately 70% of the 
conventional one. 

In comparison with previous research, the 
current study's approach to developing an Ankle 
Foot Orthotics (AFO) device using 3D scanning 
and printing methods presents notable 
advancements in accuracy, and efficiency. The 
FEA results confirmed the findings of Totah et al. 
[27], which highlighted similar critical stress 
concentrations in the ankle area. This agreement 
underscores the reliability of the present study's 
methodology and its alignment with past 
research. Furthermore, the prototype fabrication 
using FDM 3D printing demonstrated a significant 
reduction in production time compared to 
conventional methods, supporting the 
observations made by Chen et al. [29]. The 3D 
printed AFO was produced in approximately 38 
hours, saving around 70% of the time required for 
traditional fabrication.  

Moreover, the gait cycle analysis revealed 
that the AFO prototype provided an acceptable 
range of motion, consistent with values reported 
in previous studies, thus validating the functional 
performance of the design. The observed 
dorsiflexion and plantar flexion angles fell within 
the normal range, ensuring that the AFO 
supports natural gait patterns without 
compromising mobility. In summary, the 
integration of advanced 3D technologies in the 
design and production of AFOs offers substantial 
improvements in terms of precision, efficiency, 
and reliability. The findings of this study highlight 
the potential for these technologies to 
revolutionize the field of orthotics, providing 
better outcomes for patients through more 
accurate and faster production of custom AFO 
devices.

 

 
Figure 13. Angle of ankle based on the Gait cycle 
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Figure 14. Comparison of the production time for conventional manufacturing vs proposed 3D printing 

method 
 
CONCLUSION 

The primary objective of this study has been 
achieved by successfully implementing 
photogrammetry scanning method using 3DF 
Zephyr, as a time-effective alternative method for 
constructing Ankle-Foot Orthotics (AFOs) design. 
This paper also proves that the 3D scan method 
employed within this research successfully 
produced the required AFO based on digitized 
data from photos. It was fabricated through FDM 
printing with PP material, and the 3D model was 
created by using mainly three software which are 
3D Zephyr, Meshmixer, and SolidWorks. The 
implementation of photogrammetry has 
demonstrated remarkable success in generating 
accurate dimensions of 3D models. During the 
gait cycle, the ROM values of the AFO is 16.1 
degrees which is in the acceptable standard 
range of motion for walking gait cycle. Moreover, 
this study marks a notable advancement in 
orthotic design by introducing a time-efficient 
approach. It contributed to a significant reduction 
of 70% in the overall time required for 
conventional AFO fabrication. Therefore, the 
AFOs produced through this methodology exhibit 
promising efficacy. 
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