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Resumo
O Acidente Vascular Cerebral, continua a ser uma das principais causas de mortalidade e

incapacidade a longo prazo no Mundo. Geralmente, os sobreviventes de um Acidente
Vascular Cerebral apresentam uma série de défices motores, incluindo fraqueza muscular,
espasticidade e coordenagdo reduzida, o que pode prejudicar significativamente a sua
capacidade de realizar atividades diarias. Com foco em melhorar a mobilidade, estabilidade
e, em ultima andlise, a qualidade de vida, as ortéteses desempenham um papel fundamental
na reabilitacdo e no suporte. Esta tese representa um avancgo significativo no cuidado
ortopédico para sobreviventes de Acidentes Vasculares Cerebrais, destacando o papel
transformador do fabrico aditivo no design e producdo de ortdteses tornozelo-pé. Centrado
no desenvolvimento de um inovador scanner 3D baseado na tecnologia de fotogrametria,
este estudo assinala uma mudanca de paradigma na precisdo e personalizacdo ortodtica.
Fundamental para este sucesso é a énfase na captura anatémica rdpida e precisa, melhorando
notavelmente o conforto do doente e acelerando a entrega de ortéteses sob medida. Ao
longo da tese sdao abordados varios aspetos relacionados com o tema. Foram realizadas
revisdes detalhadas de tecnologias de scanner 3D, metodologias de fabrico aditivo, estudos
empiricos que validam um novo sistema de obtencdo da superficie do membro inferior do
doente e a sua integracao clinica. Também foi realizada uma andlise comparativa abrangente
de ortdteses tornozelo-pé personalizadas vs. pré-fabricadas em 10 doentes. Esta abordagem
multifacetada, englobando avaliagGes biomecanicas, e de satisfacdo do doente, oferece uma
visdo holistica do impacto das ortoteses na reabilitacdo pds Acidente Vascular Cerebral. Os
estudos revelam que as ortéteses tornozelo-pé produzidas por fabrico aditivo sdo, no minimo,
equivalentes e, em alguns casos, superiores as ortoteses pré-fabricadas em termos de eficacia
biomecanica com o feedback dos doentes indicando uma clara preferéncia pelas ortéteses
personalizadas. Este estudo ndo fornece apenas evidéncias convincentes dos beneficios do
fabrico aditivo na producdo de ortéteses, mas também estabelece um precedente para
futuras pesquisas e praticas clinicas destacando-se pela analise de dados biomecéanicos nunca
realizados em estudos anteriores. Serve também como uma base para a inovagao centrada
no doente, incentivando uma abordagem mais personalizada e baseada em evidéncias no
design ortopédico para melhorar a qualidade de vida dos sobreviventes de Acidentes

Vasculares Cerebrais.

Palavras-Chave: Cinemadtica, Cinética, Pontuacao do Perfil de Marcha, Espago temporal,
Acidente Vascular Cerebral, Scanner 3D, Fabrico Aditivo, QUEST, Ortoteses Tornozelo-Pé,
Fotogrametria



Abstract

Stroke continues to be one of the leading causes of mortality and long-term disability globally.
Commonly, stroke survivors exhibit a range of motor deficits, including muscle weakness,
spasticity, and reduced coordination, significantly impairing their ability to perform daily
activities. Focused on improving mobility, stability, and ultimately quality of life, orthoses play
a crucial role in rehabilitation and support. This thesis represents a significant advancement
in orthotic care for stroke survivors, highlighting the transformative role of additive
manufacturing in the design and production of ankle-foot orthoses. Centered on the
development of an innovative 3D scanner based on photogrammetry technology, this study
signals a paradigm shift in orthotic precision and customization. Central to this success is the
emphasis on rapid and accurate anatomical capture, notably enhancing patient comfort and
expediting the delivery of tailored orthoses. Throughout the thesis, various aspects related to
the theme are addressed. Detailed reviews of 3D scanner technologies, additive
manufacturing methodologies, empirical studies validating a new system for capturing the
lower limb surface of patients, and its clinical integration were conducted. A comprehensive
comparative analysis of custom vs. prefabricated ankle-foot orthoses in 10 patients was also
carried out. This multifaceted approach, encompassing biomechanical assessments, and
patient satisfaction, offers a holistic view of the impact of orthoses on post-stroke
rehabilitation. The studies reveal that ankle-foot orthoses produced by additive
manufacturing are, at minimum, equivalent, and in some cases superior to prefabricated
orthoses in terms of biomechanical efficacy, with patient feedback indicating a clear
preference for the custom variants. This study not only provides compelling evidence of the
benefits of additive manufacturing in orthotic production but also establishes a precedent for
future research and clinical practices, distinguished by the analysis of biomechanical data
never conducted in previous studies. It also serves as a foundation for patient-centered
innovation, encouraging a more personalized and evidence-based approach in orthotic design

to improve the quality of life of stroke survivors.

Keywords: Kinematics, Kinetics, Gait Profile Score, Spatiotemporal, Stroke, 3D Scanner,
Additive Manufacturing, QUEST, Ankle Foot Orthosis, Photogrammetry
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Thesis Structure

The PhD thesis structure is organized in X chapters, assembling information needed to

understand the conducted research.

Chapter | — General Introduction

This introductory chapter establishes the foundation of the thesis, detailing the overarching
research theme, its significance in the field, and the broader context within which the study
is situated. It outlines the specific objectives and hypotheses of the research, providing a clear
roadmap for the thesis. This chapter also sets the stage for the reader, explaining the
relevance of the research in addressing current challenges in stroke rehabilitation and

orthotic care, and how it aims to contribute to the existing body of knowledge.

Chapter Il — Relevance of the studies

In this chapter, the relevance and rationale behind each of the conducted studies are
explored. It demonstrates the significance of each paper within the thesis, explaining why
each study was undertaken and what goals it aimed to achieve. This chapter elucidates the
importance of each research paper in contributing to the overall understanding and
advancement in the field of stroke rehabilitation and orthotic development. It provides a
context for the research, highlighting how each study addresses specific gaps in the field and

contributes to the broader scientific and medical community.

Chapter lll — Research Studies

Presents the five scientific studies written during the PhD process. Each of them was
organized following the structure of a scientific paper format: Introduction, Methods, Results,
Discussion, Conclusions, and References; and each one was reformatted for consistency with

the thesis.
Chapters IV and V — General Discussion and Conclusions

Synthesizes the main findings from Chapter Il and provides overall conclusions, discussing

the implications and significance of the research.
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Chapter VI — Methodological Considerations
Examines the methodologies used in the research studies, discussing their rationale,

strengths, and limitations.

Chapter VIl - Recommendations for Future Research
Outlines potential areas for future study, based on the findings and limitations of the current

research.

Chapter VIIl — General References

Lists all references used throughout the thesis.

Chapter IX — Other Publications (Conference Papers and Secondary Publications)
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practical application and reception of the research in professional circles. This chapter
illustrates the active engagement of the research with the wider academic and professional

community, showcasing its relevance and impact.

Chapter X - Datasets

Provides a comprehensive compilation of all datasets used in the research, encompassing
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conducted on materials. This chapter underscores the thoroughness and rigor of data

collection and analysis, essential for the validation and reliability of the research findings.
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I. General Introduction

Stroke, an Acute Cerebrovascular Accident, remains a leading cause of both mortality and
long-term disability (Feigin et al., 2018). This condition, which affects blood flow in the brain
can be triggered by either ischemia (ischemic stroke) or haemorrhage (haemorrhagic stroke)
posing significant challenges in the realms of medical research and healthcare (Krishnamurthi
et al.,, 2013).

Comprehending the pathophysiology of stroke is an undertaking that involves various factors
such as cerebral ischemia, neuroinflammation and neuronal death (Zhang et al., 2020).
Ischemic strokes account for 87% of all cases and occur due to the blockage of blood flow in
the brain often caused by thrombosis or embolism (Yan et al., 2015). On the other hand,
haemorrhagic strokes are less common but tend to be more severe as they result from
ruptures within blood vessels in the brain (Krishnamurthi et al., 2013).

Significant progress has been made in neuroimaging and biomarker studies greatly enhancing
the understanding of strokes. These advancements have led to improved accuracy and
increased potential for tailoring treatment strategies on an individual basis (Simpkins et al.,
2019) however, the impact of stroke on a scale continues to be significant. There has been an
increase in stroke cases observed in middle income countries, which can be attributed to
changes in lifestyle and the aging populations (Feigin et al., 2015). Over the few decades there
have been remarkable advancements in stroke management. The introduction of reperfusion
therapies like thrombolysis and mechanical thrombectomy has completely revolutionized
how strokes are treated (Lee et al., 2015). Additionally, rehabilitation strategies that focus on
cognitive, physical, and emotional recovery have played a crucial role in enhancing the quality
of life for individuals who have experienced a stroke (Lowry & Jin 2020). Despite these
developments, there are still challenges that need to be addressed to ensure timely and
adequate treatment for many patients (Saenger & Christenson 2010).

Commonly, stroke survivors experience a range of motor deficits, including muscle weakness,
spasticity, and reduced coordination, which can significantly impair their ability to perform
daily activities. Focusing on improving mobility, stability, and, ultimately, the quality of life,
orthoses commonly referred to as orthotic devices, play a important role in the rehabilitation
and support. They are designed to aid in the correction, support, or enhancement of the

function of a limb or the torso. Upper limb orthoses, including wrist-hand orthoses, are



utilized to support weakened or paralyzed arms and hands. These devices assist in
maintaining functional positioning, preventing contractures, and enabling the performance
of tasks that require manual dexterity. Similarly, lower limb orthoses, such as ankle-foot
orthoses (AFOs), are commonly prescribed for stroke survivors to address issues like foot
drop, which results from the inability to raise the front part of the foot due to weakness or
paralysis of the dorsiflexor muscles. By providing the necessary support and alignment, AFOs
can enhance gait patterns, reduce the risk of falls, and promote greater independence in
ambulation.

The variety of AFOs available caters to the diverse needs arising from stroke-induced mobility
challenges. Solid AFOs, characterized by their rigid structure, are predominantly used for
patients exhibiting significant ankle weakness or spasticity. Made typically from plastic and
custom-fitted, these AFOs provide substantial support and stability, enhancing gait and
preventing foot drop nonetheless, their rigidity can be a double-edged sword, potentially
limiting ankle mobility and leading to muscle atrophy due to reduced muscle usage (Wada et
al. 2021). Articulated AFOs, on the other hand, incorporate a hinged mechanism, offering a
compromise between support and mobility (Kilmartin & Wallace, 1994). These hinges,
adjustable for controlling the range of motion, make articulated AFOs suitable for patients
who retain some control over their ankle movements. While they facilitate more natural gait
patterns, their complexity necessitates careful adjustment and may not suffice for patients
with severe muscle weakness (Pons et al., 2016). Dynamic AFOs represent a more flexible
option, often crafted from a blend of materials like plastic and metal (Momosaki et al., 2015).
Designed to support natural foot movement during walking, these AFOs are particularly
beneficial for patients in the recovery phase who are regaining muscle function. They
encourage active muscle usage, aiding in muscle strengthening. Conversely, their suitability is
limited for patients with severe spasticity or instability, as they provide less rigid support
compared to other types (Tyson & Kent, 2011). Additionally, Floor Reaction AFOs are tailored
to control knee buckling by providing anterior support at the shin level (Adiputra et al., 2019).
They are particularly effective for patients with quadriceps weakness, aiding in knee extension
during the stance phase of gait. Despite their effectiveness, these AFOs can be somewhat

bulky and may require fine-tuning for optimal knee control (Briko et al., 2021).



Lastly, Posterior Leaf Spring AFOs, made from thinner and more flexible materials, offer mild
dorsiflexion assistance, and are primarily used for foot drop prevention (Rao et al., 2014).
Their lightweight and slim profile provide a cosmetic advantage, but they offer limited support
and control, making them less suitable for patients with significant spasticity or instability
(Meadmore et al., 2018).

In selecting the appropriate AFO for a stroke patient, it is imperative to consider factors such
as the degree of muscle weakness, range of motion, spasticity, and the patient's functional
goals (Cui et al., 2023). Managing foot drop, PLS AFOs stands out for their specific application
offering essential support for dorsiflexion impairment. Within this category, the distinction
between off-the-shelf and custom-made PLS AFOs, particularly those crafted using the
traditional plaster cast method, is significant.

Off-the-shelf PLS AFOs are widely available and provide a general level of support suitable for
a broad range of patients. The primary advantage of these prefabricated orthoses lies in their
immediate availability and cost-effectiveness. They are designed to fit a wide array of foot
and ankle sizes, which makes them a convenient option for patients requiring immediate
orthotic support yet, the one-size-fits-all approach of off-the-shelf PLS AFOs can also be a
limitation. These devices may not offer the optimal fit for every individual, potentially leading
to discomfort or inadequate support, especially in cases where the patient's anatomy deviates
from the norm (Creylman et al., 2013).

In contrast, custom-made PLS AFOs, particularly those fabricated using the traditional plaster
cast method, are tailored to the individual's specific anatomical and functional needs. The
process involves creating a plaster mold of the patient's lower limb, ensuring that the orthosis
conforms precisely to the contours of the limb. This personalized approach results in a higher
level of comfort and better support, as the orthosis is designed to accommodate the unique
characteristics of the patient's condition. Additionally, custom-made PLS AFOs can be
adjusted to cater to specific requirements, such as varying degrees of rigidity and support,
based on the patient's rehabilitation progress (Creylman et al., 2013; Banga et al., 2020). Still,
the advantages of custom-made PLS AFOs come with certain drawbacks. The process of
creating a plaster cast and fabricating the orthosis is time-consuming, which may not be ideal
for patients requiring immediate intervention. Furthermore, these custom orthoses are
typically more expensive than their off-the-shelf counterparts, a factor that can be a

significant consideration for many patients (Creylman et al., 2013).



This is where the integration of advanced technologies like reverse engineering and additive
manufacturing brings a transformative change. The integration of rapid prototyping
technologies, 3D printing and 3D scanning is starting to revolutionize orthotic fabrication
(Baghbanbashi et al., 2022). This fusion of technology and medicine is not just a step forward;
it's a leap into a future where each orthotic device is as unique as the individual it is designed
for (Konttila et al., 2018; Lu & Zhan, 2018; Spaulding et al., 2019; Netten et al., 2020). The
intersection of biomedical engineering, materials science, physical therapy, and orthotic
expertise is crucial for the successful development and application of these advanced devices
(Netten et al., 2020; Spaulding et al., 2020). This interdisciplinary approach ensures that
orthotic devices are not only technologically sophisticated but also clinically relevant and
aligned with the specific therapeutic goals of patients. Nevertheless, integrating these
advanced technologies into clinical practice presents significant challenges (Johnson et al.,
2021; Navarro-Martinez et al., 2023). One of the primary hurdles is the need for specialized
training for healthcare professionals, including prosthetist-orthotist and therapists, to
effectively utilize and interpret the data from advanced scanning and manufacturing
technologies (Netten et al., 2020; Spaulding et al., 2020). Furthermore, aligning these new
technologies with existing healthcare workflows and protocols requires careful planning and
adaptation (Anderson et al., 2021).

The journey of creating a custom AFO with these new technologies begins with the accurate
capture of the patient's limb geometry. This is where advanced 3D scanning technologies
come into play, each with its unique capabilities and nuances. Structured light scanners, for
instance, project a specific light pattern onto the limb. Cameras then capture the distortions
in this pattern, which are processed to create a detailed 3D model of the limb. The precision
offered by this technology is remarkable, allowing for a nuanced capture of the limb's
contours (Voisin et al., 2007). Although, its efficacy can be influenced by external lighting
conditions, and it requires a controlled environment for optimal results (Adamczyk et al.,
2020). Laser scanning, another sophisticated technology, employs a focused laser beam to
map the limb's surface. This method is renowned for its high level of detail and accuracy,
making it ideal for capturing the complex geometries of a patient's limb. While laser scanners
provide exceptional precision, they are generally more expensive and can be slower in
operation compared to structured light scanners (Goda et al., 2012). Photogrammetry

presents a different approach. By taking a series of photographs from various angles and using
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software algorithms to stitch these images together, a 3D model of the limb is created. This
method's flexibility and lower equipment cost make it an attractive option, especially in
settings where access to high-end scanners is limited. However, the accuracy and resolution
of photogrammetry depend heavily on the skill of the operator and the quality of the
photographs taken (Struck et al., 2019).

Once the digital model of the limb is obtained, the role of additive manufacturing becomes
crucial. AM technologies, such as Fused Deposition Modelling (FDM), Selective Laser Sintering
(SLS), and Stereolithography (SLA), each bring distinct advantages to the table (Banga et al.,
2018). FDM, one of the more accessible forms of 3D printing, uses thermoplastic filaments
that are heated and extruded layer by layer to construct the AFO (Alam et al., 2015). This
method is particularly beneficial for its rapid prototyping capabilities and cost-effectiveness.
Conversely, the resolution and strength of FDM-printed AFOs might not match the
requirements for more demanding applications (Powers et al., 2021).

SLS, on the other hand, offers a more sophisticated approach. By using a laser to sinter
powdered material, it creates AFOs that are both lightweight and strong. The design freedom
afforded by SLS allows for the creation of complex, patient specific AFOs with tailored
mechanical properties. The trade-off, however, comes in the form of higher costs and more
complex post-processing requirements (Funes-Lora et al., 2021). SLA technology stands out
for its ability to produce AFOs with fine details and high-quality finishes. Utilizing a laser to
cure liquid resin, SLA can create orthoses with intricate designs and smooth surfaces. The
limitation of SLA lies in the range of materials available and the long-term durability of the
products, which may not be suitable for all AFO applications (Martin-Montal et al. 2021).
Also, the role of biomechanical analysis in this context cannot be overstated. By thoroughly
understanding the mechanics of human movement, orthotists can design AFOs that not only
fit the anatomical structure of the patient but also align with their specific movement patterns
and functional requirements. This level of customization was challenging to achieve with
traditional manufacturing methods.

Furthermore, the psychological benefits of a well-fitted, functional AFO cannot be overstated.
A custom-made orthosis that comfortably supports the patient's limb and aids in their
mobility can significantly boost their confidence and motivation. This psychological uplift is a
critical component of the rehabilitation process, encouraging patients to engage more

actively in their recovery exercises and daily activities (Pfeifer et al. 2011). Also, patient
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feedback into the design and testing process is an essential component. Engaging with
patients to gather feedback can lead to more intuitive and user-friendly designs, thereby
increasing compliance and effectiveness (Mavroidis et al. 2011).

Another exciting prospect is the integration of biometric sensors into orthotic devices. These
sensors could monitor a range of physiological parameters, such as muscle activity, joint
movement, and gait patterns, providing valuable feedback for both patients and healthcare
providers (Perlmutter et al. 2020). This data can be used to continuously adjust and improve
the design and functionality of the orthoses, making them more responsive to the patient's
changing needs. Furthermore, the combination of virtual reality (VR) and augmented reality
(AR) technologies with orthotic care could revolutionize rehabilitation practices. These
technologies could provide immersive and interactive environments for patients, making
rehabilitation exercises more engaging and effective (Huang et al. 2022).

As the field of orthotics continues to evolve with these technological advancements, the
potential for further innovation in AFO design and manufacturing is vast. The integration of
new technologies is not just enhancing the current functionalities of AFOs but is also paving
the way for future developments in orthotic care. Ongoing research and exploration in this
field are essential, ensuring that stroke patients receive the most effective, personalized, and
advanced care possible. The future of orthotic care, shaped by these technological

advancements, holds promising prospects for improved patient outcomes and quality of life.



Il. Relevance of the studies

The escalating prevalence of strokes, and their long-term ramifications underscore the
imperative for significant advancements in rehabilitation and orthotic care. Strokes,
precipitated by ischemic or haemorrhagic events, present a formidable challenge to both
medical research and patient care. Rehabilitation of stroke survivors is a complex endeavour,
encompassing multifaceted strategies aimed at recuperating mobility and independence.
Within this scope, AFOs emerge as pivotal devices, assisting in correction, support, or
enhancement of the function of affected limbs. Despite the substantial body of literature on
AFOs, a glaring gap persists in developing an optimal solution for crafting AFOs through AM.
Traditional methods, while somewhat effective, have not fully addressed the nuanced needs
of stroke survivors. Also, off-the-shelf AFOs are far from being ideal. This thesis is situated at
this crucial juncture, aiming to bridge this gap by introducing an innovative approach that
leverages the latest in photogrammetry and AM. The significance of this thesis lies not only
in its technological innovation but also in its potential to fundamentally transform patient
care in orthotics. By proposing a method that surpasses the limitations of existing practices,
this research endeavours to set a new standard in the fabrication of personalized orthoses,
particularly for those affected by the debilitating consequences of strokes.

This thesis aimed to develop and validate an innovative 3D scanner system based on
photogrammetry for the creation of personalized AFOs, surmounting the limitations of
traditional approaches. The primary goal was to revolutionize the AFO fabrication process,
making it faster, more accurate, and tailored to individual needs. The AFOs produced by the
new system were expected to offer enhanced comfort and effectiveness, significantly
improving the quality of life for stroke patients. This thesis also constitutes the most
exhaustive analysis to date of gait cycle data from stroke patients using AM custom AFOs. This
extensive data collection is pivotal, as it provides a comprehensive reference for
understanding the specific movement patterns and functional needs of stroke survivors. In
doing so, the research transcends mere physical measurements, delving into the nuanced
interplay between biomechanics and individual experiences of mobility. Moreover, an
important aspect, often overlooked by other studies, is the emphasis this research places on
the patient's qualitative perspective, rather than relying solely on the quantitative aspects

typically derived from biomechanical analyses.



Study 1

A Review on 3D Scanners for Custom Orthoses Production

This comprehensive review critically examines the evolution and applicability of various 3D
scanning technologies in the production of custom orthoses. Emphasizing on
photogrammetry, the study assesses its superiority in digitizing the human body for orthotic
applications. The review highlights the technological progression that allows for reduced
scanning times and the potential integration of these technologies in clinical settings, marking

a significant leap in orthopaedic care and rehabilitation.

Study 2

A Review of Additive Manufacturing Studies for Producing Customized Ankle-Foot Orthoses

The study presents an exhaustive review of the state-of-the-art in using AM for producing
customized AFOs. It delves into evaluating the various AM processes, customization steps,
and the biomechanical properties imparted to the AFOs. By scrutinizing nineteen studies, this
review provides a critical analysis of the methodologies, underscoring the advantages of AM
over traditional manufacturing, and highlights the need for more rigorous research to further

enhance this domain.

Study 3
Innovative Design and Development of Personalized Ankle-Foot Orthoses for Stroke Survivors

with Equinovarus Foot: A Feasibility and Comparative Trial Protocol

Serving as a foundational methodology for the optimal development of subsequent
investigations. The protocol introduces a novel system for AFO design specifically tailored to
stroke patients. By leveraging the capabilities of 3D scanning and custom software solutions,
this protocol outlines a systematic approach to produce orthoses that aim to surpass
conventional designs in terms of biomechanical effectiveness and patient satisfaction.

Central to this protocol is the development of a distinctive 3D scanner, complemented by
specialized software, intended to accurately capture the biomechanical data of leg
movements during gait in stroke patients. This data collection is instrumental in guiding the

creation of patient specific AFO designs. Furthermore, the protocol sets forth a comparative



framework wherein these personalized orthoses will be evaluated against traditional AFO
models, using both quantitative and qualitative assessments.

The methodology delineated in this protocol employs advanced statistical tools such as paired
t-tests and the Statistical Parametric Mapping (SPM) method to analyse spatial-temporal
parameters and graphically compare kinematic and kinetic data across the entire gait cycle.
Additionally, patient satisfaction is a crucial component, assessed through the QUEST

evaluation tool, aiming to capture a holistic understanding of the patient experience.

Study 4
Photogrammetry in Ankle Foot Orthoses: A Revolutionary System for Rapid 3D Scanning and
Modelling

Introducing a novel 3D photogrammetric scanner, this research evaluates its integration into
the orthotic design process. The study tests the scanner's precision in capturing foot anatomy
and assesses its usability in a clinical environment. A comparative case study further explores
the differences between traditional and 3D printed AFQOs, showcasing the scanner's capability
in producing detailed anatomic models rapidly, thereby hinting at the future of efficient

orthotic design.

Study 5

From Scans to Steps: Elevating Stroke Rehabilitation with 3D-Printed Ankle-Foot Orthoses

This study represents the most exhaustive research undertaken to date in terms of collecting
and analysing a comprehensive array of data for AM AFOs vs Standard AFOs. It focuses on a
critical validation of the newly proposed system, utilizing a sample of ten stroke patients. The
research is distinguished by its extensive use of kinematic, kinetic, and spatiotemporal data,

which collectively offer a multifaceted understanding of the orthoses' performance.

In addition, the study incorporates the Gait Profile Score (GPS) and assessments through the
QUEST tool, providing a holistic evaluation of both the functional and qualitative aspects of
the AFOs. This approach not only demonstrates the biomechanical superiority of AM-
produced AFOs over traditional models but also captures the patient's experience and

satisfaction with the orthoses. The thoroughness of this research, in terms of both the



breadth and depth of the data collected, sets a new benchmark in the field of orthotic

development, particularly for stroke rehabilitation.
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IIl. Studies

Study 1

A review on 3D scanners studies for producing customized orthoses

Authors: Rui Silva, Bruna Silva, Cristiana Fernandes, Pedro Morouco, Nuno
Alves and Anténio Veloso
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Abstract
When a limb suffers a fracture, rupture, or dislocation, it is traditionally immobilized with

plaster. This may induce discomfort in the patient, excessive itching and sweating, which
creates the growth of bacteria, leading to an unhygienic and difficulty to keep clean from
treatment. Furthermore, if the plaster remains for a long period, it may cause lesions in the
joints and ligaments. To overcome all these disadvantages, orthoses have emerged as
important medical devices to help patients in rehabilitation, as well as for self-care of
deficiencies in clinics and daily life. Traditionally, these devices are produced manually, which
becomes time-consuming and error prone. From another point-of-view, it is possible to use
imageology (X-ray or computed tomography) to scan the human body; a process that may
help orthoses manufacturing but induces radiation to the patient. To overcome this great
disadvantage, several types of 3D scanners, without any kind of radiation have emerged. This
article describes the use of various types of scanners capable of digitizing the human body, to
produce custom orthoses. Studies have shown that photogrammetry is the most used and
most suitable 3D scanner for the acquisition of the human body in 3D. With this evolution of
technology, it is possible to decrease the scanning time and it will be possible to introduce

this technology in clinical environment.

Keywords: 3D Scanner; Orthoses; Photogrammetry; Structured Light
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Introduction
Orthoses are external medical devices designed to support users' biomechanical needs,

significantly contributing to their quality of life (Mavroidis et al., 2011; Roberts et al., 2016).
They serve as pivotal elements in controlling and restoring the functionality of the injured
body part (Belokar et al., 2017; Dias Hensen et al., 2018). Customized orthoses, tailored to
individual measurements, exhibit innovative attributes concerning device ventilation, thereby
minimizing heat injuries, pressure wounds, and skin breakage (Brognara et al., 2022;

Chudnofsky et al., 2004).

Traditionally, a custom-made orthosis has been manufactured using a plaster cast. This
conventional practice has several downsides including high plaster consumption, time-
intensive processes, being invasive for patients due to the contact of the plaster and
prosthetist-orthotist with the patient’s limb, and lacking data storage for future reference. To
circumvent these medical challenges, reverse engineering techniques have been employed,
necessitating three-dimensional (3D) geometric data acquisition. An important requirement
for orthoses is comfort, which is attained through a high level of customization facilitated by
an accurate capture of the patient's anatomy (Gérski et al., 2020; Volonghi et al., 2018) Given
that each patient possesses unique body geometry, custom-made orthoses have emerged as
the "gold standard" since the orthosis geometry is individually adapted for each patient
(Munhoz et al., 2016; Oud et al., 2023). The journey towards acquiring a custom-made
orthosis entails several stages including scanning (digitization), importing the scanned data
into a computer to create a computer-aided design (CAD) file, modelling, topological
optimization, and 3D printing (Dal Maso & Cosmi, 2019; Geoffroy et al., 2018; Sansoni et al.,
2009; Servi et al., 2018). The digitization phase is a critical component in this process. To
generate a reliable CAD file of the limb, the patient is required to remain still for a certain
duration during the acquisition process, hence, fast scanning systems are highly desirable
(Dombroski et al., 2014a). Also, offers advantages in terms of non-invasiveness, ease of use,
and low cost, making it appealing for reconstructing, measuring, and tracking the evolution

of human anatomy for clinical applications (Neri et al., 2023).

In recent years, several types of 3D scanners have been introduced to expedite the
manufacture of customized orthoses. Most digitization systems leverage laser scanners (e.g.,

HandyScan, Faro), structured light (e.g., Vorum, Artec, Sense 3D), photogrammetry software
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with conventional cameras (e.g., PhotoModeler, 3DSOM, My3DScanner, PhotoScan, 123D
Catch, Hypr3D, RhinoPhoto), or a mixture of diverse technologies. These technologies
compute a cloud of three-dimensional points of the object employing the principle of optical
triangulation to shape the natural geometry (Belokar et al., 2017; Eder et al., 2013; Geoffroy
et al., 2018; Ho et al., 2021; Munhoz et al., 2016). The selection of the most suitable 3D
scanner is contingent on the application and the requisite accuracy (Nam et al., 2018; Rogati

et al.,, 2019).

This review aims to explore the use of 3D scanners on human limbs for creating CAD models
used in orthosis construction. The study further investigates recent advancements in 3D
scanning technology and examines how these developments are improving the custom
fabrication of orthoses. This includes a focus on increasing accuracy in capturing the patient's

anatomy, which contributes to enhanced patient outcomes.

Materials and Methods
To identify the articles that could be included in this review, the searches were carried out

between August and September 2023 in the Web of Science and SCOPUS databases. Searches
related to the 3D scanner (3d scanner, photogrammetry, reverse engineering, optical scan,
laser scanning, structure light) combined with terms for Orthoses (ortho-sis, orthoses) and
medical device were performed. No restrictions were applied to the year or type of
publication.

Original articles written in English with 3D scanners used to acquire human limb to make
custom orthotics were included. All narrative, systematic reviews and dissertations were
excluded. Any articles not written in English were excluded. Any article with another scanner
device (ex. computational tomography (CT) or X-ray) were excluded. Articles using 3D
scanners other than for obtaining the human body and other than for orthoses were
excluded. Articles whose purpose uses 3D scanners for prostheses were also excluded.

After the removal of excluded articles and deletion of duplicates based on PRISMA, data
extraction was standardized. Titles and abstracts from the search results were screened using
the eligibility criteria and reviewed by two authors (R.S. and B.S.) for inclusion. Data extraction
and evaluation of the remaining articles were performed independently by the same authors.

In case of disagreement, an additional reviewer (P.M.) was consulted. Data extraction
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included first author and year, the aim of the study (reverse engineering, 3D scanner and

different types, orthoses) among others.

Results

Figure 1 summarizes the results of the different steps to identify appropriate articles for the review,

based on PRISMA guidelines (Page & Moher, 2017). The initial database search identified 4912 articles,

and after duplicate removal, 4110 were considered potentially relevant and were screened for relevant

content. No additional articles were identified following a hand search of reference lists. After reading

the title and abstract of the 4110 articles, 338 were selected for possible inclusion in this systematic

review and full-text articles were retrieved. In the last phase, articles that used CT/OCT/X-ray; that did

not use humans in their methodology (ex. Moulds) and were not written in English were excluded. 30

of the 338 articles were included in this review organized by type of 3D Scanner (Table 1).

Identification

Screening

Records identified from:
Databases (n = 4912)
Registers (n = 0)

Records removed before
screening:
Duplicate records removed
(n=802)

h 4

Records screened
(n = 4110)

Records excluded
(n =3772)

Y

Reports sought for retrieval
(n =338)

v

Reports not retrieved
(n=0)

Reports assessed for eligibility
(n=338)

Included

Reports excluded:
- CT/OCT/X-ray or similar
(n=194)
- Not used in orthoses /
human body (n = 103)
- Not written in English
(n=11)

Studies included in review
(n = 30)

FIGURE 1111 - Flow diagram of the search history and selection process

15



TABLE 111.1 - Included studies with 3D Scanner details, anatomical zone, type of software, outcomes, and conclusions.

Software Used to Process the Data

. 3D Scanner " Outcomes Conclusions
Anatomical Acquired
Reference Zone Type of 3D
Name yp Characteristics of 3D Scanner Scanner CAD
Scanner
PHOTOGRAMMETRY
150 photos taken. 80% of calculation time was Scanne.r can be us?d on other parts of the body.
. . R X R The printed orthosis had great geometrical
Dal Maso and Cosmi Default Agisoft Photoscan . used for photo alignment, tie point cloud,
Ankle-Foot Photogrammetry No data SolidWorks g X correspondence and comfort. The method showed
(2019) Camera Pro sparse cloud cleaning and cleaning. Mesh X o . . X
. X instability when converting STL into CAD which
exportation to STL format with =20000 faces. X . .
requires experience and ability.
20 to 40 leg shots were taken. The software Use of photogrammetry were feasible in the case
Ciobanu et al. (2013) Foot Default Photogrammetry No data 3DSOM No data automatically created a cloud of 3D p'0|nt§ of foot orth95|s fabn?atlon asa cost—effect!ve 3D
Camera from photos and transformed the points into a reconstruction technique. Some problems in
3D mesh. surfaces with indentations and blind holes.
The analysis was carried out on three cast This study shows that a seml-autgmatlc, -
R R L programmable tool allows to design anatomical
meshes having different pattern distributions . : ) o
. . customized orthopaedic casts with optimized
but an identical overall shape.
. . features for the treatment of forearm fractures. Its
Structure All models show a perfectly elastic behaviour, . . R .
Ranaldo et al. (2022) . - . . X X X main advantages are: it does not require specific
Forearm Sensor Mark II Photogrammetry Based on active stereo vision Autodesk MeshMixer Rhinoceros with a maximum ov well below the tensile X . L
L . CAD skills to perform the design of the orthosis; it
(Occipital) strength of the material (50 MPa) and a - X X
maximum displacement does not take significant time for the generation of
p ! the model; the designs can be subject to finite
element analysis to foresee different load
scenarios and validate the choice of geometry.
STRUCTURED LIGHT
. . Anatomy was obtained with 8 acquisitions . .
. Scans in about 4 seconds, with X I . The methodology was geometrically satisfactory
Hand 3D Scan-in-a- . R (2min each). Total scanning time was 1h30min X R
. . R X . metric accuracy of 0.1% in No data . . X . - with a favourable trade-off between high-accuracy
Baronio et al. (2016) (including Box optical Structured light . N Rhinoceros for acquisition with data cleaning and rigid . . R
" relation to the size of the R . . (in the reproduction of the patient anatomy) and
fingers) scanner . X alignment with 1h for mesh creation, .
object size o . low-cost requirements.
regularization, and repair.
- Gine for th
Resolution: 0.5 mm; accuracy: The scanner captured all types of hair. Better Scar?ner outputs can be used in medicine for the
Krajnakova et al Shoulder, 0.1 mm; distance accuracy: results with tousled hair and wet hair. Beard is design and manufacture of orthoses and dental
’ ! Artec EVA Structured light : ’ . Artec Studio No data . implants; simulation before and after plastic

(2020)

neck and face

0.03% at 1000 mm; texture
resolution: 1.3 Mpx;

not advisable, as the neck area will be blurred.
It is possible to scan complicated body shapes.

surgery, preservation of cultural heritage and
virtual reality.

Dessery and Pallari

Artec EVA and

Artec Eva: Resolution: 0.5 mm;
frame rate: 16Hz

Artec Studio 9 (Artec Artec Studio 9

Three scans were performed on each
participant with Artec (410s + 118s) and iSense
(507s + 94s) from the malleolus to the upper

Manual measurement is the accurate method to
take lower limb measurements, but the inter- and
intra-reliability is poor and information about leg
shape is limited. 3D scanners can provide lower

(2018) Knee brace Sense Structured light isense: Resolution: 0.9 (at Eva);. 3DSizeMe (Ar‘tec'Eva); thigh art. Processing time was 3588s + 423s for limb measurements with similar accuracy, but
(iSense) MSoft (iSense) Artec and 460s * 169s for iSense. Mean o X X
0.5m) £ 30mm (at 3m); frame circumferences were created to compare better repeatability ((intraclass correlation
rate: 30 Hz p coefficient: 0.99 - 1.0) and 0.15% mean
results. :
differences).
MlQrosoft K|nect: Acqumt}on time for the Kinetic was 25s. The The total cost of the prototype created with the
Laser emitter an infrared and comparison between 3D scans of the plantar L R S
. . . Kinetic Sensor is about 200-300€, which is at least
Microsoft an RGB camera to obtain a Skanect (Kinect); No surface resulted in error of 2.8+0.6mm (left one order of magnitude lower than that of
Rogati et al. (2019) Foot Kinect Sensor Structured light 300.000 point-cloud data (IQube), Geomagic feet) and 2.9+0.4mm (right feet). In the arch commercial Iasef—based foot scanners. While
and IQube Accuracy: 2.8 £ 0.6mm; region were 1.4+0.4mm (left feet) and :

IQube: No data

1.620.5mm (right feet). Good repeatability of
the Kinect scans was observed. The foot

accuracy and repeatability results were largely
consistent across subjects, and between left and
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dimensions were like the corresponding
PodoBox (manual measurement).

right foot intra-subject, the sample of feet
analysed was small.

Two AFOs were created. One by AM with
Kinect and one created by TPCM. The TPCM

The 3D printing AFO resulted in a higher AHI than
the shod condition, however, the differences
between the 3 conditions were minimal. Variability

Dombroski, Balsd Mi ft I ided th t control t of o ) - .
ombroski, Baisdon Foot |c‘roso Structured light No data No data MeshLab provide R € mgs c.on rol over movemer} 0 was similar with standard deviations within 0.13
and Froats (2014) Kinect the medial longitudinal arch. The arch height . -

index (AHI) was 21.2mm (shod only), 21.4mm mm. Sample size of only one subject was small.
- Lo Kinect could be a low-cost method of custom foot
(AM AFO) orthosis and 22.0mm (TPCM). orthotic manufacturing.
The study compared an AM AFO with The AM AFO focused on the weight,
conventional AFO. In QUEST, all items were individualization, and comfort rather than the
. Maximum snap rate: Up to 16 . ranked as “very satisfied” or “satisfied.” The function. In addition, the printed AFO had the
Cha etal. (2017a) Ankle-Foot Artec Bva Structured light fps No data MediACE 3D patient was more satisfied with the AM AFO advantage of being easily wearable inside a shoe
regarding weight and ease of use and more compared to the conventional AFO, which usually
effectiveness on conventional AFO. requires larger shoes to wear.
The Patient-Rated Wrist Evaluation showed
Geomasgic significant pain relief in both groups. Two items ~ The 3D-printed wrist orthosis was superior to the
Touch agnd of the 28 Orthotics and Prosthetics Users’ cock-up orthosis in some items of the OPUS. Wrist
. Wrist and ™ . ™ . Survey (OPUS) questions, “Put toothpaste on pain was reduced in the 3D-printed wrist orthosis
Kim et al. (2018) hand Artec™ Eva Structured light No data Artec™ Eva (éf:en;:rgr;c brush and brush teeth” and “Dial a touch tone as well as the cock-up orthosis, so the 3D-printed
software phone,” showed high satisfaction scores, with wrist orthosis could possibly play the same role as
statistically significant difference in the the off-the shelf cock-up orthosis.
experimental group.
Si?itgi?::;;ﬁ;;e:i?g;ltgn\zl?;t?:::tlzfgef;t’f The results of this study demonstrate that low-cost
- Design Studio S ’ R 3D limb scanning can be used to obtain valid and
Occipital, Inc., retest reliability was established for the . X
. . software (Standard R R reliable measurements of 3D limb geometry for
Powers et al. (2022) Ankle-Foot San Francisco Structured light No data No data scanning process. MDC values for intrarater . R
Cyborg, Inc., San o . the purpose of AFO fitting, when collected using
CA d test-retest reliability were typically around or o X "
Francisco CA) below 4mm for foot and ankle measures. and the clinically relevant standardized conditions
under 6mm for circumference and length presented here.
A i t d f th hronized
Topology Optimization (TO) model, structurally scanning system "Ta € up ot three syncnronize
evaluated by means of FE analvsis. also in low-cost sensors, suitably arranged, has been
X v . . ¥ ! developed. This system allows a fast acquisition,
1Mpx depth sensor, a 12Mpx comparison with an orthosis having a . I X
. X . about 5 s, with minimum discomfort for the
RGB camera and two IR ventilation pattern configured as Voronoi cells, Stient. The scanning svstem is also potentiall
illuminators to obtain showed a satisfactory behaviour also p X . X g y X P Y
. L . . . suitable to hospital setting, being low cost and
mappings of the object’s considered that, voids are large for extension rovided with a GUI for serni-automatic
Microsoft depth with high accuracy in a and flexion loading, stress distribution occurs ;ana ement of the device. The manufacturing of
Ambu et al. (2023) Neck Azure Kinect Structured light very short time. The No data No data in areas of limited size with reference to the rototg s was done with 5 new bio-based g
DK illuminator used in wide field extent of the upper parts where the load is swateri\gl’ which also contribute to lizhtness and
of-view mode is tilted an applied. The highest values of maximum NP . g
. . . . satisfies the aesthetic demands. Neck temperature
additional 1.3 degrees displacement and maximum Von Mises stress measurements highlighted a better performance
downward relative to the was obtained for extension loading; however, gnig . °r pert
. R for the TO orthosis even with the insertion of a
depth camera maximum displacement was lower than 2 mm, . o .
while maximum stress was under the limit padding. TO orthosis is very promising as regards
value for HPB user’s comfort, an automatized strategy for the
) procedure will be investigated.
Results showed lower peak rearfoot eversion
angles during running with TPM or 3D printed
(3DP) orthoses than no-orthoses control
f:onfr:tloz_(CON)r.] NC_) dllfferencest were obsert\;ed The present findings indicate improved comfort
David SLS HD . Geomagic In other blomechanical parameters among the during running with TPM or 3DP orthoses, which
Mo et al. (2019) Foot Structured light No data No data three conditions. Running with TPM and 3DP X X X
3D scanner Freeform orthoses resulted in better perceived comfort hinted 3DP orthoses could be a viable alternative
in “medial-lateral control” arl)1d “heel to TPM orthoses for clinical practice.
cushioning” than CON. There were no
statistical differences in all parameters
between TPM and 3DP orthoses.
- . Apple Corp., Digital Vernier The QUEST revealed the highest score in the The new process saves time and is highly accurate
Chu et al. (2020) Hand Occipital Inc. Structure light No data Cupertino Caliper mean satisfaction level. The items evaluated in clinical practice. The short thumb orthosis
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were dimension, weight, adjustments, safety,
durability, simplicity, comfort, and
effectiveness.

prototype created by the proposed design
procedure offers satisfactory functional quality in
numerous aspects and high practicality in clinical
practice.

Smartphone use increased the head and neck
flexion angles in all postures, and sitting
without back support showed the greatest
head and neck flexion angles. The posture-

Smartphone use increased both the head and neck

, L
Kuo et al. (2019) Head and Go! SCAN 50, Structured light Max Resolution: 0.5mm No data No data correcting effect of the customized collar was flexion n d|fferenF postures! and the pljop.o"sed
neck Creaform X R customized 3D-printed cervical collar significantly
better than the Aspen Vista and Sport-aid
L X reduced the head and neck angles.
collars. In addition, the customized collar was
more comfortable to wear than the other two
collars in most contact areas.
The JHFT score improved after application 3D
printed devices. In most QUEST items, 3D
printed devices showed better results than The study designed and manufactured a patient-
Artec Eva Geomasic ready-made assistive devices. The typing speed specific assistive device optimized for patient
Lee et al. (2019) Hand ’ Structured light No data No data & became faster in 3D printed devices than in function after estimating the disability status of a
Artec Freeform - . . X X A -
ready-made assistive devices. The patient was patient with brain injury through 3D printing
satisfied with the orthosis in writing a pen, techniques.
eating food and typing keyboard because of its
fitness to his hand and easy-to-use.
LASER
134 AFOs fabricated with CAD technology and
traditional plaster method in a double-blind 70% of patients said they preferred to be scanned
randomised (1:1) controlled trial design was than to have their limbs cast in plaster.
Roberts et al. (2016) Ankle-Foot FastSCAN Laser No data No data Rodin 4D compared. No difference in time taken to cast A significantly higher proportion of scan based
or scan the limbs. Rectification and moulding AFOs failed to meet the specification stipulated by
time for cast AFOs was 55.1+26.0min and for the orthotist increasing production time by 9 days.
scanned AFOs was 26.9+12.2min.
The data collection was approximately 10 min. The study demonstrated that AM and Scanners is a
Parry, Best and Banks Grip for the ROMER Laser No data Geomasic Wra Fusion 360 with ~ Manufacturing time was 10h5min with a cost viable method of producing customised daily living
(2020) Hand Absolute Arm 8 P Nettfab of €10.90 (with overheads and machine aids, which is anticipated to improve quality of life
depreciation excluding labour). for sufferers of arthritis at low-cost.
With respect to the telmporal-splatlal . This study confirmed the feasibility of patient
parameters, the velocity and stride length in . . .
o X R specific AFO fabricated by AM techniques and
the gait with AFO increased significantly as g
. . - demonstrated the process of modifying AFO
. EinScan—Pro, Geomagic compared to the gait without AFO. The o
Liu et al. (2019) Ankle-foot Laser No data No data X . . models successfully. The specific ankle-foot
SHINING 3D Studio cadence increased, double limb support phase : X
R orthoses fabricated by material PA12 have a
decreased, and the step length difference A . .
. S significant effect on the improvement of velocity
decreased in the gait with AFO; however, the and stride lenath in beople with stroke
difference was not statistically significant. s peop i
Significant group effects were seen with
cusFlezed FOs reducing above knee muscle This study provides evidence that a customized FOs
activity in pronated foot types compared to .
: can provide a dose response effect for selected
normal foot types. Interaction effects were .
seen for gastrocnemius medialis and soleus plantar pressure variables, but no such effect
Telfer et al. (2013a) Foot No data Laser No data No data No data ) could be identified for muscle activity. Foot type

Significant linear effects of posting level were
seen for plantar pressure at the lateral
rearfoot, midfoot and lateral forefoot. A group
effect was also seen for plantar pressure at the
medial heel.

may play an important role in the effect of
customized orthoses on activity of muscles above
the knee.

18



Significant and linear effects of posting were
seen for the peak and mean rearfoot eversions,
peak and mean ankle eversion moments, and

These data indicate that a dose-response effect,
with a linear trend for both the rearfoot and knee,

Telfer et al. (2013b) Foot No data Laser No data No data No data peak and mean knee adduction moment A R
R exists for customized FOs used to treat pronated
variables. Group effects were observed for the foot typbe
peak and mean forefoot abduction and for the ype.
peak knee adduction moment
OPTICAL
The extended support section, which is
positioned on trapezius muscles, improved
comfor?abﬂlty, and §tab|llty.-Th§ breatha-blhlty The fabricated orthosis model possesses high
of skin is achieved via well distributed elliptical . .
accuracy in terms of the neck shape of the patient.
holes. The convex shape at the front model X . X
Sense (2nd gives convenient swallowing. Application of This was accomplished through 3D scanning and
Sabyrov et al. (2021) Neck ’ Optical scanner No data No data Fusion 360 . . . further processing of the CAD model.
generation) flexible TPE (flex) material adds flexible A .
. The advantage and applicability of new cervical
property, hence enhance the dressing process. . - . .
. L orthosis design and the flexible filament were
Comparative to PLA material, it has a lower
: . ¥ X demonstrated.
density, which defines low weight.
The negligible deformation during numerical
assessment emphasized the strength of design.
Depth technology: Active All errors measured in the reconstruction were
stereoscopic in the range [-2.9, 1.5] mm, the mean error of
- Operating range: 0.16-10 m the signed d|§ta'nce is =0.49 mm with a Except some local errors, Opla 2.0 performed well
Buonamici et al. N . Resolution: 1280 x 720 N standard deviation of 0.64 mm. The - S
Arm Opla 2.0 Optical scanner Opla 2.0 GUI No data . within the limits imposed by the accuracy
(2021) Framerate: Up to 90fps composition of the panel group has allowed requirements
Field of view FOV: H69°, V43°, the validation of the acquisition system on a :
D77° (£3°) significantly different hand-wrist-arm
anatomies.
After six weeks:
-A significant difference was found between
the two groups (experimental group and
control group) in the change of Modified
Ashworth Scale scores
-There was no statistically significant difference
between the two groups in flexion and radial-
o |
deviation ang .es - . 3D-printed orthosis showed greater changes than
-There was a significant difference between N o
Unigraphics NX the two groups in the change of Fugl-Meyer low-temperature thermoplastic plate orthosis in
Zheng et al. (2020) Wrist-hand HCP Optical scanner No data No data grap group & e ¥ reducing spasticity and swelling, improving motor
8.0 Software Assessment scores R . . .
L o . function of the wrist and passive range of wrist
-No statistically significant difference was R X
R - extension for stroke patients.
found in the change of visual analogue scale
scores between the two groups
-A statistically significant difference was found
in the change of swelling scores between the
two groups
-No statistically significant difference was
found in the change of subjective feeling scores
between the two groups.
The study acquired data from 10 hemiplegic Dynamic plantar pressure measurement is feasible
stroke participants. Gait performance and and useful for evaluation of ankle equinovarus
Plantar Pressure for AM AFO, standard AFO deformity in hemiplegic stroke patients. AM AFO
Sense (2nd and Barefoot on 10-m walking. Plantar has at least the same ability to increased medial
Fuetal. (2022) Ankle-Foot Optical scanner No data No data Rhinoceros pressure of hemiplegic leg increased at in AM midfoot plantar pressures over affected leg

generation)

AFO compared with bare foot. Contact area
and peak pressure increased with AM AFO vs
standard AFO and barefoot. QUEST was made
to evaluate participant satisfaction. Mixed

compared with standard AFO. More medial weight
bearing and more symmetric contact area over
sole with AM AFO, which is more similar to
physiological finding in normal subject.
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results for satisfaction obtained without
statistical differences.

COMBINATION OF DIFFERENT SCANNERS

Photogrammetry: Circular

Photogrammetry allowed instantaneous

The photogrammetric scanner showed good

INBODY and structure, 17 pillars (7 cameras capture, but processing time was longer vs. accuracy and high-fidelity colour. The availability in
. . Polhemus Photogrammetry each with 5Mpx). laser scanner. Deviation between scanners was medical centres could help the patients, thanks to
Grazioso et al. (2018) Spinal FastSCAN and Laser No data No data +0.90 mm and -1.11mm. The laser scan the minimally invasive procedure and medical
SCORPION Polhemus FastSCAN obtained 13,150 faces and the inbody scan practitioners, in having a system which results
SCORPION: No data obtained 68,750 faces. simple to use.
The 3D scanner was rotated manually around
Belokar, Banga and Laser with patient’s limb to create the 3D scanning is suitable to produce custom
Kumar (2017) Ankle-Foot No data structured light No data No data No data template model in just one minute. Time- orthotics.
saving approach when digitizing.
B imi .
Photogrammetry: Sony Xperia 62 photos taken for photogrammetry and oth scans showed similar to;_)ography_l FJf the foot
Photogrammetry . R Mechanical presented more irregularities;
Default . SP C5303 smartphone Scanner: No data reconstruction take 30min. MDX-40 took 26H : . .
and Mechanical 3D X however, this mesh provided more details that the
. Camera and (Roland MDX-40); CATIA; to scan the plaster cast. Relative error between . o
Weigert et al. (2016) Foot scanner (Touch . MDX-40 especially between the toes. The 2.85%
Roland MDX- X Roland MDX-40: Head course: Memento Geomagic plaster model and photogrammetry was 2.85% X
Probe / Point-to- o relative error presented by photogrammetry could
40 X 305 x305x105mm; Accuracy (photogrammetry) and 0.72% between plaster model and MDX- R S
point scanner) . be compensated with the application of soft
variable and up to 0.04mm 40. .
material on the surface.
Cronos 3D Dual: For Cronos 3D, motion artefacts relating to
Cronos 3D 4s per frame; 2 Mpx. Scan processing time was 7.5min for involuntary movements were successfully
. . Dual (static . Accuracy: £30-60 pm. volunteers and 9min for patients. Error inferior corrected. The preservation of all fine textural
Volonghi, Baronio and Structured light . - X X X X
Signoroni (2018) Hand scanner) and and optical scanner Optical RevEng 2.4 No data to 0.5mm between scanners. Cronos 3D with information of the final aligned model was
Insight3 (real- Insight3: volunteers achieved a complete. Insight3 with demonstrated. For Insight 3, motion artefacts
time scanner) Real time; 1280 x 1024 Px patients did not have any motion artifacts. were reduced or even avoided. Both scanners
Accuracy: +0.25-0.5 mm. proved appropriate for hand anatomy acquisition.
NO SCANNER TYPE SPECIFIED
The scanning and processing of the obtained
data can be done following the procedure
described in this paper. This ensures a
compliant geometry for virtual analysis o.f the The chosen option can vary from one production
product that will be produced for a certain
X . . batch to another and from one stage of the
user. At the same time, the generative design . N
uarantees the choice of a geometry, product life cycle to another. The final concept of
Murzac et al. (2021) Spine No data No data No data Meshmixer Fusion 360 8 ! the spinal orthosis is designed for upper body

manufacturing technologies and a material
that leads to the choice of the optimal option
from a technological and economic point of
view. Also, with the help of the software filters
it is possible to identify the optimal variant for
the manufacturer according to the objectives
set for each production cycle

posture correction of clinically healthy individuals,
with no pre-existing congenital malformations of
the spine.

TPCM - Traditional Plaster Casting Method; Mpx — Megapixels; Px — Pixels; fps — frames per second; Hz — Hertz; QUEST — Quebec User Evaluation of Assistive Technology; AM — Additive Manufacturing; AFO — Ankle Foot Orthosis; m — meters; h — hours; FO - Foot

Orthosis; PA12 - Polyamide 12 (Nylon 12); TPM - Traditional Plaster Method; TPE — Thermoplastic Elastomer; TPU - Thermoplastic Polyurethane; PLA - Polylactic Acid; CAD — Computer-Aided Design.
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Discussion
The production of customized orthotics has increasingly garnered attention, with projections

indicating a significant surge in their utilization over the next decade. This growth is primarily
attributed to advancements in 3D scanning technologies, which are becoming faster, simpler,
and more effective (Parry et al., 2020). The clinical and research applications of 3D scanning
systems, particularly in anthropometric measurement, have been well-documented.
Considering growing concerns regarding the use of radiation in medical imaging, these
systems offer a safer alternative by minimizing patient exposure to radiation, as seen with X-
ray or computer tomography.

Despite their potential, the integration of new 3D technologies in the National Health Service
remains limited. The main hurdles are the high costs involved, as well as the time and training
required for prosthetist orthotist professionals to adapt to using 3D Scanners. Overcoming
these challenges could revolutionize the process of supplying customized orthoses, making it
more efficient and cost-effective (Roberts et al., 2016). Several studies have validated the
feasibility of Additive Manufacturing (AM) and scanners in producing customized daily living
aids. This approach is expected to significantly enhance the quality of life at a reduced cost
(Belokar et al., 2017; Cha et al., 2017a; Dessery & Pallari, 2018; Dombroski et al., 2014a; Parry
et al., 2020; Powers et al., 2022; Roberts et al., 2016; Rogati et al., 2019; Sabyrov et al., 2021).
Patients have expressed a preference for scanning over traditional plaster casting methods
(Roberts et al., 2016). The 3D-printed orthoses are noted for their accurate geometrical
correspondence to patient anatomy and comfortable fit, striking a balance between precision

and affordability (Baronio et al., 2016; Dal Maso & Cosmi, 2019).

Photogrammetric Scanners

Photogrammetry, as a 3D scanning technology, utilizes photographs to create detailed three-
dimensional models. This method involves taking multiple photographs of an object from
various angles and merging these images to construct a comprehensive 3D representation.
Such an approach is particularly valuable in orthotic design, where the accurate replication of
body parts is essential. Additionally, photogrammetry eliminates the issues of body
movement during scanning and does not require markers on the patient (Grazioso et al.,

2018).
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Dal Maso and Cosmi (2019) and Ciobanu et al. (2013) have effectively demonstrated the utility
of photogrammetry in creating detailed and accurate 3D models for orthotic applications.
Their research, which focused on ankle-foot orthoses, illustrated the method's capability in
generating high-fidelity scans. These scans were instrumental in producing orthoses that are
both well-fitting and comfortable for the wearer. The study particularly highlighted
photogrammetry's strength in capturing intricate details, a critical factor for areas needing
precise support. Ciobanu et al. (2013) expanded the use of photogrammetry to the creation
of foot orthoses. Their findings emphasized photogrammetry's potential in generating
detailed mesh structures, crucial for designing orthoses that accurately match a patient's
anatomical structure. They also identified challenges in scanning areas with deep depressions
or occlusions, which can affect the precision of the final 3D model. A notable advantage of
photogrammetry is its ability to quickly acquire data. This is a significant benefit over other
scanning methods that might necessitate extended and static patient positioning. With
photogrammetry, a complete scan can be obtained in a relatively short period, thereby
reducing patient discomfort, and minimizing errors caused by movement (Ciobanu et al.,
2013). The evolution of photogrammetry software has also played a key role in simplifying
the transformation of raw images into usable 3D models. Improvements in image processing
algorithms have enabled more accurate model reconstruction, even in suboptimal
photographic conditions. This advancement is particularly important in clinical environments
where time efficiency and resource optimization are crucial. However, photogrammetry does
have its limitations. The need for precise alignment of images in photogrammetry and the
possibility of inaccuracies in regions with complex geometry or poor contrast are challenges
that need to be addressed (Struck et al., 2019). Moreover, converting STL models to CAD for
orthotic design requires a certain level of expertise in both photogrammetry and CAD

software (Mavroidis et al., 2011).

Structured Light Scanners

Structured light scanning, a critical technology in the field of orthotic design, is represented
significantly in this review, comprising 13 out of the 30 studies analysed. This prevalence
underscores its extensive utilization and importance in the development of orthotic devices.
This technology works by projecting patterned light lines from a fixed source (like a projector),

capturing detailed coordinates of the scanned model, including colours and textures
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(Agudelo-Ardila et al., 2019; Pribani¢ et al., 2019; Salvi et al., 2010), providing high-resolution
data crucial for creating detailed orthotic devices.

All the studies concluded that this technology is capable to accurately replicate complex body
geometries including fine details, surface textures and minor anatomical variations, an
important aspect in the creation of effective and comfortable orthoses. Furthermore, the
authors addressed various challenges associated with structured light scanning. One of the
primary limitations noted is the requirement for the subject to remain still during the scanning
process. As structured light involves capturing multiple images from different angles in a
constant flow, even slight movements can lead to inaccuracies in the final model (Shamata &
Thompson, 2018). This aspect can be particularly challenging when working with certain
patient groups, such as children or individuals with certain disabilities. Another consideration
is the processing time and computational requirements (Zhang & Yilmaz, 2016). While this
technology can capture highly detailed data, processing this data into a usable 3D model can
be time-consuming and resource intensive. Advances in computing power and software
optimization are gradually overcoming these limitations, making structured light scanning
more accessible and efficient.

This technology has been tested and analysed on practically every part of the body, ranging
from head and neck (Ambu et al., 2023; Krajnakova et al., 2020; Kuo et al., 2019); upper limb
including the hand (Baronio et al., 2016; Chu et al., 2022; Kim et al., 2018; Krajiidkova et al.,
2020; K. H. Lee et al.,, 2019) to lower limb (Cha et al., 2017b; Dessery & Pallari, 2018;
Dombroski et al., 2014b; Mo et al., 2019; Powers et al., 2022; Rogati et al., 2019).

Baronio et al. (2016) exemplify the potential of structured light scanning in orthotic
fabrication. Their research focused on the creation of spinal orthoses. They highlighted the
technology's ability to capture the complex curvature and nuances of the spine with
remarkable precision, a critical factor in designing effective spinal orthoses. There was a
particular focus in the cases of Krajidkova et al. (2020), Powers et al. (2022) and Rogati et al.
(2019) on determining whether the obtained anatomical model was accurate both metrically
and qualitatively. Krajndkova et al. (2020) study, especially, addresses the limitations in
capturing hair and facial hair (beard), a common problem across all technologies. While it is
possible to eliminate this interference in certain parts of the human body (for example, using
a sock on a lower limb or gloves on upper limbs), in other body parts it may become

complicated without some form of prior hair removal. The studies by Rogati et al. (2019),
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Powers et al. (2022), and Ambu et al. (2023) were the only ones that directly addressed the
monetary value comparison between scanners, but they never directly compared them with

the traditional plaster casting method.

Laser Scanners

Laser technology is typically employed for scanning shapes and surfaces. It efficiently gathers
anthropometric data, aiding in the production of customized orthoses based on digital scans
(S.Y.Leeetal., 2013; Parry et al., 2020). Nonetheless, its limited range can be a disadvantage,
particularly for larger body parts like legs and feet, as the process becomes time-consuming
(Glock et al., 2017).

Roberts et al. (2016) study becomes relevant for the comparison between 3D scanners and
the Traditional Method Plaster Caster. Theu tested a considerable sample of lower leg scans
to construct 134 AFOs and conducted a double-blind randomized controlled trial. This trial
demonstrated that the time for constructing an orthosis using 3D scanners is on average 28.2
minutes less, and that 70% of patients expressed a preference for being scanned rather than
having their limbs cast in plaster. Nonetheless, a significantly higher proportion of scan based
AFOs failed to meet the specifications stipulated by the orthotist, resulting in an increased
production time of 9 days. The most recent study employing laser scanning technology dates
to 2020, which may indicate a decline in the use of this type of technology for acquiring

human models for subsequent orthosis construction via AM.

Optical Scanners

Optical scanners, which project light over the body and trace surface topography, collect data
to form a "point cloud."” This data is then processed through computer algorithms to generate
a precise model (Wells, 2019). While these scanners are accurate, they require a balance
between scanning speed and the resolution of their optical and electronic components to
produce a clean CAD model (Del Corso et al., 2009).

Optical scanners tend to be more cost-effective and user-friendly compared to other types.
However, they are more susceptible to errors during capture, as they do not emit their own
light and are extremely dependent on the quality of ambient lighting where the acquisition is

taking place. Notably, Buonamici et al. (2021) study constructed a new type of scanner,
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achieving reconstruction errors in the range of [-2.9, 1.5] mm using Active Stereoscopic

technology.

Comparing Technologies

When comparing different technologies, photogrammetry enables rapid capture, but its
processing time can be lengthy (Grazioso et al., 2018). For example, Weigert et al. (2016)
found that while capturing 62 photos through photogrammetry took only 30 minutes, the
reconstruction process was time-consuming. Belokar, Banga, and Kumar (2017) combined
laser and structured light technologies, completing a scan in just one minute by manually
rotating the scanner around the patient's limb. Despite the processing times, these methods
are still faster than traditional plaster casting. From a global perspective, photogrammetry
stands out as one of the most promising options due to its accuracy, minimal acquisition time,
high-fidelity colour (Grazioso et al., 2018) and shape reproduction (Sabyrov et al., 2021)
although only 3 studies used this technology. Probably due to the expensive cost associated
with photogrammetry equipment and can often be beyond the means of departments and
healthcare professionals. The equipment also lacks accurate calibration. Despite this, low-cost
photogrammetry has been increasingly recognized as a feasible and effective method.
Particularly Structure-from-Motion photogrammetry has been highlighted as a low-cost and
accurate technique for acquiring 3D models of human limbs (Westoby et al., 2012). The use
of low-cost 3D limb scanning technology has been evaluated for its repeatability and validity
in obtaining accurate representations of limb geometry at a reasonable cost (Ismail et al.,
2020). Additionally, smartphone photogrammetry has been investigated, demonstrating the
optimization of methods and quantitative evaluation of suitability for prosthetics and
orthotics (Cullen et al.,, 2021). The integration of photogrammetry with smartphone
technology has been explored to facilitate low-cost limb scanning, expanding the scope of
orthotic telemedicine, and providing affordable scanned limbs to underserved areas (Cabrera
et al., 2022). Moreover, the combination of photogrammetry and transfer learning with
Deeplabv3 for image segmentation has been proposed to facilitate low-cost limb scanning
using cell phones, further emphasizing the potential for cost-effective applications in

orthotics (Cabrera et al., 2022).
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Patient Centred Outcomes

From a biomechanical perspective, the study by Mo et al. (2019) compared standard and 3D
printed orthoses created using 3D scanners and AM technologies. They found lower peak
rearfoot eversion angles during running with both types of orthoses compared to running
barefoot, although no statistical differences were observed between the orthoses. Similarly,
Telfer et al. (2013), employing the same patient data acquisition methodology, demonstrated
that customized foot orthoses could provide a dose-response effect for selected plantar
pressure variables. However, they found no corresponding effect on muscle activity. They
further noted a dose-response effect, with a linear trend for both the rearfoot and knee, in
treating pronated foot type with customized foot orthoses.

In comparisons of AM Ankle-Foot Orthoses (AFO) with conventional ones, patients preferred
the AM AFO for its lighter weight and ease of use, despite the conventional AFO being more
effective in certain aspects (Cha et al., 2017a). Notably, four studies (Cha et al., 2017b; Chu et
al.,, 2022; Fu et al., 2022; K. H. Lee et al., 2019) employed the Quebec User Evaluation of
Satisfaction with Assistive Technology (QUEST) test to evaluate dimensions, weight,
adjustments, safety, durability, simplicity, comfort, and effectiveness. Two of these studies
involved orthoses designed using 3D structured light scanners, and their findings demonstrate
that patients are more satisfied with 3D-printed orthoses than with conventional orthoses.
These observations underscore the critical role of patient-centred design in orthotic
development, where customization and material choice are pivotal in enhancing the user
experience. The integration of evaluation tools like QUEST into clinical practice provides
invaluable insights for healthcare professionals, facilitating a deeper understanding of patient
needs and preferences. This comprehension is crucial in guiding the selection and design of
more effective and comfortable orthotic solutions, particularly in rehabilitation contexts.
Such patient-centric approaches in orthotic design not only cater to functional needs but also
significantly improve the overall satisfaction and quality of life for the users.

Zheng et al. (2020) reported that AM orthoses resulted in better outcomes compared to low-
temperature thermoplastic plate orthoses in reducing spasticity and swelling, and in
improving motor function and passive range of wrist extension in stroke patients.
Additionally, Lee et al. (2019) designed and manufactured a patient-specific assistive device
using 3D printing techniques, optimized for the functional needs of a patient with brain injury,

after assessing the patient’s disability status. The subsequent step involves transferring the
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acquired data to CAD software for mesh adjustment and measurement processing. Various
reverse engineering software like Rhinoceros, Rapidform, Geomagic, and LeiosMesh are used,
although this stage is time-consuming and demands high expertise from the user. The
challenge lies not only in the orthotist-prosthetist proficiency with 3D Scanners but also in the
user-friendliness of these software systems, which are not yet optimally aligned for direct

orthosis construction (Baronio et al., 2016; Liu et al., 2019).

Future Research

Despite the importance of the outcomes provided by most studies on the use of 3D scanners,
a notable gap is observed in the detailed description of methodologies, limiting the potential
for replication and comparison by other researchers. Many studies lack comprehensive
details about scanner characteristics and the types of software used, particularly for orthosis
construction. Additionally, one study even fails to identify the scanner or its technology.
Moreover, the involvement of actual patients in these studies is limited, with much of the
research conducted on healthy individuals. Considering the anticipated future reliance on
these 3D technologies, it becomes imperative to conduct more research within clinical

settings.

Conclusion
Currently, it is possible to capture the human anatomy using 3D scanners. However, reducing

the digitization time remains a crucial challenge to prevent any minimal movement from the
patient. While the results are promising, they also highlight the challenges associated with
integrating new technologies into clinical practice. Considerations such as the initial costs of
equipment, training requirements, and the need to adapt clinical workflows are significant.
Generally, the studies analysed suggest that photogrammetry and structured light are the
most suitable 3D scanning technologies for acquiring human body data for custom orthotics.
There is also a growing belief in the field that scientists will increasingly develop 3602 3D
scanners capable of capturing the human limb's anatomy in a single shot. The traditional
method of building custom-made orthoses with plaster casts has remained largely unchanged
despite the introduction of new technologies aiding post-processing. With today's
advancements, there is an opportunity to transition from the traditional method to one that

better meets the needs of patients and professionals. As 3D scanners become more
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affordable, their integration into clinics becomes feasible, allowing for the proper training of
health professionals. However, there is a need to develop specific software to streamline the

ortho-sis building process, making it both easier and faster.
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Abstract
Ankle-foot orthoses (AFO) are prescribed to improve the patient’s quality of life. Supporting

weak muscles or restraining spastic muscles leads to smoother and more stable locomotion.
Commonly, AFO are made using thermoplastic vacuum forming, which requires a long time
for production and limited design options. Additive manufacturing (AM) can solve this
problem leading to a faster and cheaper solution. This review aimed to investigate what is the
state-of-art using AM for AFO. Evaluating the used manufacturing processes, customization
steps, mechanical properties, and biomechanical features in humans would provide
significant insights for further research. The database searches combined AM and AFO with
no year or publication type restrictions. Studies must have examined outcomes on human
participants with the orthoses built by AM. Other types of orthotic devices or different
manufacturing techniques were excluded. Nineteen studies met the inclusion criteria. As
stated by having all studies conducted in the last nine years, this is a very recent domain.
Different AM processes have been used, with the majority relying on Fused Deposition
Modeling. Overall, the manuscripts’ quality is deficient, which is critical to promoting further
studies with higher samples. Except for one paper, AM-printed AFO was comparable or
superior to the thermoplastic vacuum forming AFO in mechanical tests, kinematics, kinetics,

and participant feedback.

Keywords: lower extremity; rehabilitation; walking; customization; patient-specific
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Introduction
Walking is one of the most critical events in daily living, and difficulty in walking is a substantial

barrier for both adults and children (Inman et al., 1981). Accordingly, ankle-foot orthoses
(AFOQ) are prescribed to improve the patient’s quality of life for several walking difficulties. It
is well documented that this device may help in lower limb impairments such as stride length
(Hayek et al., 2007); gait speed and walking confidence (Abd El-Kafy, 2014; Bennett et al.,
2012; Brehm et al., 2008; Ginosian et al., 2013; Wren et al., 2015); equinus ankle correction
(Hayek et al., 2007; Skaaret et al., 2019); energy expenditure index (Brehm et al., 2008); hip
extension, dorsiflexion in the swing phase and knee extension (Hayek et al., 2007; Wren et
al., 2015); correction of knee hyperextension (Kobayashi et al., 2015); correction of the foot
drop (Machat et al., 2011); correction of the crouch gait (Skaaret et al., 2019); increased solear
muscle activity (Gronely et al., 2010); and increased resistive moment in plantar flexion
(Kobayashi et al., 2015). An AFO can support weak muscles or restrain spastic muscles, leading
to smoother and more stable locomotion.

Today patients can choose between standard off-the-shelf AFO and custom-made AFO. The
former is cheaper but might offer less comfort to a patient than a custom-made AFO. On the
other hand, custom-made AFO may increase that comfort and be adequate, but the
manufacturing process is far from optimal. The most common procedure to fabricate this type
of AFO is mold. However, it takes a long time to make the mold and get the final product,
which may take from 2 days to several weeks depending on the post-processing needed. Also,
the technician needs to spend most of that time working on the orthosis, taking the time away
from the work with patients and other aspects of their work (Totah et al., 2017). Additionally,
it is not adaptable to morphologic modifications (e.g., rapid body changes during children’s
growth), requiring highly skilled personnel (Chen et al., 2016). These inconvenient features
illustrate how much research is necessary on this topic. For instance, if society can conceive
a faster and cheaper method, it may be easier to change AFO along with the children’s growth.
Nowadays, there is no doubt that the massive customization of products and services is a
regular trend over massive production, aiming for custom mass production (Morougo, 2018).
With additive manufacturing (AM) being a little-explored domain, this technology allows
customizing a product since it is manufactured layer-by-layer, thus allowing com-plex

architectures and formats (Morouco, 2018). These architectures are previously modeled in a
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virtual environment with computer-aided design (CAD) software, which differs from
traditional production processes based on removing material or the deposition of materials
in molds. Customization is essential for specific biomedical applications, such as orthopedics
or orthotics, in which the efficiency of treatment is strongly connected with each patient’s
anatomical geometry (Cha et al., 2017; Olsson et al., 2017).

To the best of our knowledge, using AM for AFO production is a recent field of research. Thus,
examining the available studies, their advantages, and drawbacks may pro-vide significant
further investigation insights. This review aimed to investigate the use of AM for AFO,
exploring the manufacturing and customization processes and evaluating their mechanical

and biomechanical properties.

Materials and Methods
Database searches were performed between October 2021 and January 2022 in Web of

Science, SCOPUS, PubMed (including MEDLINE), and Scielo. Terms related to additive
manufacturing (3d print, additive manufacturing, selective laser sintering, fused deposition,
rapid prototyping) combined with terms to AFO (ankle-foot, orthoses, orthosis) were used,
without restrictions.

Original papers were written in English with ankle-foot orthoses developed by additive
manufacturing, and human participants were included. Any sample size was eligible, and
there were no restrictions on the type of participants (sex, age, culture, ethnicity, healthy,
non-healthy). We have included additive manufacturing types (e.g., fused deposition
modeling, selective laser sintering or melting, stereolithography, digital light processing). The
articles must have any outcomes by tests performed on human participants with the orthoses
built by AM.

All narrative or systematic reviews were excluded, although the reference list was examined
for additional references. Any full article not written in English or unpublished data were
excluded. Any article with other types of orthotic devices (e.g., Foot orthosis (F.0.), knee-
ankle foot orthosis (KAFO, splint), or different manufacturing techniques (e.g., mold filling)
were excluded.

Data extraction was standardized after removing the excluded articles and deleting
duplicates. Titles and abstracts from the search results were screened using the eligibility

criteria and reviewed by two authors (R.S. and P.M.) for inclusion. We have assessed the
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overall quality of evidence using the Grading of Recommendations Assessment, Development

and Evaluation (GRADE) process (GRADEpro GDT) (Balshem et al., 2011).

Results
Figure 111.2 illustrates the steps to identify relevant articles for the review based on PRISMA

guidelines (Moher et al., 2009). The initial database search identified 1466 articles, and after
duplicate removal, 540 were considered potentially related and were screened for relevant
content. No additional articles were identified following a hand search of reference lists. After
reading the title and abstract of the 540 articles, 63 were selected for possible inclusion in this
review, and full-text articles were retrieved. 19 of the 63 articles were included in this review
in the last phase because they met the inclusion criteria. The 19 studies included outcomes
such as mechanical tests (Belokar et al., 2017; Cha et al., 2017; Chen et al., 2014; Dal Maso &
Cosmi, 2019; Liu et al., 2019), Finite element method (FEM) simulations (Dal Maso & Cosmi,
2019; Chen et al., 2014); Sarma et al., 2019), participant feedbacks (healthy participants)
(Mavroidis et al., 2011; Patar et al., 2012; Schrank & Stanhope, 2011) patient feedbacks (non-
healthy participants) (Dal Maso & Cosmi, 2019; Liu et al., 2019); Wierzbicka et al., 2017),
QUEST (Cha et al., 2017; Chae et al., 2020), kinematics (Cha et al., 2017; Chae et al., 2020;
Choi et al., 2017; Creylman et al., 2013; Harper et al., 2014, Lin et al., 2017; Liu et al., 2019;
Mavroidis et al., 2011; Ranz et al., 2016; Sarma et al., 2019; Telfer et al., 2012; Vasiliauskaite
et al., 2019), kinetics (Harper et al., 2014; Mavroidis et al., 2011; Ranz et al., 2016; Sarma et
al., 2019; Telfer et al., 2012; Vasiliauskaite et al., 2019), observation after trial (Deckers et al.,
2018; Wierzbicka et al., 2017), dimensional accuracy (Schrank & Stanhope, 2011) and EMG
(Choi et al., 2017; Harper et al., 2014; Ranz et al.,2016).

A description of the AM AFO details can be found in Table Ill.2. We have used the GRADE
process to analyze the quality of the included studies (Table 111.3). The outcomes included
were: (1) walking ability through biomechanical tests (kinematics, kinetics, EMG); (2)
durability through mechanical test; (3) durability through observation after trial; (4) patient
satisfaction assessed with the Quebec User Evaluation of Satisfaction with assistive technology
(QUEST); (5) comfort through participant/patient feedback; (6) dimensional accuracy and
material strength and AFO behavior simulation assessed by FEM analysis. All the outcomes

obtained overall very-low quality evidence.
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Eligibility Screening Identification

Included

Records identified through

database searching
(n =1466)

Additional records identified
through other sources
(n=0)

Records after duplicates removed

(n = 540)

y
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(n = 540)

A 4

Full-text articles assessed
for eligibility
(n=63)

A 4

Studies included in
qualitative synthesis
(n=19)

A 4

Records excluded
(n=477)

Full-text articles excluded,
with reasons
(n=44)

- Not testing the AFO in
humans (n = 34)

- Not using additive
manufacturing techniques
(n=10)

FIGURE 111.2 - Flow diagram of the search history and selection process
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TABLE I11.2 - Included studies with AFO details, participant/patient characteristics, intervention and control conditions, outcomes, and main results

Participant/Patient

Intervention vs Control

AFO Details Outcomes Main Results and Conclusions
Reference Characteristics Condition
AM Printing Method Material N Condition
Maximum 6.8% strain with 38.4 MPa tensile strength
exerted on the AFO. Rupture of the AFO at 14.96 kJ/m?
Belokar et al.

(2017) FDM ABS 1(M; 65 kg) Healthy Customized ABS AFO Mechanical test impact. No deformation in the inner surface with load
up to 15 kN. No deformation of the AFO in hydraulic
press test with 10 tons load.

No structural change, crack or damage after 300k
repetitions in the durability test. Both AFO increased

Customized TPU AFO
Foot drop on the right side Mechanical test;gait speed and stride length. Step width decreased with

Cha et al. (2017) FDM TPU 1 (F; 68 yrs) vs TTPP AFO vs Shod
after an embolectomy onl QUEST; kinematics the FDM AFO. Higher bilateral symmetry with FDM AFO

nly
induced more stability. Better satisfaction on the FDM
AFO after using both AFO for 2 months.

Using the AFO, cardiorespiratory fitness and
Foot drop on the right side functionality increased. Stability score with eyes open

Chae et al. Customized TPU AFO
FDM TPU 1(F; 72 yrs) after posterior lumbar Kinematics; QUEST and closed improved. In QUEST items, the device and

(2020) ) . vs Without AFO . . .
interbody fusion and abscess service subscore had a perfect score (5 points) showing
the patient’s satisfaction with the AFO.
The highest strains were found at about 50% of the gait
cycle for PP (—15.3 x 107*), ABS (—6.4 x 107*), and ULTEM
(=10.3 x 107%). The FEM estimated rotational stiffness
Chen et al. ABS; ULTEM Customized ABS AFOsMechanical test;

FDM 1(M; 29 yrs; 68 kg) Healthy (N.m/deg) for PP (39.1), ABS (67.7) and ULTEM (89.0).

(2014) (Polyetherimide) vs TTPP AFO FEM simulations
Using calculated loading conditions and FEM can help
design AFO to match the patient’s need and achieve
desired biomechanical functions.

Use of elastic polymer bands to control the stiffness of
Kinematics,
Customized PLA AFO the orthosis. More stiffness led to a decrease of peak
. 8 (4F; 4M; 25 £5yrs; 1.7+ 0.1 . . ultrasound;  EMG;, . o
Choi et al. (2017) FDM PLA Healthy with elastic polymer in knee extension and ankle dorsiflexion angles and

m; 67 £ 9 Kg)

musculoskeletal
bands maximum length of gastrocnemius and Achilles
simulation
tendon. Due to medial gastrocnemius operating length
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and velocity changes, slower walking speeds may not

receive the expected energy savings.

Creylman et al.

Customized Nylon 12
8 (M; 47 £13 yrs; 1.97 £ 0.1m; Unilateral Foot Drop due to

Similar stride duration for all interventions. Significant
differences in both AFO vs barefoot for stride length of
the affected (1377 vs. 1370 vs. 1213 mm) and
unaffected (1373 vs. 1365 vs. 1223 mm) limb and

SLS Nylon 12 (PA2201) AFO vs TTPP AFO vs Kinematics
(2013) 85.30 + 14.20 Kg) dorsiflexor weakness Bare F stance phase duration of the affected limb (62.1 vs.
are Foot
62.1 vs. 60.6%) for barefoot, AM AFO and TTPP. Range
of Motion different between AFO due to Nylon 12
stiffer than PP.
TTPP AFO (n = 7) survived the 6 weeks of clinical trial.
For AM AFO (n = 7), 3 broke when doing sport, 1 broke
Customized PA12
Deckers et al. Trauma, Neuro-muscular Observation  afterwhile the patient walked upstairs, 1 broke due to
SLS PA12 7 (4 Adults; 3 Children) ) AFO with carbon fiber . ) )
(2018) disorder and cerebral palsy trial manufacturing defect, 1 became dirty. A cracking
strut vs TTPP AFO
began at the metatarsal phalangeal joint and 1 survived
with no problems.
Minimal effect in kinetics, kinematics and EMG gait
cycle with different strut stiffness. Propulsive and
Customized Nylon 11
medial GRF impulses were only influenced by AFO
PD-AFO Strut
Harper et al. 13 (M;29+6yrs; 1.8+ 0.1 m; Unilateral lower extremity . Kinematics; kinetics;stiffness with the medial GRF impulse significantly
SLS Nylon 11 (PA D80—S.T.) (nominal vs 20%
(2014) 88+ 11Kg) injuries EMG increased in the stiff condition. Orthotists may not
stiffer vs more
need to control the stiffness level precisely and may
compliant)
instead prescribe the AFO stiffness based on other
factors.
The walking speed (367 vs. 389 mm/s), stride length
(583 vs. 598 mm), cadence (76 vs. 78 steps/min) and
Customized AFO vs
Lin et al. (2017) FDM No Data 1 Healthy TTPP AFO Kinematics range of motion of knee joint in flexion were similar in
both AFO. TTPP AFO obtained more extended range of
motion due to different footplate.
Using AM AFO increased velocity (0.17 + 0.06 vs. 0.20
. . . Mechanical test;+ 0.07 m/s), stride length (0.43 +0.10vs. 0.48 £ 0.11 m)
) 12 (4F; 8M; 56 £ 9 yrs; 1.7+ Stroke patients (6 Ischemic, 6  Customized PA12 . . . )
Liu et al. (2019) MJF PA12 . kinematics; patientand cadence (47.0 £ 14.4 vs. 53.8 + 15.5 times/min).
0.1 m; 69 + 10 Kg) Hemorrhage). AFO vs Without AFO
feedback Double limb support phase (36.3 £ 5.6 vs. 33.6 £ 5.2 %)

and the step length difference decreased (0.16 + 0.12
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vs. 0.10 + 0.09 m). AM AFO obtained adequate
dimensional accuracy, toughness, high strength,
lightweight and comfort. No breakage occurred within

3 months.

Dal Maso &

Great geometrical correspondence and comfort

between the foot and the AM AFO. Cheap production
Mechanical Test;
method compared with AFO produced with other

FDM PLA 1(F; 21 yrs) Post-traumatic rehabilitation Customized PLA AFO FEM simulations;
Cosmi (2019) . technologies. PLA material was considered excellent
patient feedback
for manufacturing the AFO but is not the most
mechanically resistant.
Customized Accura
40 Resin AFO vs
Accura 40 Resin; DSM Customized DSM AM AFO obtained optimal fit and great comfort.
Mavroidis et al. Kinematics; kinetics; =~ ) . )
SLA Somos 9120 Epoxy 1 Healthy Somos 9120 Epoxy Kinetics and Kinematics gait cycle revealed that the AM
(2011) participant feedback o
Photopolymer Photopolymer vs AFO performed similarly to the TTPP AFO.
TTPP AFO vs Shod
only
Customized ABS/PP The price reduction in producing AM DAFO was
Patar et al. DAFO (Dynamic . reduced 100-fold compared to the products that
FDM ABS 1 Healthy Participant feedback
(2012) Ankle-Foot Orthosis) existed in the market. The patient considered the
vs No control performance was good.
Most of the patients (7) preferred the middle bending
axis. After EMG test, PD-AFO altered medial
. Customized Nylon 11 . o .
Lower extremity trauma gastrocnemius activity in late single-leg support. Low
13(29.50 £ 6.28 yrs; 1.79 + PD-AFO (low vs  Kinematics; Kinetics;
Ranz et al. (2016) SLS Nylon 11 (PA D80—S.T.) resulting in unilateral ankle bending axis resulted in the greatest medial
0.09m; 87.92 +9.70Kg) middle vs high EMG
muscle weakness gastrocnemius activity. Different bending axis locations
bending axis) o
had few effects on ankle and knee peak joint
kinematics and kinetics.
Based on FEM simulations Kevlar Fiber Reinforced
13% Kevlar Fiber UHMWPE-based composite material was selected as
Customized Kevlar
Sarma et al. reinforced ultra-high . . Kinematics; kinetics;best material for fabrication of AFO compared with
No data . >1 No data Fiber Reinforced ) ) )
(2019) molecular weight FEM simulations ABS, PLA, Nylon 6/6 and PP. The maximum ankle angle

polyethylene (UHMWPE)

UHMWPE AFO
during dorsiflexion was 12° and maximum angle during

plantar flexion was 23°.
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o upbw

Dimensional
2 (1 M; 1F; 34.50 + 19.09 yrs;

The dimensional accuracy of the fabricated PD-AFOs

was 0.5mm. The participants demonstrated a fully

Schrank & Nylon 11 (DuraForm EX Customized Nylon 11 accuracy; clinicalaccommodated, smooth, and rhythmic gait pattern
SLS 1.71+8.49m; 65.85+8.41 Healthy
Stanhope (2011) Natural Plastic) ke) PD-AFO observation; following gait test and reported no discomfort. No
g
participant feedbacksigns of uneven pressure distribution, redness, or
abrasions.
Use of a gas spring to control the stiffness of the AFO.
AM AFO led to a lower peak plantarflexion angle at the
start stance and higher at the toe-off vs shod only. Peak
ankle internal plantarflexion moment was significantly
Customized Nylon 12
Telfer et al. reduced in both AFO conditions compared to shod.
SLS Nylon 12 (PA2200) 1 (M, 29 yrs; 1.85 m; 78.00Kg) Healthy AFO with gas spring Kinematics; kinetics . ) )
(2012) Both AFO conditions also increased peak knee internal
vs Shod only
flexion moment during the first half of stance. AM AFO
clinical performance and biomechanical changes
equivalent to TTPP AFO with the advantage of the
design freedom provided by AM.
AM AFO step length significantly increased vs TTPP AFO
Customized PA12
6 (3M (1 adult, 2 children); 3F 1 poly-trauma; 1 Charcot- due to better energy storage properties. Push-off
Vasiliauskaite et AFO with carbon strut
SLS PA12 (1 adult, 2 children); 23 £+ 20 Marie Tooth; 3 cerebral palsy; Kinematics; kinetics phase characteristics and joint work in stance became
al. (2019b) vs TTPP AFO vs Shod
yrs; 1.5+ 0.2 m; 52 + 33 Kg) 1 bilateral clubfoot - more atypical using AFO and no significant
nly
improvements in speed were observed.
The AFO was comfortable and fully stabilizing the ankle
Observation  afterjoint. After gait cycle the test ended with success
Wierzbicka et al. Customized ABS AFO
FDM ABS 1(F; 22 yrs) Chronic ankle joint instability trial; patientwithout no bruises or irritations on patient’s skin.

(2017)

vs No control
feedback

Limitations were found in climbing stairs, riding a bike,

and driving a car.

FDM, Fused Deposition Modeling; SLS, Selective Laser Sintering; MJF, Multi-Jet Fusion; SLA, Stereolithography; ABS, Acrylonitrile Butadiene Styrene; TPU, Thermoplastic Polyurethane; PLA, Poly-Lactic Acid; PA12, Polyamide 12; PP, polypropylene;
M, Male; F, Female; TTPP, Traditional thermoformed polypropylene; DAFO, Dynamic ankle-foot orthosis; PD-AFO, Passive dynamic ankle-foot orthosis; QUEST, Quebec user evaluation of satisfaction with assistive technology; FEM, finite element
model; EMG, electromyography; GRF, Ground reaction force; AM, Additive manufacturing
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8 TABLE 111.3 - GRADE evidence profile

Certainty assessment N2 of patients/participants Effect
Traditional :
Ne of . ) . ) i . Other Customized Relative Absolute Certainty Importance
) Study design Risk of bias Inconsistency Indirectness Imprecision ) ) Thermoformed
studies considerations AM AFO (95% ClI) (95% CI)
Polypropylene AFO

Walking ability through biomechanical tests (kinematics, kinetics, EMG)
Observational e000

12 studies [1] serious ° not serious Serious ? not serious none 668 9 - - Important
VERY LOW

Durability through a mechanical test

Observational . X X o ®000
5 cudies [2 not serious not serious serious ¢ serious none 16 2 - - Important
studies [2) VERY LOW
Durability through observation after trial
Observational . X . X o000
2 cudies [3 very serious © not serious not serious serious ¢ none 8 7 - - Important
studies [3] VERY LOW
Patient satisfaction assessed with the QUEST
Observational o X . . | ®O00
2 tudies [4] serious not serious not serious serious none 2 1 - - Important
studies VERY LOW
Comfort through participant/patient feedback
Observational N X . - ®O00
6 tudies [5] very serious ¢ not serious serious @ serious none 17 1 - - Important
studies VERY LOW
Dimensional accuracy through FaroArm (fit with a 3 mm spherical tip)
Observational . . X - ®O00
1 tudies [6] not serious not serious serious ? serious none 1 0 - - Important
stuctes VERY LOW
Material strength and AFO behavior simulation assessed by FEM analysis
Observational - X X - ®000
3 tudies [7] serious not serious serious ? serious none 3 1 - - Important
stuctes VERY LOW

Cl Confidence Interval

[1] (Cha et al., 2017; Liu et al., 2019; Sarma et al., 2019; Mavroidis et al., 2011; Chae et al., 2020; Creylman et al., 2013; Harper et al., 2014; Vasiliauskaite et al., 2019; Telfer et al., 2012; Lin et al., 2017; Choi et al., 2017; Rans et al., 2016)
[2] (Cha et al., 2017; Dal Maso & Cosmi, 2019; Belokar et al., 2017; Chen et al., 2014; Liu et al., 2019)

[3] (Wierzbicka et al., 2017; Deckers et al., 2018)

[4] (Cha et al., 2017; Chae et al., 2020)

[5] (Dal Maso & Cosmi, 2019; Liu et al., 2019; Patar et al., 2012; Schrank et al., 2011; Mavroidis et al., 2011; Wierzbicka et al., 2017)

[6] (Schrank et al., 2011)

[7] (Dal Maso & Cosmi, 2019; Chen et al., 2014; Sarma et al., 2019)

2 Not all studies compared to traditionally thermoformed polypropylene AFOs; b Differences in type of Participants / Patients conditions; ¢ Differences in type of AM / Traditional AFO assessed; 9 Participants / Patients number assessed low; ¢ No
quantitative assessment; f No blinding of AFOs; 8Sarma et al. (2019) does not reference the exact number of participants, so the value of 1 element was considered

O wooNOWIRWNFO O
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We have compared the studies that used kinematics as an outcome with the data on the leg's
ankle and knee angles with the AM AFO in the stance phase (Table 111.4). The maximum angle

for ankle dorsiflexion and knee flexion was 22° and 20°, respectively.

TABLE 111.4 - Comparison between the different maximum angles obtained by the ankle and knee of the leg with the AFO at
the stance phase

Reference N Healthy / Unhealthy Ankle dt():)siﬂexion plant:rrf‘:::ion © Knee Flexion (°) Knee E():t)ension
Chaetal. (2017) 1 Unhealthy 22 -8 NA NA
Liu et al. (2019) 12 Unhealthy 0 -2 13 5
Sarma et al. (2019) >1 No Data 10 1 NA NA
Mavroidis et al. (2011) 1 Healthy 15 -8 NA NA
Chae et al. (2020) 1 Unhealthy NA NA NA NA
Vasiliauskaite et al. (2019) 6 Unhealthy 13 0.2 12.8 -2
Telfer et al. (2012) 1 Healthy 181,162 01,-32 191,152 101,82
Lin et al. (2017) 1 Healthy NA NA 20 -1
Choi et al. (2017) 8 Healthy 10 -5 17 5
Harper et al. (2014) 13 Unhealthy 6.55% 5'56 %568 _6'5?53."9;6;03 K 13'3?73f1175;71 4 NA
Creylman et al. (2013) 8 Unhealthy NA -3 19 NA
Ranz et al. (2016) 13 Unhealthy 5.836; 5.819 7,4.87 —0‘6?(:.,'6—50;561 7; 17.31;75.;81575;46 7 5.214‘.5;91]1-‘?9 7

NA Not Applicable

LAFO with high stiffness; 2 AFO with lowered stiffness; 3 AFO stifeness compliant; 4 AFO stifeness nominal; > AFO stifeness stiff; ® AFO with low bending axis;”?
AFO with middle bending axis; 8 AFO with high bending axis

Discussion
Additive manufacturing methods to build ankle-foot orthoses are still in a very embryonic

state, as shown by the papers’ publication date. All articles reported in this review have been
carried out in the past nine years, and exponential growth is expected in the next decade with
the evolution of additive manufacturing printers and the type of materials used. From the
nineteen studies retrieved, just seven compared the customized AM AFO with the traditional
thermoformed polypropylene AFO. Similar results in biomechanical tests and comfort were
observed. Accordingly, the adoption of AM may lead to faster and cheaper processes having
at least the same outcomes.

Researchers have been using different types of AM printing and materials. The majority of the
papers used fused deposition modeling (FDM) (Belokar et al., 2017; Cha et al., 2017; Chae et
al., 2020; Chen et al., 2014; Choi et al., 2017; Dal Maso & Cosmi, 2019; Lin et al., 2017; Patar
et al., 2012; Wierzbicka et al., 2017) and selective laser sintering (SLS) (Creylman et al., 2013;
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Deckers et al., 2018; Harper et al., 2014; Ranz et al., 2016; Schrank & Stanhope, 2011; Telfer
et al.,, 2012; Vasiliauskaite et al., 2019). Multi-jet fusion (MJF) (Liu et al., 2019) and
stereolithography (SLA) (Mavroidis et al., 2011) were also used, and one manuscript did not
describe the printing method (Sarma et al., 2019). The AM printing method will bring pros
and cons to the orthoses manufacture and quality. The FDM process’s main advantages are
that no chemical post-processing is required. No resins are necessary to cure; less expensive
machines and materials lead to a more cost-effective process. Nevertheless, the resolution
on the z-axis is lower than in other additive manufacturing processes (Melchels et al., 2010),
and interlayer distortion was the leading cause of mechanical weakness (Melchels et al.,
2010). Four of the eight studies that used FDM did some mechanical tests using acrylonitrile
butadiene styrene (ABS), polylactic acid (PLA), and thermoplastic polyurethane (TPU)
materials. Belokar et al. (2017) showed that an ABS AFO could support 10 tons load, and the
customized TPU AFO of Cha et al. (2017) survived 300000 repetitions in a durability test and
two months of use by a foot drop 67 years old patient. Although the customized PLA AFO of
Dal Maso & Cosmi (2019) was considered excellent for manufacture, it was not the most
mechanically resistant.

Seven studies used the SLS printing process. Five studies used this process to build a complete
AFO made of Nylon 11 (Schrank & Stanhope, 2011) and Polyamide (Nylon) 12 (PA12)
(Creylman et al., 2013; Vasiliauskaite et al., 2019; Telfer et al., 2012; Deckers et al., 2018). Two
studies used SLS to manufacture a strut to change the stiffness of a pre-built carbon AFO made
by the traditional method. SLS is a process in which a powder is sintered or fused by applying
a carbon dioxide laser beam. The chamber is heated to almost the melting point of the
material. The laser fuses the powder at a specific location for each layer specified by the
design (Wong & Hernandez, 2012). This technology’s main advantages are the wide range of
materials used; however, in these studies, they just used Polyamide (Nylon) 12 and Nylon 11,
which show almost the same mechanical properties as the injected parts (Tang et al., 2011).
The disadvantages are that the accuracy is limited by the size of particles of the material
(Wong & Hernandez, 2012), slow process, high costs, and high porosity when the powder is
fused with a binder (Ngo et al., 2018). Although seven studies manufactured SLS AFO, no
mechanical tests were made, and just one (Deckers et al., 2018) did an observation in children
and adults with mixed results. Five did not survive the six-week trial of the seven built SLS AFO

(calf and foot connected by two carbon fiber rods to change the stiffness). Three broke when
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doing sports (hiking, running, soccer), one broke while the patient walked upstairs, and one
broke due to a manufacturing defect. Two survived the six weeks; nevertheless, one be-came
dirty, and a cracking began at the metatarsal phalangeal joint. Telfer et al. (2012) attached
off-the-shelf gas springs with AM printed components (shank, strut, slider, and foot), allowing
the user to change the stiffness of the AFO that, could improve the ankle biomechanics
helping day-to-day tasks reducing pain and fatigue. The results suggest that these devices may
show equivalence in clinical performance compared with traditional AFOs however, their
mechanical performance is far from ideal. Yet, no comparison was made using unhealthy
participants or traditional AFOs.

Two studies used different printing techniques (SLA and MIJF). SLA is one of the earliest
additive manufacturing methods, which was developed in 1986 and uses a liquid-based
process that consists of the curing or solidification of a photosensitive polymer when a
ultraviolet (UV) laser contacts the resin (Wong & Hernandez, 2012). SLA prints high-quality
parts at a fine resolution as low as 10 um. However, it is relatively slow and expensive, the
range of printing materials is minimal, is sensitive to long exposure to UV light and the printed
parts are affected by moisture, heat, and chemicals. (Ngo et al., 2018; Wong & Hernandez,
2012). Mavroidis et al. (2011) used the SLA process with Acura 40 Resin and DSM Somos 9120
Epoxy Photopolymer. No mechanical test was done. They achieved an optimal fit of the AM
AFO geometry to the participant’s anatomy, and excellent comfort, and the AM AFO
performed similarly to the traditional AFO. MJF combine SLS and binder jetting technologies.
Compared to other AM methods, MJF has the lowest cost of 3D printed parts, quick printing,
and no need for support; yet, it is limited to just two types of material, and the machines are
large and expensive (Ngo et al., 2018; Wong & Hernandez, 2012). For instance, a single unit
of material for MJF may be up to 4 times less expensive than for FDM. Liu et al. (2019) used
the MJF process with Polyamide 12 material in stroke patients. The mechanical tests of the
AFO showed toughness and high strength. They achieved a lightweight and comfortable AFO
for the patient; however, further large-scale stroke samples and a long-term follow-up would
be warranted to prove that MJF with PA12 could be a future solution to manufacturing
custom AFO. Although different studies had utterly different methodologies and samples, the
ABS and MJF AFOs obtained better durability results than the AFOs manufactured by SLS.

A GRADE evidence profile was created to assess the different outcomes in the included

studies. The results analyzed had severe problems, mainly because most of them did not
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compare the created AM AFO with a traditional polypropylene AFO. Moreover, the number
of participants/patients assessed was low. The outcomes from the included studies were very
heterogeneous. Although some studies (n = 12) had kinematics in their results, they
commonly used only the ankle (n = 10) and knee (n = 8) degrees. The lack of other critical
kinematic variables in most of the studies (e.g., cadence, angular velocity, hip angle, gait
speed, step length, stride length, duration of stance/swing), combined with the heterogeneity
in the methodology, type of patients (the kind of disease, gender, and age) and different AM
AFO makes it challenging to have a reliable quantitative comparison. In the future, it is
believed that because it is an area with massive potential for expansion, studies will begin to
have a greater homogeneity in their methodologies.

AFO users have different ages, anatomy, gender, and lifestyle and can be found at various
stages of the disease or disability. Stroke (Gok et al., 2003; Kesikburun et al., 2017), multiple
sclerosis (van der Linden et al., 2018), cerebral palsy (Wren et al., 2015; Prosser et al., 2012;
Ries et al., 2015), foot drop (Hayek et al., 2007; Skaaret et al., 2019; Carolus et al., 2019),
Charcot-Marie tooth (Zuccarino et al., 2020), neck or spinal cord injury (Arazpour et al., 2013),
sciatica (Prosser et al., 2012), muscular dystrophy (Townsend et al., 2015), or peroneal nerve
injury (Carolus et al., 2019) are the most common diseases that need an AFO to improve
kinematics and kinetics of the patients. Among the AFO functionality, the patient’s comfort,
pain, and disability reduction should be an essential factor to consider. In general, the
reviewed papers present several flaws in their methodology. Of the studies, just six gave
patient feedback for comfort and fit, and only two collected a QUEST. One study (Belokar et
al., 2017) presented interesting mechanical test results; however, no results were shown
regarding the durability of the AFO after being applied to an end-user. Almost 50% of the
studies presented in this review used healthy participants. While it is the easiest solution to
test durability, comfort, uneven pressure distribution, redness, abrasions, or geometry to the
participant anatomy, measuring its impact on groups with dis-eases is critical. Currently, the
time from the prescription to the design of traditional polypropylene AFO can take several
weeks, making them often unusable due to the constant changes in anatomy, particularly in
children. Custom AM AFOs could have an essential role in solving the manufacturing time (less
than 1 day), as shown by the two studies using children as participants (Cha et al., 2017;
Deckers et al., 2018). Together with the manufacturing time, the capacity to create complex

structures could be the solution to change the aesthetics of the traditional AFOs, since part
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of the patients who need AFO (mainly females and children) do not use them because of the
appearance and finish of the orthosis (Holtkamp et al., 2015).

Looking at all the studies, further studies to build and test AM AFOs should include many more
children and unhealthy participants. Furthermore, the studies should consist of all these
steps: (1) a 3D Scan of the patient’s lower leg or plaster caster model; (2) CAD Modeling of
the AFO for the patient condition; (3) FEM simulations to tune and predict the properties of
the AFO; (4) AM printing of the AFO with the selected material; (5) Mechanical tests of the
AFO; (6) Biomechanical tests, durability, and satisfaction of the patient using the AFO.

The adoption of AM techniques for custom AFO may allow topological optimization, 4D
manufacturing (manufacturing with smart materials), incorporation of multi-material leading
to reduced weight and thickness, increased breathability, controlled flexibility, better fit,
enhanced aesthetics, and the potential to eliminate several steps of production compared
with traditional methods of AFO manufacture leading to a less cost and better AFO (Chen et
al., 2016; Mueller, 2012). Furthermore, novel patient-specific AM AFO can substantially affect
patient satisfaction, adherence to AFO usage, and overall health-related outcomes (Holtkamp

et al.,, 2015).

Conclusion
Nowadays, it is possible to manufacture a custom orthosis using AM. Nevertheless, it is far

from becoming the ideal solution for clinical practice. The studies have shown that AM
custom-made orthoses are comparable to the Traditional AFO regarding kinematics, kinetics,
and mechanics. In some cases, the AM custom-made orthoses performed better in comfort,
performance, and optimal fit. However, the lack of more participants in studies with some
diseases, the lack of more mechanical tests (e.g., durability and stiffness), no feedback from
the participants, and more pediatric populations’ tests bring the additive manufactured

orthoses far from being used by the masses.
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Abstract
Background: Ankle-Foot Orthoses (AFOs) are vital in gait rehabilitation for stroke patients.

However, many conventional AFO designs may not offer the required precision for optimized
patient outcomes. With the advent of 3D scanning and printing technology, there exists
potential for more individualized AFO solutions, aiming to enhance the rehabilitative process.
Objective: This non-randomized trial seeks to introduce and validate a novel system for AFO
design tailored to stroke patients. By leveraging the capabilities of 3D scanning and bespoke
software solutions, the aim is to produce orthoses that might surpass conventional designs in
terms of biomechanical effectiveness and patient satisfaction.

Methods: A distinctive 3D scanner, complemented by specialized software, will be developed
to accurately capture the biomechanical data of leg movements during gait in stroke patients.
The acquired data will subsequently guide the creation of patient specific AFO designs. These
personalized orthoses will be provided to participants, and their efficacy will be compared
with traditional AFO models. The qualitative dimensions of this experience will be evaluated
using the QUEST assessment tool. Feedback from healthcare professionals and the
participants will be considered throughout the trial to ensure a rounded understanding of the
system's implications.

Results: Spatial-temporal parameters will be statistically compared using paired t-tests to
determine significant differences between walking with the personalized orthosis, the
existing orthosis, and barefoot conditions. Significant differences will be identified based on
p-values, with p < 0.05 indicating statistical significance. The Statistical Parametric Mapping
(SPM) method will be applied to graphically compare kinematic and kinetic data across the
entire gait cycle. QUEST responses will undergo statistical analysis to evaluate patient
satisfaction, with scores ranging from 1 (not satisfied) to 5 (very satisfied). Satisfaction scores
will be presented as mean values + standard deviations. Significant variations in satisfaction
levels between the personalized and existing orthosis will be assessed using a Wilcoxon
signed-rank test. The anticipation is that the AFOs crafted through this innovative system will
either match or outperform existing orthoses in use, with higher patient satisfaction rates.
Conclusions: Embracing the synergy of technology and biomechanics may hold the key to
revolutionizing orthotic design, with the potential to set new standards in patient-centered

orthotic solutions. However, as with all innovations, a balanced approach, considering both
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the technological possibilities and individual patient needs, will be paramount to achieve

optimal outcomes.

Keywords: 3D Scanner; 3D Printing; Ankle Foot Orthosis; Equinovarus foot; Biomechanical

Analysis
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Introduction
Stroke, often termed as a cerebrovascular accident, poses a monumental global health issue

and stands as the second leading cause of mortality worldwide (Vos et al., 2016). In addition
to the grave concern of mortality, survivors of stroke frequently grapple with substantial
morbidity, most notably neurological impairments that substantially hamper their quality of
life. Among these impairments, a prevalent issue is equinovarus foot a symptom
characterized by the foot being plantarflexed (downward) and inverted (turned inward), often
resulting from muscle imbalances or neurological impairments (Fietzek et al., 2014; Ward,
2014)

In the management and rehabilitation of equinovarus foot, Ankle-Foot Orthoses (AFOs) serve
as a foundational element, supporting and aligning the ankle and foot, suppressing spastic
and overpowering muscles, and assisting weak or paralyzed muscles (Cakar et al., 2010).
While these devices are indispensable in aiding patients in regaining some semblance of
normal gait, they come with their own sets of limitations. Broadly speaking, AFOs are
categorized into two primary types: traditional off-the-shelf models and custom-crafted
versions. Traditional AFOs, designed for a broad patient demographic, offer widespread
accessibility but often miss the mark in addressing the unique biomechanical needs of each
patient. This one-size-fits-all approach has drawn criticism for its rigidity and lack of individual
customization (Zhang et al., 2013). Conversely, custom-made AFOs are meticulously tailored
to fit a specific patient's anatomical structure. While they provide a more individualized fit,
the process of creating these orthoses is time-consuming and very laborious. In addition, the
process is also wasteful of materials, as the plaster molds and other excess fabrication
materials are discarded during the fabrication process (Liu et al., 2019). This gap between age-
old craftsmanship and cutting-edge precision sets the stage for technological intervention,
aiming to meld the advantages of both approaches.

The concept of reverse engineering in orthotics involves capturing a patient's limb anatomy
in detail, translating this information into a digital model, and then crafting an orthotic device
to perfectly align with the individual's biomechanical demands (Lunsford et al., 2016; Silva et
al., 2022). Utilizing 3D scanning techniques allows for a highly accurate representation of
human anatomy. This digital replica serves as a blueprint upon which orthotic devices can be
meticulously designed, thereby ensuring that the device is tailored to an individual's unique

biomechanical requirements. Nevertheless, the integration of 3D scanning technology into
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the orthotic field is fraught with challenges. Capturing a comprehensive scan, particularly of
the plantar region of the foot, proves to be problematic. The quality of the scan is often
compromised due to patient movements, exacerbated by the extended duration needed for
the scanning process (Gefen, 2003). This prolonged duration can be uncomfortable for the
patient, thereby leading to unintended movements and consequential errors in the scan data.
Moreover, there are ongoing debates over the computational workload and adaptability of
the resulting digital models. Such pitfalls, whether arising from anatomical complexities,
patient movements, or technological limitations, could culminate in an improperly fitting
orthotic device.

The science of photogrammetry, which involves making measurements based on
photographs, offers a potential solution. Initially used for mapping and topographical studies
(Magnani et al., 2020) its application in the medical realm, particularly in orthotics and
prosthetics, has only recently been explored. The capacity to transform photographs into
intricate 3D models offers quicker scan times and could minimize errors induced by patient
movements (Grazioso et al., 2019). However, the full-scale integration of this promising
technology into the orthopedic field is still in its infancy (Ciobanu et al., 2013; Dal Maso &
Cosmi, 2019; Grazioso et al., 2018; Munhoz et al., 2016; Weigert et al., 2016). Ensuring that
the resulting 3D models are an accurate reflection of patient anatomy and that the resultant
devices are both functional and comfortable remains a challenge. Furthermore, orthopedics
is a multi-disciplinary field that includes physicians, physical therapists, and engineers.
Consequently, any new technological adoption must be orchestrated carefully to ensure
effective utility across all these professions (Dickinson et al., 2019). Armed with these
technological advancements, the field of orthotics is poised for a transformative evolution —
a shift toward a more patient-centric and technologically-integrated paradigm. This fusion of
traditional orthotic craftsmanship with cutting-edge computational tools heralds a new era in

patient care, targeting both precision and broad accessibility.

Goal of this study
This research protocol delineates our approach to develop a next-generation AFO system

tailored to meet the specific needs of stroke survivors. The primary objective is to harness
advanced scanning tools and bespoke software for a holistic orthotic solution. By innovatively
integrating technology and medical expertise, we envision a transformation in the

rehabilitation journey, creating a more refined and effective recovery pathway for individuals
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with post-stroke motor challenges. Our methodological framework will guide us from the
initial stages of scanner and software development to a culminating phase of validation,
where the proposed orthotic devices will undergo rigorous patient trials. Through this

initiative, we aim to chart a progressive path in the realm of post-stroke orthotic care.

Methods
Study Design

This non-randomized feasibility study aims to harness advanced scanning technologies and
innovative software for the design and refinement of orthotics tailored specifically to the
unique anatomical and biomechanical needs of stroke survivors presenting with equinovarus
deformity. Following a non-inferiority trial design for biomechanical outcomes and a
superiority trial design for qualitative outcomes, our methodology focuses on the
development of a novel AFO system. The goal is to ensure its biomechanical performance is
at least as effective as off-the-shelf AFOs, while also enhancing patient satisfaction. Feedback

from patients and clinical observations will serve as the primary indicators of success.

Ethics Approval
The approval for the protocol of this study was granted by the Health Ethics Committee of
Centro de Medicina de Reabilitagdo da Regido Centro — Rovisco Pais (Tocha, Portugal) in

August 2022.

Consent to Participate and Consent for Publication

A document was developed at the request of the Health Ethics Committee for informed, clear,
and voluntary consent for participation in research studies. The document outlines the
research study's objective and assures that there will be no detriment to treatments and
clinical follow-up should the patient choose to withdraw. It also guarantees the anonymity
and confidentiality of all collected data, including photographs, results from the Quebec User
Evaluation of Satisfaction with Assistive Technology (QUEST) (Demers et al., 1996) and
biomechanical analysis data. The consent form must be signed by both the attending

physician and the patient.
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This protocol was prepared according to the SPIRIT (Standard Protocol Items:
Recommendations for Interventional Trials) 2013 checklist for reporting a protocol study

(Chan et al., 2013)

Eligibility Criteria and Recruitment Procedures

The inclusion criteria for this study have been defined with precision to select the most
suitable candidates in alignment with the study objectives. We are targeting stroke survivors,
both male and female, aged between 18 to 75 years, who exhibit equinovarus foot secondary
to hemiparesia, affecting either the left or right side. A prerequisite for potential participants
is their current utilization of AFOs. Furthermore, the concurrent use of any assistive
technologies such as tripods, crutches, or canes is deemed acceptable. Essential criteria
include the capacity to provide informed consent and the ability to ambulate, either
independently or with the support of aforementioned devices. Conversely, candidates with
concomitant neurological or orthopedic conditions that might confound the study outcomes,
those with active dermatological conditions, or and severe communication impairments
potentially hindering consistent participation will be excluded.

The recruitment process will be at the Centro de Medicina de Reabilitacdo da Regido Centro.
Attending physicians will review patient profiles to identify individuals meeting the stipulated
criteria. Those aligning with our research parameters will be briefed on the study's aims and
subsequently provided with the detailed consent document. Upon granting written consent,
these individuals will be enlisted as participants, ensuring a systematic and ethically rigorous

approach to data acquisition and feedback.

Clinical Outcomes

In the pursuit of developing an optimized orthotic design system, an array of clinical metrics
is implemented to gauge its efficiency, efficacy, and the comfort it bestows on both patients
and healthcare professionals. Ensuring a comfortable experience for the patient during the
photography process is paramount, given its pivotal role in the orthotic design. This precision
not only benefits the patient but also ensures that the system healthcare professionals
navigate is intuitive.

Biomechanical assessments employ the Qualisys Miqus M3 system, paired with Bertec force

platforms. Patients will wear the CAST lower body marker set, which consists of 36 reflective
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markers, as prescribed by Cappozzo (Cappozzo et al., 1995). Observations cover three walking
conditions for each participant: unaided (where possible), with the current orthosis, and with
the newly designed orthosis. This methodology provides an in-depth understanding of the
orthosis's efficacy, drawing from ten walking cycles for each leg, analyzing both kinematics
and kinetics.

The biomechanical data under scrutiny spans temporal-Spatial parameters, which capture
walking speed, gait cycle duration, step length, step time, time in stance, and time in swing.
Kinematic parameters delve into pelvic movements such as anterior tilt, up obliquity, and
internal rotation. Hip parameters include flexion, adduction, and internal rotation, while knee
parameters assess flexion, varus, and internal rotation. Ankle and foot evaluations note
dorsiflexion, inversion, pitch, and internal progression. Kinetic parameters are marked by the
internal moments at the hip (extensor and valgus), knee (extensor and valgus), and ankle
(plantarflexor and extensor), accompanied by the Vertical Ground Reaction Force.

The qualitative patient analysis will also incorporate the QUEST assessment. QUEST focuses
on understanding the user's satisfaction with assistive technology. It evaluates a range of
aspects, from device functionality to user confidence. This offers insights into patients'
perceptions and benefits derived from the new orthosis in comparison to conventional
models. Incorporating QUEST ensures the orthosis not only meets clinical requirements but
also aligns with patient preferences and comfort levels.

Through these comprehensive evaluations, the study aims to offer an enriched perspective

on the potential and effectiveness of the innovative orthotic system.

Data Analysis

The forthcoming data analysis is designed to provide an in-depth understanding of the impact
of personalized orthoses on gait parameters in relation to both the pre-existing orthosis and
barefoot walking. The sample size was estimated for a prespecified power of 90%, while the
a value was set at <.05. The primary outcomes will be represented through spatial-temporal
data tables and normalized gait graphs, spanning from 0 to 100% of the gait cycle for the left
and right legs.

Spatial-temporal parameters will undergo statistical comparisons utilizing paired t-tests. This

will discern any significant differences between walking with the personalized orthosis, the
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pre-existing orthosis, and walking barefoot. Significant distinctions will be recognized based
on p-values, with a threshold set at 95% indicating statistical significance.

Graphical comparisons of kinematic and kinetic data will employ the Statistical Parametric
Mapping (SPM) method. SPM is tailored for the analysis of one-dimensional biomechanical
data series, such as kinematic curves, yielding a nuanced understanding of differences across
the entire gait cycle, rather than mere isolated time points. The analysis will leverage the
SPM1D script. By employing SPM1D, it becomes feasible to pinpoint regions in the gait cycle
where palpable differences between conditions (existing orthosis, personalized orthosis, and
barefoot) arise. This rigorous method offers a continuous evaluation over the entire time or
space continuum, safeguarding against missing subtle yet clinically pivotal variations.
Simultaneously, the QUEST responses will be statistically analyzed to evaluate patient
satisfaction. Scores from the QUEST, which range from 1 (not satisfied) to 5 (very satisfied),
will be presented as mean values + standard deviations for each question. A one-sample t-
test will be employed to determine if the mean satisfaction scores significantly differ from a
neutral value. Additionally, a Wilcoxon signed-rank test may be used to determine differences
in satisfaction levels between using the personalized orthosis and the pre-existing orthosis.
Any statistically significant variations in user satisfaction between the two orthoses will
provide insight into the preferential utility and comfort of the personalized design.

In essence, this multifaceted statistical approach aims to quantify not only the possible
biomechanical advantages of personalized orthoses over standard ones but also the

subjective satisfaction of users, ensuring a holistic assessment of the new system's efficacy.

Results
The methodology and approach of this research harbor specific expectations concerning its

outcomes. We will use the Qualisys Track Manager (QTM) from Qualisys® to capture
biomechanical data with unparalleled accuracy. Once gathered, the data will be processed
and analyzed rigorously. With the integration of the PAF framework from Qualisys® and Visual
3D from C-Motion®, the raw biomechanical data will be transformed into actionable insights
that promise to inform and refine orthotic design.

One of the primary quantitative expectations is that the orthosis developed through the new
system will either match or surpass the performance of the patient's current orthosis. This

benchmark stems from the belief that the integration of state-of-the-art technology and
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personalized biomechanical data can achieve superior orthotic design. On the qualitative
front, using QUEST assessment, the expectation leans towards higher satisfaction rates with
the new orthosis. Since the orthosis is tailored specifically to the patient's leg, it is anticipated
that its unique design will resonate more with patients, ensuring better fit, comfort, and
overall user experience. To ensure comprehensive results, feedback from healthcare
professionals and participants will be actively sought throughout the trial phases. This blend
of qualitative and quantitative data aims to present a holistic perspective on the impact of
the new orthotic design, setting the stage for potential breakthroughs in patient-centered
orthotic solutions. In summary, while this research protocol lays out the groundwork and
anticipated outcomes, the subsequent study will seek to not just present numbers but to

demonstrate the tangible and intangible benefits of a personalized orthotic approach.

Discussion
Over the years, the field of gait rehabilitation has witnessed significant advancements, with

orthoses taking center stage in many innovative solutions. As such, they have played a pivotal
role in enhancing gait and laying the foundation for more customized interventions (Hurwitz
et al., 2002; Menz et al., 2005) In the chronicle of medical interventions, the present times
showcase a blend of time-tested traditional methods coexisting with avant-garde
technologies. It's within this dynamic backdrop that the new system emerges, positioning
itself as a game changer in the realm of orthoses. With a design methodology that captures
the transformative essence of technology, this system aims to usher in a new epoch where
AFOs are no longer generic but are sculpted based on the detailed biomechanical nuances of
individual patients (Oosterwaal et al., 2011)

A key component of this innovation lies in the use of 3D scanning and 3D printing techniques.
Particularly, AFOs crafted through such state-of-the-art processes have been thrust under the
academic microscope. In recent years, various studies have examined multiple outcomes with
the use of these technologies for the fabrication of AFOs. Belokar et al and Cha et al (Belokar
et al., 2017; Cha et al.,, 2017) conducted numerous mechanical tests to understand the
strength and deformation of the AFO, while other studies focused on gait analysis (Chae et
al., 2020; Choi et al., 2017; Lin et al., 2017) while others on a qualitative analysis of patient
comfort (Dal Maso & Cosmi, 2019; Mavroidis et al., 2011). The allure of these techniques is
evident, offering unparalleled precision coupled with the prospects of personalization.

However, as with all innovations, there exists a spectrum of opinions. While numerous
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research endeavors highlight the undeniable advantages of 3D methodologies, others have
voiced concerns — touching upon biomechanical compatibility, the robustness of materials
used, and the overall comfort on prolonged usage studies (Silva et al., 2022)

While contrasting the biomechanics of barefoot walking with orthotic-assisted gait yields
valuable insights, our central focus is on the differences between traditionally designed
orthoses and those created using the novel system. Contemporary research reinforces the
merits of tailored medical interventions, suggesting that custom orthoses can lead to
enhanced foot function, pain relief, and overall improved mobility (Jin et al., 2015; Shih et al.,
2017) For patients, the benefits of this approach are substantial. Custom-made orthoses,
derived from comprehensive biomechanical analyses, not only promise greater comfort but
also accelerate gait rehabilitation and minimize complications arising from poorly fitted
orthoses (Cha et al., 2017; Liu et al., 2019; Lunsford et al., 2016). Such initiatives are in tune
with the broader shift in healthcare towards patient-centered treatments, ensuring holistic
and efficacious therapeutic outcomes (Epstein & Street, 2011).

Nonetheless, potential limitations exist. While the novel system promises tailored orthoses,
individual patient responses, adaptation periods, and unique rehabilitation timelines could
present challenges. The variability in individual reactions to orthoses, both in terms of comfort
and therapeutic outcomes, remains a critical factor to consider.

This proposed research protocol marks a pivotal juncture between technology and
biomechanics in the healthcare landscape. It signals a shift in orthotic design, embracing
recent advancements and a nuanced understanding of biomechanics. The endeavors are not
merely about gait rehabilitation recovery but also about setting a new benchmark for

precision and efficacy in patient care.
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Abstract
As the technological landscape for orthotics evolves, there's an increasing emphasis on

precision tools that capture the intricacies of foot anatomy, including the often overlooked
sole. This research introduces a novel 3D photogrammetric scanner tailored for this task and
assesses its integration with a tailored orthotic design process. The system integrates the 3D
scanner with a custom-developed web-based interface, linking it to established design
platforms for which specific scripts were crafted to aid orthosis construction. The adaptability
and user-friendliness of the system in a clinical setting were assessed, and a comparative case
study was conducted to evaluate a patient's traditional prefabricated AFO against a new 3D
printed version produced using the system. The clinical application showcased a minimal
learning curve, while the case study provided insights into the nuances between the
traditional and 3D printed AFOs. The rapid 3D photogrammetric scanner, capturing detailed
foot anatomy in under 2 seconds, coupled with its integrated software framework, provides
a novel approach in orthotic design, hinting at the potentialities of 3D printed orthoses. This
study serves as a foundational step for future research focused on optimized and efficient

orthotic designs.

Keywords: 3D Scanner, Orthoses, Photogrammetry System
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Introduction
Orthotic devices stand as pillars in today's healthcare landscape, addressing diverse

physiological disorders and physical impairments. Spanning from spinal supports to limb
orthoses, these tools have brought relief to conditions such as muscular dystrophy, cerebral
palsy, and post-stroke rehabilitation (Ricardo et al., 2021). Among these biomechanical
devices, Ankle Foot Orthosis (AFO) have carved a distinctive niche. Primarily crafted from
durable plastics, AFOs offer essential support to the foot and ankle, focusing on motion
regulation, deformity correction, and counteracting muscular weaknesses (Lintanf et al.,
2018). Despite the innovations in AFO design, off-the-shelf orthoses—readily available and
non-customized—continue to find a market. Often chosen for immediate accessibility and
affordability, these generic devices might not deliver the same level of comfort and specificity
as their tailored counterparts. However, they offer a viable option for many. Conversely,
customized AFOs traditionally relied on labor-intensive methods. A common approach was
manually casting the patient's limb in plaster. While this technique was effective, it often led
to extended production times, inconsistent outcomes, and occasional discomfort during the
casting process (Silva et al., 2022; Totah et al., 2017)

But technological advancements have ushered in a new chapter for AFO production. A
growing recognition highlights the advantages of patient-specific orthoses over their standard
commercial counterparts (Telfer et al., 2012). Tailored for individual needs, these AFOs pledge
improved comfort and superior functionality. Enhanced by modern technologies, the journey
from design to production has seen significant time reductions (R. K. Chen et al., 2014;
Morougo, 2018) Central to this shift is photogrammetry, which merges photography with
precise measurements. In orthotics, it's the conduit converting two-dimensional images into
tangible three-dimensional limb models. This shift, while intricate, offers perks like cost
efficiency, precision, and quicker production cycles (Ciobanu et al., 2013; Dal Maso & Cosmi,
2019; Grazioso et al., 2019) Concurrently, the advancements in 3D scanning technologies
have allowed for capturing the human form in its intricate detail. Modern 3D scanners deliver
high-resolution outputs, offering increased precision in AFO designs and fabrications (Baronio
et al., 2016; Krajnakova et al., 2020; Rogati et al., 2019). Yet, weaving photogrammetry and
3D scanning into the fabric of orthotics is not challenge-free. The upfront costs of cutting-
edge equipment and software, coupled with the need for specialized training, often pose

barriers (R. K. Chen et al., 2016) These technologies, though demanding significant initial
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investments, vindicate their worth in the long run with consistent and high-quality outputs
(Silva et al., 2022). However, as the winds of healthcare veer towards a more digital and
remote direction, accelerated by global events like the pandemic, these technological tools
emerge as frontrunners in shaping the orthotics landscape. Their potential shines particularly
in realms like remote patient care and telemedicine, showcasing a promising future (Bitar & Alismail,

2021)

Methods
The most pertinent factors for the conception of the entire system were: (i) cost and (ii) patient

comfort. To achieve this objective, preliminary tests were conducted using 16 synchronized
Raspberry Pi units with 16 Raspberry Pi Camera Module V2 8MP (Silva et al., 2019). By this
approach, it was feasible to gauge the effectiveness of capturing the patient's lower limb
surface using the photogrammetry technique and understand the potential of this technology

in swiftly acquiring the intended surface.
Designing a New Printed Circuit Board

After conducting preliminary tests, the potential of photogrammetry in achieving the
proposed objective became evident. However, the extensive wiring required for power and
data transmission posed a challenge. To address this, a new Printed Circuit Board (PCB) was
designed using Altium Designer software (Altium Limited®, Australia). The industrial version
of Raspberry Pi, the Compute Module 3+, was selected for integration. This new design
allowed the inclusion of both an input and output connectors, to share the 24V DC power
between boards, the incorporation of an internal switch to support two Ethernet LAN ports,
and the addition of two MIPI camera interfaces to connect the Raspberry Pi Camera Module.
With this configuration, all PCBs can be connected in series, and each PCB can support two

cameras (Fig.111.3).
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FIGURE 111.3 - Design of the printed circuit board. The upper rectangular area is where the Raspberry Pi Compute Module
3+ is integrated. The lower area is where the network and power cables are connected.

Designing a New Application Programming Interface and User Interface

Microsoft's Visual Studio 2022 and Visual Studio Code were utilized for the comprehensive
development of the APl and the Web-based User Interface (Ul). The API facilitates all
communication, handling request-response interactions between the user and the scanner.
The Web Ul provides users (e.g., physicians, orthotists) with the capability to control the
scanner and navigate the entire workflow, from capturing data to orthosis fabrication. An SQL
database was also established to store essential patient details and to document the orthosis

construction process.
Designing a Tool for Orthotics Design and Leg Postural Correction

The Rhinoceros® software from Robert McNeel & Associates was employed, in conjunction
with the Grasshopper® plugin, to develop algorithms for parametric orthotics design. The
"HumanUI" plugin for Grasshopper® was utilized to craft the graphical user interface,
enhancing user interaction. To facilitate leg postural correction, a dedicated plugin was
created in Blender. This leg postural correction plugin empowers users to adjust angles in both

the frontal and sagittal planes.
Designing a Tool for Orthotics Design and Leg Postural Correction

The Rhinoceros® software from Robert McNeel & Associates was employed, in conjunction
with the Grasshopper® plugin, to develop algorithms for parametric orthotics design. The

"HumanUI" plugin for Grasshopper® was utilized to craft the V2 8MP.
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Designing the 3D Photogrammetry Scanner for Lower Limbs

Solidworks (Dassault Systémes®, France) software was utilized to draft the prototype,
incorporating the new PCBs. The primary aim of this prototype was to comprehensively
capture the surface of the patient's leg and foot. For a holistic scan that ensures the optimal
crafting of a customized orthosis, it was essential to include the capture of the patient's foot
sole. The prototype was conceptualized, placing particular emphasis on cost-effectiveness,
patient comfort, and optimal leg capture. This design employed 30 PCBs connected to 60
cameras for an enhanced scanning precision (Fig.lll.4). Various tests were conducted to
evaluate the scanner. The temporal acquisition test for images was conducted using

commands embedded in the Application Programming Interface (APl) developed. The time

NG

FIGURE IIl.4 - Design of the new scanner created to capture the surface of the patient's leg and foot using
photogrammetry technology. It is possible to see in detail the connection between the acrylic and the scanner's structure,
with the capability to adjust its position horizontally and vertically for an optimal fit to the patient's leg.

from the HTTP GET request for capturing the photographs to receiving the confirmation that
all photos were taken was measured using the Postman® software from Postman, Inc. The
scanner's precision test was carried out using CloudCompare. The mesh and deviation of an
object plaster cast model of a foot) were analyzed by comparing scans from the custom-built
scanner and the Steinbichler Comet 5 1.4M scanner (Zeiss Group, Oberkochen, Germany)

through overlay.
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Case Study of a Stroke Patient

To validate the entire system, a case study was undertaken with a male patient suffering from
left-sided hemiplegia due to a stroke that occurred 1.5 years earlier. The study was conducted
over two days: the left leg was scanned on the first day, and a biomechanical (kinematic) gait
assessment was performed on the second day. Table IIl.5 shows the subject’s clinical
characteristics. Ethical clearance for the study was obtained from the Ethical Committee of
Centro de Medicina de Reabilitagao da Regido Centro-Rovisco Pais and the subject signed an
informed consent form. During the work process, all methods were performed in accordance
with the relevant guidelines and regulations. A clinical staff consisting of physiatrists and a
certified prosthetist and orthotist, were responsible for monitoring the clinical status of the
patient during the trials and for the fitting of the AFO. Prior to data collection, an informed

consent was acquired from the patient.

TABLE 111.5 - Clinical characteristics of the subject

Parameters Value
Age (years) 67
Height (cm) 169
Weight (Kg) 69
Diagnosis Cerebral hemorrhage
Paretic Side Left Side
Fugl-Meyer Scale (lower extremity) ¥’ 78
Tinetti POMA 24 (with AFO)
Modified ash worth scale of ankle joint muscles 1

Day One

The surface of the left lower limb was captured. This capture was achieved using the new 3D
photogrammetry scanner detailed in this study. The patient was requested to wear loose-
fitting track pants to allow easy access to the affected leg. To ensure a cleaner scan and reduce
surface noise (like leg hair) on the mesh, the patient donned a stocking to achieve a more
consistent model. The time required to position the patient within the scanner was 5 minutes,
while the actual capture time was just 2 seconds. In the patient's absence, the physiatrist then
utilized the workflow and software outlined in this study. Always using the web interface, they
generated the 3D model from the photos taken with the scanner. This step was executed using
the Reality Capture® software by Capturing Reality. In practice, the user never interacts directly

with the software due to the presence of a command-line script that automates the entire
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process. Subsequently, the physician performed the foot-leg postural correction using the
Blender script and then designed the orthosis on the 3D leg model using the tool developed
in Rhinoceros + Grasshopper. The total time required for these tasks was approximately 35
minutes (10 minutes for 3D model creation, 5 minutes for postural correction, and 20 minutes
for orthosis design and STL format export). The orthosis model was then printed using the
Fused Deposition Modeling process with Nylon 12 material employing a Stratasys Fortus 450
printer by Stratasys’. The decision to use Nylon 12 material for the AFOs was based on
extensive mechanical testing of various materials, including Acrylonitrile Styrene Acrylate
(ASA), Polycarbonate-Acrylonitrile Butadiene Styrene (PC-ABS), Polyethylene Terephthalate
Glycol (PETG), Thermoplastic Polyurethane (TPU), Polylactic Acid (PLA), Polycarbonate (PC),
ULTEM 1010, and ULTEM 9085. The printing process took approximately 10 hours.

Day Two

The gait dynamics were captured using a Qualisys” motion analysis system, equipped with 12
high-speed Miqus M3 cameras (Frequency: 120-Hz). The locations of markers were recorded
with the Qualisys Track Manager® software. The patient's lower limbs were digitally
reconstructed in a 3D environment using the Visual 3D™ software developed by C-motion Inc,
leveraging the Project Automation Framework from Qualisys®. For accurate data acquisition,
thirty-six markers, each 10 mm in diameter, were affixed according to the CAST lower body

marker protocol (Capozzo et al., 1995).

The subject was instructed to walk on a flat surface to gather data. The acquired data were
processed using a Butterworth low-pass filter with a cutoff frequency of 10 Hz and segmented
into phases of the gait cycle based on heel strike events. Tests were repeated to obtain 6
successful trials for both the orthoses, i.e., the developed AFO using this system (Custom
Orthosis - CO) and the AFO the patient uses in his daily life (Pre-existing Orthosis - PO). The
spatiotemporal gait parameters from both limbs evaluated in this study included speed, step
length, step time, stance time, swing time, cycle time, steps/minute and strides/minute, as
well as the kinematics of the hips, knees, and ankles. For the statistical analysis of the
spatiotemporal parameters, GraphPad Prism version 9 (GraphPad Software, San Diego, CA,
USA) was utilized. Initially, a test for the normality of data distribution was conducted. Due to

the non-normal distribution of the data, the non-parametric Wilcoxon test was employed to
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compare values between PO left vs. CO left and PO right vs. CO right. A significance level of

p<0.05 was used for all statistical tests, corresponding to a confidence level of 95%.

Results
3D Photogrammetry Scanner

The prototype (Fig.lll.5) utilized materials such as: wood (scanner base), stainless steel

(scanner base structure), 3D printed PLA parts (camera and customized PCB supports), and

FIGURE 111.5 - View of the rear of the scanner with all modules connected in series for data transmission and power supply.

acrylic (patient's foot support). The 60 cameras were strategically positioned around the
scanner, all focused on a central point within the scanner. Each camera is equipped with a
Sony IMX219 sensor, boasting a resolution of 3280 x 2464 pixels, a Horizontal Field of View
(FoV) of 62.2 degrees, and a Vertical FoV of 48.8 degrees. Given the cameras' diverse
placements around the scanner, including some at its base to capture the sole of the foot, a
high degree of image overlap is achieved—optimal for effective photogrammetry. Integrated
into the scanner are circular markers (dual ring, 12-bit) placed on the acrylic base and
distributed throughout the scanner. These markers streamline the photogrammetry process
and facilitate the precise alignment of various photos. Additionally, an LED strip with a color
rendering index of over 85% was installed around the scanner. This arrangement effectively
eliminates potential shadows, reflexes, and dark spots during the leg surface capture. A box

was also constructed to house the electrical setup and the network hub.

The capture time over the 30 tests conducted was 1.76 £ 0.11 s. For the scanner precision test
(Fig.lll.6), the mean deviation spectrum of the object between the scanners ranged from
0.001516m on the positive side to -0.002506m on the negative side, with most of the

deviation centered around 0.00008m.
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FIGURE I11.6 - Accuracy test comparing the new scanner with the Steinbichler Comet 5 scanner. The yellow areas represent
identical zones, the red areas indicate positive deviations, and the blue areas indicate negative deviations.

Web-based User Interface

The API underwent rigorous testing to eliminate all potential bugs. Over time, 20 distinct
versions were developed, each with specific fixes and enhancements to ensure
comprehensive control of the scanner. For a more streamlined and user-friendly experience,
a "Dashboard" interface was created. This dashboard allows users to navigate between the

'Scanner' page and the 'Patient Management' page (Fig.lIl.7).

|y S

Patient Managemant

FIGURE III.7 - Main page of the web module with options to select either the scanner page or the patient management
page.
The scanner page offers various requests based on the desired tests or configurations by the
technician. It provides options to adjust all capture settings and monitor every component of
the scanner. Features include the ability to modify camera capture settings, adjust LED

intensity, stream live camera feeds, and initiate captures (Fig. 111.8).
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FIGURE 111.8 - Main scanner page, where it is possible to view or change the associated settings. A live preview from all 60
cameras can also be accessed.
For patient management, users can either create a new patient profile or edit an existing one.
Subsequently, there is a workflow in place to guide the technician through a straightforward
and intuitive process for orthosis creation. This workflow encompasses patient leg scanning,
photogrammetry, preliminary alignment, orthosis design, and finally, orthosis printing

(Fig.111.9).

Order Status

CX X Xk
R

FIGURE II1.9 - Workflow from the scanner to the orthotic printout. The user can view all the steps that have been completed
or are yet to be done. It's possible to preview the 3D model of the leg or the orthosis.

The script created for Blender provides tools for technicians to adjust specific attributes of the
leg model mesh. Upon importing the model (which is automated when using the web
interface), the foot's sole must be aligned with the ground by selecting three reference points.
For mesh manipulation, five leg points must be selected: Head of the 2nd Metatarsal, Lateral
and Medial Malleolus Center, and Lateral and Medial Epicondyle Center (Fig. I11.10). If the
Epicondyles are not present in the model, the closest approximate point should be chosen.
Subsequently, several tools are available for use. The user can align the leg relative to the foot
using angle units (considering inversion/eversion and dorsiflexion/plantar flexion), create

inflate or deflate points on the mesh which might be crucial for subsequent AFO fabrication

77



to alleviate potential pressure points, smooth out the mesh, and perform linear and angular

measurements on the leg model.

FIGURE 111.10 - Blender module for leg alignment, mesh modifications, or leg measurement. In this 3D model, the patient

was wearing a stocking for smoother surface rendering, avoiding defects from veins or leg hair.

To enable users to interact with Rhino3D easily and without requiring advanced CAD
knowledge, a user-friendly interface was developed using the HumanUI plugin. This interface

dynamically updates its content based on the user's current step in the orthosis design process

(Fig. 11.11).

FIGURE Ill.11 - Module for constructing the AFO in Rhinoceros. All features of the orthosis can be adjusted using sliders

located on the right.

Upon importing the limb data, the user proceeds with the lower limb alignment process,
starting by marking three points on the sole of the foot. They then follow steps to define the
orthosis thickness, its offset, design the main structure, and potentially add straps (Fig. I11.12).
Any modifications made in the HumanUIl prompt an automatic update of the orthosis design,

allowing users to see real-time changes on the patient's leg model. It is feasible to construct

an AFO with or without metatarsal support.
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FIGURE II1.12 - Design of the final orthosis overlaid on the patient's leg model, with incorporation of eyelets for future

placement of velcro straps.

Case Study of a Stroke Patient

On day one of testing, the patient arrived at Rehabilitation Center for the scanning of the

affected limb (Fig.111.13).

After acquiring the surface scan of the patient's leg, the steps for photogrammetric
reconstruction, orthosis design, and printing were undertaken (Fig.11.14). The decision was
made to fabricate the orthosis without the insole extension for metatarsal support to ensure
it was identical to the AFO the patient was already using. On day two, a kinematic

biomechanical assessment was conducted on the patient.

FIGURE 111.14 - Patient with the left lower limb in the FIGURE 111.13 - 3D printed
scanner to capture the 3D model of the leg and foot AFO in Nylon 12 material.

surface (including the sole).

Spatiotemporal parameters

Table Ill.6 shows the spatiotemporal parameters for both conditions, Pre-existing Orthosis -

PO and Custom Orthosis — CO for both limbs.
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TABLE 111.6 - Spatiotemporal parameters for both conditions

PO Left CO Left PO Right CO Right
Parameters
(MeanzSD) (MeanSD) (MeanSD) (MeanSD)
Step Length
0.23+0.01 0.25+0.01 0.12+0.01 0.14+0.01
(m)
Step Time
© 0.78+0.03 0.79+0.03 0.5940.02% 0.63+0.04
s
Stance Time
(€ 0.93+0.05 0.96+0.04 1.05+0.06 1.13+0.05
s
Swing Time
€ 0.45+0.06 0.45+0.03 0.300.04 0.29+0.02
s
Cycle Time
© 1.37+0.04 1.41+0.06 1.36+0.07 1.42+0.05
s
Steps /
80.24+6.59 75.27£3.25 102.69+3.972 95.49+5.23
Minute
Strides /
43.86+0.88 42.57+1.86 44.38+2.39 42.40+1.51
Minute

Abbreviations: m - meters. s - seconds.
All values where statistically significant differences were found with a
confidence level above 95% are represented with superscript numbers.
1p<0.001 for the step time between PO right and CO right

2p<0.001 for the steps/minute between PO right and CO right

Gait analysis revealed an average walking speed of 0.26 m/s with the PO and 0.28 m/s with

the CO. Notable differences between the orthoses were found in step time and steps/minute

for the unaffected right leg. The step time for PO right was 0.59+0.02s, compared to

0.63+0.04s for CO right. Similarly, steps/minute was 102.69+3.97 for PO right and 95.4945.23

for CO right. These parameters showed the only statistically significant differences between

the orthoses.

Kinematic Parameters

The graphs display the mean of normalized gait cycles from 0 to 100% (Fig. 11.15) between the

Heel Strike events for left side (dot line) and right side (solid line).
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FIGURE 111.15 - Representation of the angles from the average of the 6 gait cycles for the left foot and right foot.

Visually, there are no significant differences in the kinematic graph curves when comparing
PO and CO. The most notable differences lie in the internal rotation of the thigh in PO for the
right leg, which demonstrates a more negative internal rotation. There is also a discernibly
higher angle in dorsiflexion and inversion of the ankle during the CO moment for the right leg.
For all variables analyzed in the leg with the AFO, no differences were observed between the
patient wearing the pre-existing orthosis and the new customized orthosis constructed

through 3D printing using this new system.

Discussion
Photogrammetry, historically used in cartography and geology to map topographies from

photographic images, has its origins in the pre-digital age (Ackermann, 1999) This technique
creates three-dimensional models from two-dimensional photos. Due to the rise of
technology and increased availability of high-resolution imaging equipment, its application
has expanded into various domains including archaeology, architecture, and medicine (El-
Hakim et al., 2004). More recently, the integration of photogrammetry with modern
techniques like 3D printing has opened novel avenues, especially in the healthcare sector. In
the realm of orthotics, the fusion of these technologies promises to redefine the creation and
delivery of orthopedic devices by allowing clinicians to capture intricate anatomical details
and subsequently craft personalized orthotic solutions (Silva et al., 2022; Wojciechowski et al.,

2019)
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Amidst this technological evolution, a variety of different scanners have been developed, each
with its own strengths and limitations. However, a common oversight in many of these devices
is the inability to capture the entire foot anatomy, notably the sole — a critical component for

comprehensive orthotic design (Telfer & Woodburn, 2010)

Advancements in technology have led to various scanning methodologies, each presents
unique challenges. Popular scanning technologies such as Magnetic Resonance Imaging (MRI),
CT scans, laser triangulation, and structured light scanning offer different benefits. However,

they often come with their own sets of challenges (Fantini et al., 2017; Mercuri et al., 2005).

Laser triangulation provides high-resolution images, but the scanning process can be
prolonged, especially for larger anatomical regions. Also, the reflective properties of the skin
can sometimes interfere with the accuracy of laser scanners (Grazioso et al., 2018). On the
other hand, structured light scanning, while being rapid and non-invasive, requires optimal
lighting conditions and patient immobilization to ensure model accuracy (Baronio et al., 2016;
Geoffroy et al., 2018). From a patient's perspective, staying still during prolonged scanning can
be challenging, especially for those with mobility issues or pain-related conditions. Even slight,
involuntary movements during scanning can introduce discrepancies, affecting the quality of
the final model (Grazioso et al., 2019) Thus, in the face of these challenges the design of our
3D scanner emerges as a calculated response to longstanding challenges. The diverse
combination of materials, encompassing wood, stainless steel, 3D printed PLA, and acrylic,
not only underscores the system's resilience but also hints at its modularity. However, not all
was straightforward during development. While the inclusion of acrylic optimized patient
support, it occasionally proved intrusive for imaging. Yet, this very challenge underscored the
critical nature of the scanner's camera placement. With 60 cameras, especially those at the
base, capturing the elusive sole became feasible. Overcoming the interference from the

acrylic, a seemingly simple material, underscores the intricate ballet that is photogrammetry.

The use of LED strips, characterized by their high color rendering index, effectively addressed
the issue of shadows, a limitation often seen in traditional scanners according to (Nam & Kim,
2014). The notion of integrating projectors, emitting patterns to enhance depth perception,

hints at the continuous evolution and potential augmentation of this system.
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Patient comfort was paramount. Their seated position not only provided stability but ensured
minimal movement, further enhanced by this scanner's rapid image-capturing capability, a
swift two seconds. This rapidity not only augments comfort but ensures a crisp, movement-
free image. PLA's incorporation, chosen for 3D printed components, stands out as a boon for
swift and economical part replacement, echoing its reputation for adaptability. The flexibility
with camera positioning adds another layer of adaptability, suggesting that this scanner is not

static but ever evolving.

During the orthotic software development phase, a combination of Rhinoceros® and
Grasshopper®, integrated with HumanUI, was employed due to their recognized precision,
versatility, and adaptability in the design and engineering landscape. Such tools offer the
advantage of precision modeling and crafting intuitive user interfaces, critical for tailoring
orthotic designs (Barrios-Muriel et al., 2020). The challenge of harmoniously aligning the foot
model with the leg necessitated the use of a platform adept at intricate three-dimensional
manipulation. Proper orientation of these models is paramount for the creation of a functional
and patient-specific orthosis. Blender, with its advanced 3D modeling and object manipulation
capabilities, was deemed most suitable for this alignment phase (Morinaga et al., 2019). The
integration of Blender into the process not only facilitated the alignment but also offered
extended features. Its architecture made it possible to integrate additional tools, such as a
measurement ruler, enabling users to take precise measurements across any section of the
anatomical leg model. Moreover, the inflate and deflate functionalities were incorporated,
granting users an intuitive mechanism to adjust the mesh structure seamlessly. These features
are paramount, allowing orthotic specialists to refine the design to ensure the optimal fit and
functionality in the final orthotic device. Moving forward, one of our primary objectives is to
centralize the process further, aiming for a more unified solution. The ambition is to integrate
all functionalities into either Blender or Rhinoceros®/Grasshopper®, streamlining the user

experience and the orthotic development process even more.

In the clinical setting where the scanner and software were tested, the user - a physiatrist -
reported a notably effortless experience across multiple stages of the process. From
positioning the patient for the scan to the software utilization, spanning the creation of a
patient's clinical record, conducting the leg scan, performing the vital pre-alignment, and

finally drafting the orthotic design, the system demonstrated seamless operability. Notably,
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the physiatrist required only a brief introduction to the system's workings, underpinned by a
singular demonstration. Yet, post this brief orientation, the physician managed to navigate
and operate the entire process independently. Beyond the immediacy of its operation, the
software offers a strategic advantage in data management. It is capable of securely storing
patient data, facilitating global accessibility. Such a feature ensures that a patient's orthotic
design and medical records can be accessed and replicated with precision from any corner of
the world, fostering a continuity of care that's paramount in modern medicine (Roberts et al.,
2017). Moreover, the ability to reproduce the AFOs with exactitude promises consistent
patient outcomes, eliminating variables that might arise from manual or disparate design

processes (Silva et al., 2022).

The case study highlighted similarities in the results of various AFOs. Similar findings were
reported by (Chen et al.,, 2010; Lewallen et al., 2010), where they found no significant
differences in the spatiotemporal gait variables among stroke patients wearing different types
of AFOs. However, this case study presents some unique results. The gait speed was identical
with the PO (0.26m/s) compared to the CO (0.28m/s), but the cadence was higher in the PO
(102.69 steps/min) than in the CO (95.49 steps/min). This difference can be attributed to an
improvement in the step length of the unaffected leg, a result of enhanced ankle stability
(Bouchalova et al., 2016), provided by the CO orthosis. Such results suggest that this approach
could be beneficial in the prescription process for individuals suffering from foot drop or ankle
instability that compromises their gait function (Daryabor et al., 2018). The design of the AFO
developed through this novel method (i.e., CO) maintained a consistent joint restriction in the
range of dorsiflexion. As such, the median dorsiflexion during stance was 8.4° and during the
swing was 5.2°, suggesting that the support provided under the forefoot effectively

neutralized any plantarflexion during these gait phases (Gasq et al., 2023).

Conclusion
The transition of photogrammetry from its foundational role in mapping to its contemporary

applications in orthotic solutions illustrates the adaptability of such technology. This new 3D
scanner, tailored for the precise scanning of lower limbs and foot sole, showcases ongoing
advancements in this domain. Capable of capturing 60 images in less than two seconds, this

scanner represents a significant stride in orthotic technology. Integrating established software
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tools with a custom-developed web interface has resulted in a more unified and easy-to-use
system. While promising results have been observed clinically, the path of refinement and
enhancement remains ongoing. The fundamental aim is to optimize the confluence of

technology and orthotic care, ensuring both accuracy and wide-reaching accessibility.
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Abstract
Background: The integration of advanced 3D scanning and additive manufacturing technologies in

stroke rehabilitation offers promising advancements in the design and production of ankle-foot
orthoses. These technological innovations are progressively recognized for their potential to provide
more precise and customized orthotic solutions for individuals with stroke-related impairments.
Objectives: The primary aim of this study was to biomechanically test and validate the effectiveness of
custom ankle foot orthoses produced through additive manufacturing technology using data captured
by a novel photogrammetric scanning system. The customized orthosis was compared with a standard
prefabricated orthosis to assess their relative effectiveness in improving gait dynamics and patient
satisfaction in stroke rehabilitation.

Methods: Participants with equinovarus deformity, a common consequence of stroke, were fitted with
custom ankle foot orthosis, alongside conventional prefabricated orthosis. The study utilized the
Qualisys® motion analysis system for a comprehensive biomechanical gait analysis, and the QUEST
guestionnaire was employed to capture participant feedback on both types of orthoses. Detailed
comparisons of gait dynamics were conducted using Statistical Parametric Mapping under each
orthosis.

Results: The study revealed notable kinematic and kinetic differences between the custom and
prefabricated orthoses. The custom orthosis, demonstrated superior performance in enhancing gait
efficiency, symmetry, and safety. Patient feedback favoured the customized orthosis over the
prefabricated variant, with higher scores in comfort, fit, and overall effectiveness.

Conclusions: This research underscores the effectiveness of custom orthoses produced through
additive manufacturing technology for stroke rehabilitation. By offering a comprehensive evaluation
of orthotic interventions and establishing a comparative framework, the study serves as a reference
point for future research, advocating for a more personalized and evidence-based approach in orthotic

design for improving the quality of life of stroke survivors.

Keywords: Kinematics, Kinetics, Gait Profile Score, Spatiotemporal, Stroke, 3D Scanner,
Additive Manufacturing, QUEST, Ankle Foot, Orthosis
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Introduction
Rehabilitation plays a crucial role in helping individuals regain mobility and enhance their

quality of life after debilitating health events, particularly in the context of stroke patients
with significant motor impairments (S. Tyson & Kent, 2013). It has been demonstrated that
the use of ankle-foot orthoses (AFOs) can profoundly improve walking patterns, offering
stability, and preventing equinovarus foot in stroke survivors (S. Tyson & Kent, 2013; Wada et
al., 2021). Studies have evaluated the effects of AFOs on balance, walking, energy
expenditure, and gait performance in stroke patients, demonstrating their potential
therapeutic effect in the recovery phase (Daryabor et al., 2022; Daryabor, Yamamoto, et al.,
2020; Dogan et al., 2011; Kobayashi et al., 2017; S.-H. Lee et al., 2018; Maeda et al., 2009;
Zarezadeh et al., 2022). Additionally, different AFO designs have been compared, highlighting
their clinical efficacy in subjects with foot drop after stroke (Mohanty et al., 2020). Case
reports and feasibility studies have also explored novel AFO designs and their impact on gait
changes in hemiplegic patients (Daryabor, Arazpour, et al., 2020; Yamamoto, 2014). However,
it is essential to consider the long-term usage and patient-specific customization of AFOs to
ensure their acceptability and effectiveness in stroke rehabilitation (S. Tyson & Kent, 2013;
Wada et al., 2021).

Over time, the realm of rehabilitation has witnessed an evolution in the techniques and
applications associated with AFOs. Traditionally, these orthoses were crafted through
methods that relied extensively on the skills and expertise of orthotists-prosthetists. While
these methods were functional, they sometimes fell short in terms of customization due to
the limitations inherent in these processes. These traditional methods were time-consuming
and occasionally resulted in discomfort for the patients (Silva et al., 2022), still, this handmade
AFOs also had its advantages. One of the primary benefits are the in-depth understanding it
provided of each patient’s specific requirements, ensuring a highly personalized and tailored
approach to treatment. Furthermore, the materials used in crafting these orthoses are
selected based on years of experience and consideration, ensuring that the final products are
not only functional but also long-lasting (Wojciechowski et al., 2019).

With technological advancements, the potential for achieving higher levels of precision and
customization in AFO production has become increasingly higher. The manufacturing of AFOs
has undergone significant transformations, particularly with the integration of additive

manufacturing (AM) and cutting-edge 3D scanning technologies. Innovative techniques like
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Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and Stereolithography
(SLA) have marked a new era in orthotics production (Choi et al., 2017; Creylman et al., 2013;
Mavroidis et al., 2011). Each of these AM techniques brings its unique strengths, enabling
diverse designs, versatile material options, and accelerated production cycles. Both SLA and
SLS offer capabilities specifically tailored to meet the intricate demands of orthotic production
(Mavroidis et al., 2011; Telfer et al., 2012; Vasiliauskaite et al., 2019). For instance, the
adaptability and cost-effectiveness of FDM have made it a preferred choice for various
applications (Boparai et al., 2016). In addition to these technological advancements, the
popularity of prefabricated orthoses has also increased significantly, as they offer a cost-
effective and readily available solution (Bohm & Dussa, 2021; Wojciechowski et al., 2019).
These off-the-shelf options often result in cost savings; conversely, their design approach
might not always provide the perfect fit for every individual, which can sometimes
compromise both the comfort and overall effectiveness of the device (Morrissey et al., 2020).
To address the need for customization in orthotics, 3D scanning technologies have emerged
as revolutionary tools in the field. These technologies, adept at capturing the complex
anatomical details necessary for creating personalized orthotics, have significantly altered the
landscape of orthotic design and fabrication (Barrios-Muriel et al., 2020). The spectrum of
available 3D scanning techniques has broadened, encompassing not only laser scanners
(Parry et al., 2020; Roberts et al., 2016) but also structured light scanners (Ambu et al., 2023;
Cha et al., 2017), photogrammetry (Dal Maso & Cosmi, 2019; Sabyrov et al., 2021), and
handheld optical scanners (Ciobanu et al.,, 2013; Roucoules et al.,, 2021). Each of these
technologies offers unique advantages and contributes to an unprecedented level of accuracy
in data capture. For instance, laser scanners provide high precision and are excellent for
capturing complex geometries, making them ideal for detailed orthotic design. Structured
light scanners, on the other hand, offer a balance between speed and accuracy, useful for
quickly capturing the shape and size of a limb. Photogrammetry, utilizing photographic images
from different angles, is beneficial for its versatility and ease of use, especially in remote or
resource-limited settings. Handheld scanners add the convenience of portability and
flexibility, enabling clinicians to perform scans in various clinical environments. This wide
array of scanning options has made personalized orthotics more accessible and feasible for a
diverse range of individuals (Eder et al., 2013; Rogati et al., 2019). These scanners have been

instrumental in creating tailored orthoses that meet patient-specific needs, as evidenced in
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various case studies (Baronio et al., 2016; Krajidkova et al., 2020; Ranaldo et al., 2023). Their
ability to accurately capture the unique contours of an individual's anatomy ensures that the
resulting orthoses are not just functionally superior but also comfortable, thereby enhancing
patient compliance and therapeutic outcomes (R. K. Chen et al., 2016). Nevertheless, it is
important to recognize that while this method offers precision and customization, challenges
remain in integrating this technology into existing clinical workflows and providing adequate
training for medical professionals.

The potential of combining AM with 3D scanning for orthotic fabrication is incredibly exciting.
The literature presents a range of perspectives on this integration; some studies
enthusiastically highlight the benefits and practical applications of this synergy (Belokar et al.,
2017; Grazioso et al., 2018; Parry et al.,, 2020), while other research studies point to
challenges, gaps, and inconsistencies in this field (Baronio et al., 2016; Liu et al., 2019). What
becomes increasingly clear is the need for comprehensive evaluations and assessments.
Unfortunately, a sizeable portion of existing research lacks these assessments, sometimes
leading to gaps in understanding any potential obstacles in real-world implementation. A
closer look at the studies provides insights into how these technologies have real-world
implications. Several studies have tested their AFOs only on healthy individuals (Belokar et
al., 2017; R. K. Chen et al., 2014; Lin et al., 2017), or used moulds for digitization, bypassing
direct scanning of the patient's limb (Pérez Pico et al., 2023). Others have limitations, such as
lacking biomechanical analyses or qualitative assessments (R. K. Chen et al., 2014; Deckers et
al., 2018). Despite these methodological variations and limitations, each study holds its merit
and contributes valuable insights to the field of personalized orthoses using AM. These
investigations, whether focusing on the intricacies of manufacturing techniques, the precision
of 3D scanning methods, or exploring the capabilities of these technologies in real-world
clinical settings, have laid a crucial foundation for future research endeavours. The dynamic
nature of this field is further highlighted by the diverse approaches in different studies. While
some researchers prioritize exploring the capabilities of manufacturing techniques and 3D
scanners, others concentrate on evaluating their applications in clinical scenarios (Ciobanu et
al., 2013). Within the realm of manufacturing, ongoing discussions and research are centered
around finding the most suitable materials for orthotic fabrication, balancing durability,
flexibility, patient comfort, and cost-effectiveness. This challenge has led to various research

projects searching for the best materials based on specific clinical requirements (Dal Maso &
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Cosmi, 2019; Liu et al., 2019). Despite their flaws, these studies pave the way for new
discoveries and advancements, significantly contributing to a field that has the potential to
aid millions worldwide with more effective and personalized orthotic solutions.

In contrast, when it comes to 3D scanning, a unique set of challenges and complexities arise.
While the potential for accuracy is high, implementing these technologies in real-world
scenarios can sometimes bring unexpected obstacles. Factors such as movement during
scanning procedures (Grazioso et al., 2018), scanner resolution quality (Baronio et al., 2016),
and the software algorithms (Cha et al., 2017) used for data processing can significantly
impact the quality of the orthotic products. Another crucial aspect to consider in this
discussion is the perspectives and feedback from patients, who are the end-users of these
orthotic devices. The comfort, experiences, and adherence to treatment plans of patients are
crucial in determining the success of any intervention. Several studies (Silva et al., 2022;
Wojciechowski et al., 2019) have focused on this aspect by comparing feedback on traditional
orthoses versus those produced using AM techniques. While most of the feedback has been
positive, these studies also point out potential areas for improvement, particularly concerning
the weight and aesthetic design of these devices (Cha et al., 2017; Chae et al., 2020).
Moreover, it is important to consider the implications associated with integrating 3D scanning
and AM into orthotic fabrication processes. The initial investments in equipment, training,
and infrastructure changes may be substantial. However, the potential long-term benefits,
such as reduced production times, minimized material waste, and increased customization
options, present a promising outlook for return on investment (Silva et al., 2022). While it
becomes clear that the field of rehabilitation is on the verge of a meaningful change, it comes
with its share of challenges. Like any transition, incorporating AM and 3D scanning
technologies into the orthotics field requires a comprehensive approach. This approach
should cover aspects such as understanding capabilities, aligning with clinical needs,
gathering patient feedback, considering economic implications, and ensuring long-term
sustainability.

This study aimed to biomechanically test and validate the effectiveness of custom ankle-foot
orthoses produced through additive manufacturing technology, using data captured by a
novel photogrammetric scanning system. It sought to bridge the gap between traditional
craftsmanship and modern technology, leveraging the precision of 3D scanning and the

versatility of AM. In doing so, the study addressed the challenges of integrating these
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technologies into clinical practice, from ensuring high-quality scanning to a perfect fit AFO.
While the primary focus was on biomechanical outcomes and patient feedback, a brief
overview of the scanning system was also provided to contextualize the customization
process. Ultimately, this research aimed to contribute to the transformative change in the
field of rehabilitation, promising more effective, personalized orthotic solutions for millions

worldwide.

Materials and Methods
This research expands on the development of a scanner and software system used to create

3D printed AFOs for stroke survivors experiencing equinovarus deformity, as detailed in an
upcoming paper by R.S., P. M., D. R,, I. C.,, N. A,, Filipe Perdigoto, Moisés Domingues, and A.
V. To validate the entire system was necessary to ensure its biomechanical performance was
at least as effective as standard AFOs, while also enhancing patient satisfaction. Feedback
from patients and clinical observations served as the primary indicators of success.
Participant Recruitment and Ethical Considerations

The approval for the protocol of this study was granted by the Health Ethics Committee of
Centro de Medicina de Reabilitacdo da Regido Centro — Rovisco Pais (Tocha, Portugal) in
August 2022. All experiments and procedures were performed in accordance with the relevant
guidelines and regulations. Additionally, all aspects of the research involving human
participants were performed in accordance with the Declaration of Helsinki. In line with a
request from the Health Ethics Committee a specific document was created. The purpose of
this document was to ensure that the participants gave their consent freely with
understanding. This document detailed the objectives of the research study and provided
assurances that there would be no negative impact on the patient's treatment and clinical
follow-up should they choose to withdraw from the study. It also guaranteed the anonymity
and confidentiality of all collected data, including photographs, results from the Quebec User
Evaluation of Satisfaction with Assistive Technology (QUEST) (Demers et al., 1996), and
biomechanical analysis data. Both the physician and the patient signed the consent form,
validating their participation in the study. The research protocol was crafted in accordance
with the SPIRIT (Standard Protocol Items: Recommendations for Interventional Trials) 2013
checklist, a recognized standard for reporting protocol studies (Chan et al., 2013). Also, a

research protocol was created for this study (Silva, 2023).
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The participant selection criteria for this study were meticulously defined to ensure the
inclusion of individuals whose profiles were optimally aligned with the objectives of the
research. The study targeted a cohort of stroke survivors, both genders, within an age range
of 18 to 75 years. The subjects in the study were required to exhibit signs of equinovarus foot
caused by a stroke, impacting either the left or right lower extremity. A critical criterion for
inclusion was the daily use of the subjects with off-the-shelf AFOs as a component of their
rehabilitation regimen. The concurrent use of auxiliary assistive devices such as tripods,
crutches, or canes was not a disqualifying factor. Foremost, among the inclusion criteria were
the ability of participants to provide informed consent and demonstrate ambulatory
capabilities, either independently or with the aid of the assistive devices. Exclusion criteria
encompassed individuals presenting with coexisting neurological or orthopaedic conditions
and impairing gait that could potentially obfuscate the study's results. Additionally, candidates
exhibiting active dermatological conditions in distal lower limbs or severe communicative
limitations that could impede consistent and effective participation were deemed ineligible.
The recruitment phase was conducted at the Centro de Medicina de Reabilitacdo da Regido
Centro. Physicians undertook a rigorous examination of patient profiles to ascertain
congruence with the predefined selection criteria. A total of ten eligible candidates (Table 111.7)
were comprehensively briefed about the study's objectives and methodology, followed by the
dissemination of a detailed informed consent document. Ensuring adherence to ethical
standards and the integrity of the data collection process, the enrolment of these participants

proceeded after their provision of written informed consent.

TABLE I11.7 - Demographic and Clinical Profile of Stroke Patients: A Detailed Overview of Gender, Age, Physical Characteristics,
Stroke Type, Affected Side, and Orthotic Preferences

patient  Gender Age Height Weight Diagnosis .sril:::: Paretic ::agltlzlll:\\llvzrr Tinetti Current
(years) (cm) (Kg) Stroke Side extremity) POMA AFO Type
(months)

1 F 48 168 68.0 Ischemic Stroke 3 Left 69 17 PLS

2 M 67 169 69.3 Ischemic Stroke 5 Left 78 24 PLS

3 M 26 175 75.1 Hemorrhagic Stroke 5 Left 74 21 PLS

4 M 65 163 69.1 Ischemic Stroke 8 Right 53 13 Leaf Spring

5 F 54 166 77.3 Hemorrhagic Stroke 140 Right 65 18 PLS

6 F 56 147 78.0 Hemorrhagic Stroke 13 Left 67 18 Leaf Spring

7 F 36 165 63.7 Ischemic Stroke 5 Right 58 24 PLS

8 M 70 185 77.8 Hemorrhagic Stroke 5 Left 73 20 PLS

9 M 64 167 70.1 Hemorrhagic Stroke 5 Right 71 20 PLS

10 M 54 168 73.5 Ischemic Stroke 5 Right 75 21 PLS
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AFO Fabrication Process

The novel photogrammetric 3D scanner(Silva et al., 2019) as employed for the precise capture
of the surface topology of the hemiparetic lower limb. The patients were requested to wear
loose-fitting track pants to allow easy access to the affected leg. To ensure a cleaner scan and
reduce surface noise, like leg hair on the mesh, the patients used a stocking to achieve a more
consistent model. The preparatory phase for positioning each patient within the scanning
apparatus required approximately five minutes, with the actual data capture process

concluding in less than two seconds (Fig. 111.16).

FIGURE I11.16 — On the left side — Virtual image of the novel photogrammetric 3D Scanner. On the right side — Left hemiparetic
lower limb of the patient on the scanner

In the patient's absence, the physiatrist utilized a newly developed software to construct the
custom AFO on the virtual leg of the subject. The decision to use Nylon 12 material for the
AFOs was based on extensive mechanical testing of various materials (Habiba et al., 2023),
including Acrylonitrile Styrene Acrylate (ASA), Polycarbonate-Acrylonitrile Butadiene Styrene
(PC-ABS), Polyethylene Terephthalate Glycol (PETG), Thermoplastic Polyurethane (TPU),
Polylactic Acid (PLA), Polycarbonate (PC), ULTEM 1010, and ULTEM 9085. The models for the
AFOs were then printed using the FDM process, ensuring a uniform thickness of 3mm across
all printed orthoses (Fig.2). This thickness was selected based on the mechanical tests
conducted with various thicknesses, as well as the typical thicknesses found in off-the-shelf

AFOs. The design of these AM custom AFOs was influenced by the Posterior Leaf Spring (PLS)
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model, tailored to the gait requirements post-stroke, with the objective of mitigating excessive
equinus or foot drop during the swing phase and augmenting push-off during stance (Ounpuu
et al., 1996). The upper proximal portion was delimited to 5cm below the fibular head and
surrounding the posterior portion of the leg to form the upper band of the AFO where a velcro
strap was fixed later. From this point downwards the width of the posterior trim lines was
narrowed onto the ankle without covering the medial and lateral malleoli. A medial arch was
included in the orthosis to enhance the medial plane control of the foot and ankle. These
supports were also used to place velcro straps at the ankle when needed. The trim lines for
the foot plate were just behind the metatarsal heads. The AFOs were initially fitted to each
subject, with fine tuning performed as necessary. This fine tuning included the use of a very
fine sandpaper to smooth any sharp edges or vertices that could potentially cause discomfort
or injure the patient. A period was given for AFO acclimatization. To avoid bias, standardized

sport shoes in different sizes were available during the testing for each subject (Fig. 111.17).

Figure 111.17 - 3D printed AFO in Nylon 12 material

Biomechanical Assessment and Data Collection

Following the acclimatization period with the customized AFO (CO), subjects were instructed to walk
along a 10-meter corridor, completing a total of 10 repetitions. This process was conducted with both
their regularly used standard AFO (off-the-shelf) (PO) and the new CO AFO. To ensure the accuracy and
consistency of the biomechanical data, the six most representative gait cycles from each set of AFOs
were selected for detailed analysis. This selection criterion was applied to mitigate variability and focus

on the highest quality data sets.

The gait dynamics were captured using a Qualisys’ motion analysis system (Qualisys AB, Gothenburg,

Sweden), equipped with 12 high-speed Miqus M3 cameras (Frequency: 120-Hz) and 2 Bertec force
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platforms (FP4060-07, FP4060-10, Bertec, Columbus, OH, USA) was utilized to capture precise
movement data (Fig. 3). Subjects were fitted with the CAST lower body marker set, which includes 36
reflective markers (10mm diameter) following the protocol prescribed by Cappozzo et al. (Cappozzo et
al., 1995). It is important to note that all markers were placed directly on the skin of the patients to
accurately capture their movements, with the exception of the foot markers. For the feet, markers
were placed on standardized sports shoes provided to the patients. These shoes, consistent in design
but varying in size to fit each patient, were used to minimize variability in data collection related to
different footwear. The patient's lower limbs were digitally reconstructed in a 3D environment using
the Visual 3D™ software developed (C-Motion, Inc., Rockville, MD, USA), using the Project Automation
Framework (PAF) from Qualisys’. The acquired data were processed using a Butterworth low-pass filter
with a cutoff frequency of 10 Hz and segmented into phases of the gait cycle based on heel strike

events.

For the kinematic data analysis, several parameters were extracted for future analysis, including Pelvic
Anterior Tilt, Pelvic Up Obliquity, Pelvic Internal Rotation, Hip Flexion, Hip Adduction, Hip Internal
Rotation, Knee Flexion, Knee Varus, Knee Internal Rotation, Ankle Dorsiflexion, Ankle Inversion, Foot
Pitch, and Foot Internal Progression. Regarding the kinetic data, parameters such as Internal Hip
Extensor Moment, Internal Hip Valgus Moment, Internal Knee Extensor Moment, Internal Knee Valgus
Moment, Internal Ankle Plantarflexor Moment, and Internal Ankle Extensor Moment were selected.
For spatiotemporal data, values including Speed, Stride Width, Stride Length, Cycle Time, Step Length,
Step Time, Stance Time, Swing Time, Steps per Minute, Strides per Minute, and Double Limb Support
were extracted. Additionally, Gait Profile Score (GPS) (R. J. Baker et al., 2018) values were also
retrieved. These data were collected for both the affected and unaffected limbs, using both AFOs (PO
vs CO).

FIGURE 111.18 - Testing environment. Representation of test environment with twelve infrared highspeed cameras and two
force platforms during the gait cycle of the patient in the Qualisys Track Manager software
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Quality assessment from Subjects

In this study, significant emphasis was placed on the subjective feedback from the subjects, in
addition to the analysis of biomechanical data. A structured questionnaire, based on the
QUEST, was utilized to rate various parameters of both AFOs. Subjects rated Dimensions,
Weight, Fit, Safety, Usability, Comfort, and Effectiveness on a scale from 1 to 5, where 1
represented 'Not Satisfied at All' and 5 signified 'Very Satisfied'.

Statistical Analysis

The statistical analysis of the data was conducted both individually for each subject and

globally for all patients of the normalized gait cycle (heel strike to heel strike).

For kinematic and kinetic data, graphical comparisons were made using the Statistical
Parametric Mapping (SPM) method. The analysis utilized the SPM1D script and MatlLab
v2023b (MathWorks, Natick, MA, USA). SPM1D v0.4 allows for identifying specific regions in
the gait cycle where noticeable differences between conditions (PO and CO) occur, offering
continuous evaluation over the entire cycle and highlighting subtle yet clinically important
variations. Individual comparisons were made using paired t-tests for each subject's legs (left
leg PO vs. left leg CO and right leg PO vs. right leg CO). The global analysis involved two-sample
t-tests for comparing the affected limb with the unaffected limb. All GPS data were collected

and analyzed to observe mean differences between each set.

A symmetry test and an intra-subject symmetry index were conducted to compare the left
and right legs using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) to detect
deviations on 50%. Intra-subject leg comparison tests in both PO and CO conditions involved
normality tests followed by Wilcoxon tests for all variables, using GraphPad Prism 10.0.2
software (GraphPad Software, San Diego, CA, USA). For the global analysis, Mann-Whitney

tests were performed.

For the analysis of the quality assessment from subjects all mean values were analyzed both

individually and globally, incorporating all findings from the QUEST questionnaire.

Significant differences were recognized based on p-values, with a threshold set at 95%

indicating statistical significance.
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Results
The Results section herein provides a comprehensive analysis of the gathered data,

encompassing kinematic and kinetic parameters, spatiotemporal metrics, and patient
satisfaction levels as measured by the QUEST. The global outcomes derived from these data
sets are synthesized and presented in the main body of this paper. To facilitate a thorough

understanding and transparency, the individual results for each patient have been detailed in

the Supplementary Material.

Kinematics

The graphs on the top display the means of normalized gait cycles, ranging from 0 to 100%, for all
patients' kinematics (Fig. 111.19), comparing Heel Strike events between AFO CO (black line) and AFO
PO (red line). The lightly shaded grey area provided by PAF software represents the normative data
standard deviation for a healthy adult demographic. The graphs on the bottom show the SPM

comparison between both means.
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FIGURE 111.19 — Mean Joint angles of all patients (top) and the respective 1D-SPM analysis (bottom) during the gait cycle, for
the PO AFO (red line) and the CO AFO (black line). Grey shaded regions on the top side shows the normative data for the gait
cycle of healthy patients and grey shaded regions on the bottom side indicate where differences were statistically significant
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Kinetics

On the top, the graphics display the average kinetic profiles of normalized gait cycles from

heel strike to heel strike (Fig. 111.20), contrasting the kinetics of AFO PO (red line) with AFO CO

(black line). The shaded grey region provided by PAF software delineates the standard

deviation of normative kinetic data for a healthy adult demographic. On the bottom, the

graphics present the results of the Statistical Parametric Mapping (SPM) analysis comparing

the two kinetic curves.
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FIGURE 111.20 - Mean Moments of all patients (top) and the respective 1D-SPM analysis (bottom) during the gait cycle, for
the PO AFO (red line) and the CO AFO (black line). Grey shaded regions on the top side shows the normative data for the gait
cycle of healthy patients and grey shaded regions on the bottom side indicate where differences were statistically significant

Spatiotemporal

The forthcoming analysis presents a detailed examination of spatiotemporal gait parameters,
which are integral to understanding locomotive efficiency and symmetry in human
movement. Initially, the symmetry between affected and unaffected limbs is assessed (Figure
111.20), revealing compensatory strategies that may emerge due to gait alterations.
Subsequently, Gait Symmetry Indices are analyzed (Table 111.8), providing a quantitative
measure of bilateral coordination, and identifying potential asymmetries. The breakdown of
gait cycles further elucidates the timing and consistency of walking patterns, essential for
recognizing deviations from typical gait (Table I1.9). Also, a comparative analysis between the
affected and unaffected limbs for PO and CO (Table 111.10), delineating the influence of orthotic
intervention on gait mechanics. These comparisons are pivotal for assessing the orthosis' role

in gait modification and its relevance to rehabilitative strategies.
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FIGURE IIl.21 — Mean and standard deviation of Symmetry vs Asymmetry of all patients for Step Length, Swing Time and

Stance Time lor affected limb (light grey) and unaffected limb (dark grey). P value indicates if differences were statistically

significant

TABLE 111.8 - Comparative Analysis of Gait Symmetry Indices: Assessing Step Length, Swing Time, and Stance Time for PO

and CO in Stroke Patients
Parameters PO co p value
(meanzsp) (meanzsD)
Symmetric Index
+ +
step Length (%) 54.61+13.55 55.16 + 12.07 0.7359
Symmetric Index 62.11+5.80 48.09 +12.36 <0.0001*
Swing Time (%)
Symmetric Index
+ +
Stance Time (%) 51.24 +5.15 50.00 + 4.97 0.2188
TABLE 111.9 - Comparative Analysis of Gait Parameters: PO and CO in Stroke Patients
Parameters PO co p value
(mean#SD) (mean#SD)

Speed (m/s) 0.18+0.06 0.21+0.07 0.0485*
Stride Width (m) 0.20+0.04 0.20+0.04 0.8681
Stride Length (m) 0.44+0.09 0.45+0.10 0.6824

Double Limb Support (s) 1.40+0.64 1.32+0.63 0.5174
Cycle Time (s) 2.46%0.72 2.43+0.78 0.7586

TABLE 111.10 - Detailed Gait Analysis Comparing Affected and Unaffected Limbs for PO and CO Use in Stroke Patients: Step
Length, Time, Stride, Stance, Swing, Cycle Time, and Frequency

Affected Limb

Affected Limb

Unaffected Limb

Unaffected Limb

Parameters PO co p value PO co p value
(mean+SD) (mean+SD) (mean+SD) (mean+SD)
Step Length (m) 0.24+0.07 0.25+0.07 0.5379 0.1940.06 0.20+0.07 0.9677
Step Time (s) 1.51+0.63 1.42+0.62 0.3347 0.9610.23 0.97+0.24 0.9677
Stride Length (m) 0.43+0.09 0.45+0.11 0.3501 0.43+0.09 0.44+0.10 0.7998
Stance Time (s) 1.79+0.67 1.78+0.71 0.9718 2.08+0.67 1.99+0.68 0.2801
Swing Time (s) 0.66+0.18 0.66%0.17 0.7487 0.3940.09 0.40+0.09 0.5998
Cycle Time (s) 2.46+0.75 2.42+0.78 0.5927 2.45+0.70 2.38+0.78 0.4342
Steps / Minute 47.53+18.94 49.73+18.04 0.3426 67.46+17.06 65.30+17.14 0.5413
Strides / Minute 26.80+9.03 27.42+8.36 0.5207 26.72+8.62 27.83+9.26 0.4576
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Gait Profile Score

Table .11 presents the Gait Profile Score (GPS) results for all patients. The GPS is a
recognized measure for assessing gait abnormalities and offers valuable insights into the
effectiveness of various orthotic interventions. This table focuses on comparing the affected
and unaffected limbs of patients by evaluating the median values of overall GPS scores.
Additionally, it details individual values for each of the nine variables that constitute the GPS,
for both affected and unaffected limbs under PO and CO conditions. This data provides a
comprehensive understanding of the impact of each AFO type on specific gait aspects in both
limb types. Furthermore, the table highlights the median differences between the AFO

conditions, providing an analytical perspective on their comparative effectiveness.
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1 GPS

2 TABLE 111.11 - Comprehensive Gait Profile Score (GPS). Analysis for Stroke Patients: Comparing Affected and Unaffected Limbs for PO and CO with Median and Interquartile range with median differences

PO
Global (median) Affected Limb (median) Unaffected Limb (median)
Subject GPS GPS . . .
Affected Unaffected GPS Overall Pelvis Tilt Hip Flexion Kn(.ee A!1kle. Pe.lvls . Knee A.nkle. Pe.“'? Hlp. FOOt.
Limb Limb Flexion Dorsiflexion Obliquity Abduction Flexion Dorsiflexion Obliquity Abduction Progression
1 12.4 13 15.5 6.1
11.9 19.2 9.2 3.4 23.9 12.7 3.9 8.8 9
2 10.1 13.8 12.9 8
18.1 16.6 8.4 2.7 17.9 15.4 3.2 5.6 9.4
3 11.3 9.6 11.3 1.7
10.6 19.4 9.9 4.5 13.1 21 11.8 3.6 4.4 7.1
a 9.4 11.6 11 9.7
12.1 16.3 10.3 4 23.3 12.4 4.2 4.8 8.8
5 14.3 14.8 14.9 17.5
13.6 29.8 11.8 7.8 20.8 11.1 7.1 5.5 121
6 15.7 16.2 16.7 14.9
20.4 21 8.5 5 12.7 189 11.2 4.4 9.5 27.7
7 13.4 11 133 4.4
10.9 314 12 53 24.6 113 6.2 5 5.7
8 14.9 12.6 14.5 14.5
17.8 23.8 8.4 6.1 17.3 11.7 6.6 5.4 8.5
9 11 14.7 14.1 15
13.7 21.9 9.7 3 29.8 6.4 29 4.8 20.2
10 9.4 12.1 11.6 4.9
8.7 20.3 6.7 6.3 28.6 9.5 6.4 6.5 10.2
Median 11.9 12.8 13.7 7.1 129 20.7 9.5 4.8 22.2 115 4.3 5.5 9.2
IQR 10.3-14.1 11.7-145 11.9-14.8 4.5-133 11.2-16.8 19.3-233 8.4-10.2 3.6-5.9 4.2-6.4 19.4-24.4 11.1-123 3.7-6.4 4.9-6.3 8.6-11.6
Global (median) Affected Limb (median) Unaffected Limb (median)
Subject GPS GPS . . .
. . Knee Ankle Pelvis Knee Ankle Pelvis Hip Foot
Af{ier:t;d Unzlajfmegted GPS Overall Pelvis Tilt Hip Flexion Flexion Dorsiflexion Obliquity Abduction Flexion Dorsiflexion Obliquity Abduction Progression
1 11.2 10.4 117 4.1 10.3 22.7 9 3.8 17.9 143 39 7.6 6.6
2 9.8 13.6 12.6 8.6 18.9 14.5 8.3 3 17.9 15.3 3.5 6 4.2
3 11.8 9.3 11.4 4.9 9.4 21.4 10.5 4.8 18.6 13.4 5 4 5.4
4 9.1 11.2 10.8 9.1 12,5 16.5 9.8 4.6 22.1 11.2 4.4 4.3 9.5
5 13.4 13 13.6 11.7 12.6 27.3 15.1 10.1 17.2 15.8 10.8 8.5 8.5
6 15.4 14.9 16.1 11.4 17.1 22.8 8.6 4 19.3 11.2 39 8.6 25.6
7 12.7 11.2 12.9 4 9.9 29.9 11.6 5.1 24.4 11.2 5.7 5 5.8
8 13.6 13 13.8 14.8 221 20.7 8.6 6.1 17.8 11.8 6.6 5.9 9.8
9 10.9 14.6 14 1.4 13.4 21 10.5 3.1 27.4 7 2.8 4.9 18.9
10 9.7 11.9 11.6 5.2 10 19 12.8 5.7 28 9.5 5.9 6 9.3
Median 11.5 125 12.8 6.9 12.6 21.2 10.2 4.7 19.0 11.5 4.7 6.0 8.9
IQR 10.1-13.2 11.2-135 11.6-13.8 43-10.8 10.1-16.2 19.4-22.8 8.7-113 3.9-5.6 4.4-7.8 17.9-23.8 11.2-14.1 3.9-5.9 49-7.2 6.0-9.7
MEDIAN DIFFERENCE PO vs CO
0.4 0.3 0.9 0.2 0.3 -0.5 -0.7 0.1 3.2 0 -0.4 -0.5 0.3
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QUEST

Table 111.12 displays the QUEST results for all patients. QUEST is an established tool for
evaluating user satisfaction with assistive technologies, covering essential aspects such as
Dimension, Weight, Adjustment, Safety, Usage, Comfort, and Effectiveness. The table
compares individual patient responses across all these variables. Additionally, the table
provides average scores and standard deviations for each variable under PO and CO

conditions.

TABLE 111.12 - Assessment of AFO Satisfaction: Comparison of User Experience with QUEST

Subject Dimensions Weight Adjustment Safety Usage Comfort Effectiveness
PO co PO co PO co PO co PO co PO co PO co

1 3 5 3 5 4 5 4 5 3 5 2 5 4 5

2 3 3 3 3 3 3 3 3 3 3 3 4 3 3

3 3 5 4 5 4 3 5 5 4 5 4 5 5 5

4 4 5 4 4 4 4 5 5 4 4 4 4 4 4

5 4 4 4 4 4 3 4 4 4 3 4 3 3 3

6 4 5 5 5 5 5 5 5 5 5 4 4 3 3

7 Unable to perform QUEST due to Aphasia

8 2 4 2 4 3 4 3 4 3 4 2 4 2 5

9 5 5 5 5 4 5 5 3 4 5 4 5 4 3

10 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Mean 3.67 4.56 3.89 4.44 4.00 4.11 4.33 433 3.89 4.33 3.56 4.33 3.67 4.00
SD 0.89 0.65 0.94 0.65 0.63 0.83 0.77 0.77 0.70 0.77 0.91 0.63 0.89 0.89

Discussion

This study represents a significant step forward for neurorehabilitation, particularly in the
development and application of AFOs for stroke survivors. This study, integrating a 3D scanning and
AM technologies, aimed to bridge the gap between traditional orthotic craftsmanship and
prefabricated orthosis with modern precision-driven fabrication methods. This integration not only
promised a higher level of customization but also sought to enhance the functional effectiveness of
AFOs. The implementation of a novel photogrammetric 3D scanner for capturing the intricate details
of the hemiparetic lower limb was instrumental in achieving a high degree of precision in orthosis
design. This precision was critical in addressing the unique anatomical and biomechanical needs of
each participant, as reflected in their feedback and the biomechanical data collected. The
customization process was further augmented by employing FDM with Nylon 12 material, ensuring
uniformity and durability in the final AFO product. According to our previous review (Silva et al., 2022)
and Wojciechowski et al. (2019), several studies have built their orthoses using Nylon 12 (Creylman et
al., 2013; Deckers et al., 2018; Faustini et al., 2008; Liu et al., 2019; Telfer et al., 2012). However, this
study marks the first instance of employing Nylon 12 in conjunction with FDM technology, setting it

apart from previous research. For instance, Liu et al. (2019) utilized MJF technology, while other studies
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predominantly employed Selective SLS. This distinction is crucial, as the manufacturing process can
significantly influence the material properties of the final product. While it is feasible to draw parallels
with studies that used the same material, the divergent fabrication techniques employed - FDM in this
case versus MJF and SLS in others - can lead to variances in the mechanical and structural
characteristics of the Nylon 12. These variations can affect everything from the AFOs flexibility and
durability to its comfort and fit. Therefore, while the use of Nylon 12 as a material remains a common
thread, the application of different manufacturing technologies introduces a layer of complexity in
direct comparisons. This emphasizes the importance of considering both material and fabrication

method in assessing the efficacy and functionality of AFOs in clinical settings.
Kinematics Data Analysis

The SPM1D method, a Python/MATLAB package, has been developed for introducing SPM to
biomechanics for the analysis of time-varying human movement, particularly in gait analysis (Alhossary
et al,, 2021). This method is particularly useful in gait analysis as it allows for the detailed examination

of entire gait cycles, providing a comprehensive view of kinematic and kinetic patterns.

This study contributes significantly to the field of gait analysis in stroke rehabilitation by focusing on
the kinematic differences using SPM. Notably, to date, only two other studies have employed SPM in
the analysis of gait in stroke patients. Wang et al. (2022) study aimed to validate a new three-
dimensional gait analysis system, concentrating on the ankle, knee, and hip joints in stroke patients
but solely in barefoot conditions. Cicarello et al. (2023), meanwhile, was focused on analysing vertical
and mediolateral centre of mass displacement in barefoot stroke patients. Both these studies provided
valuable insights but did not explore the effects of AFOs on gait dynamics. In contrast, the present
study specifically examines the kinematic impacts of PO and CO in stroke patients. The SPM analysis
conducted, a pioneering approach in this context, revealed some deviations in parts of the gait cycle
when comparing PO and CO. These deviations were observed in areas such as the affected limb hip
adduction, unaffected limb knee internal rotation, affected limb knee varus, affected limb knee internal
rotation, affected limb ankle dorsiflexion, and unaffected limb foot pitch. These deviations offer new
insights into how different AFOs can influence gait kinematics in stroke patients. For instance,
variations in hip adduction and knee varus on the affected side may indicate how each AFO type affects
lateral stability and limb alignment, which are crucial for effective and safe walking. Additionally, most
studies have established that the use of AFOs typically results in an increase in dorsiflexion during the
initial stages of the stance phase in stroke patients (Kim & Won, 2019; Mulroy et al., 2010). The findings
of this study support these observations, showing improvements in ankle motion from initial contact

to the three rockers of the foot, both with PO and CO. Notably, subject 5, who is detailed in the
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supplementary material, demonstrated a significant statistical difference between the two types of
AFOs on the affected side (p<0.001), emphasizing the importance of AFO design and material in
influencing gait. What makes the results for patient 5 even more intriguing is that being the patient
with the longest time since stroke and having always used the PO orthosis, it is possible that they had
developed specific gait mechanisms. Interestingly, upon using the CO orthosis for the first time,
significant and promising results were immediately observed. This suggests that switching to the CO
orthosis helped to counteract some of the less optimal gait patterns that had developed over time
with the consistent use of the PO orthosis. Supporting this, Kobayashi et al. (2018) indicated that
different AFO resistances at the ankle joints are particularly notable in the early stance phase. These
findings suggest that differences in AFO design and material, which lead to variations in stiffness
applied, can restrict the subject’s ankle motion in stance, impacting overall gait mechanics. Alterations
in these areas can significantly impact the balance and overall gait mechanics, particularly in stroke
patients where muscle control and coordination are often compromised. Similarly, differences in ankle

dorsiflexion and foot pitch provide a window into how these orthoses modify foot-ground interactions.

It is commonly observed that stroke patients exhibit a peak extension at initial contact and during the
loading response, leading to increased gait difficulty due to the interruption of fluidity between sub-
phases of gait. Yet, studies including Kobayashi et al. (2018) indicate that AFOs can enhance either the
initial or terminal stance phase. Notably, patient 8 (data on supplementary material) showed an
improved sagittal knee pattern with the CO AFO, as the joint range of motion remained within the
flexion spectrum, effectively eliminating certain extension peaks observed with the PO AFO. This was
particularly significant (p=0.016) in the stance phase but was evident throughout the entire gait cycle.
Such improvement in knee angle at heel strike and facilitation of limb clearance during the swing phase
are crucial for gait fluidity (Esquenazi et al., 2009). Previous studies have suggested that greater plantar
flexion resistance can induce increased knee flexion in the early stance phase of gait (Yamamoto et al.,

2018), implying that the PO AFO may offer more flexibility than the CO AFO.

While only a few studies have directly investigated the impact of AFOs on hip kinematics, reviews of
existing research, such as the one conducted by Tyson et al. (2013), report no significant differences,
especially in initial contact and peak hip extension during the stance phase. In contrast, this study
observed improvements across all three hip planes on both the affected and unaffected sides in most
subjects when using both types of AFOs. Remarkably, subject 5's hip sagittal parameters (data on
supplementary material) during the stance phase exhibited statistically significant changes, not only
on the affected side but predominantly on the unaffected side with the CO AFO. It is conceivable that
the enhancement in knee flexion at clearance facilitated by the CO AFO allowed for a decrease in hip

abduction and ultimately reduced the hip flexion normally required to successfully swing between
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steps. These observations further demonstrate the intricate interplay between lower limb joint
kinematics in stroke patients and the influence of AFO design. The kinematic changes observed with
different AFO types highlight the need for personalized orthotic solutions in stroke rehabilitation to

address individual biomechanical deviations and enhance overall gait quality.
Kinetics Data Analysis

In addition to the kinematic analysis, this study also delved into the kinetic aspects of gait in stroke
patients using PO and CO. Notably, the use of Statistical SPM for kinetic data analysis is a pioneering
approach in this area, as to date, no studies have employed SPM for kinetic gait analysis in stroke
patients. One significant deviation was observed in the affected limb internal hip extensor moment
between 27 and 36% of the gait cycle. This deviation suggests a variation in the hip's capacity to
generate or control force during the mid-stance phase of walking. In stroke patients, the hip moment
plays a critical role in maintaining balance and stability (Kobayashi et al., 2018). Therefore, the
observed variation indicates that the type of AFO, can substantially influence the hip's biomechanical
function, affecting the patient's stability and propulsion during the gait cycle. Further analysis revealed
deviations in the unaffected limb internal ankle plantarflexor moment between 80 and 87% of the gait
cycle. The variance in ankle moment on the unaffected side could be indicative of how each AFO type
influences these compensatory strategies, impacting the overall balance and load distribution during
walking. Additionally, a deviation was noted in the unaffected limb internal ankle extensor moment
during the toe-off phase, between 80 and 87% of the gait cycle. A potential explanation for this
difference lies in the normalization of gait with the use of CO AFO in the affected limb. The more
normalized gait pattern with CO AFO leads to an earlier toe-off, around 75% of the gait cycle, compared
to the toe-off occurring around 85% with PO. This suggests that CO AFO may contribute to a more
efficient and natural gait pattern in the affected limb, which in turn influences the kinetic behaviour of

the unaffected limb during the toe-off phase.

Interestingly, only four studies have conducted kinetic analyses using AM-produced AFOs, none of
which involved stroke patients (Harper et al., 2014; Ranz et al., 2016; Telfer et al., 2012; Vasiliauskaite
etal., 2019). Vasiliauskaite et al. (2019) study, which explored the efficacy of AFO stiffness prescriptions
in various patients, compared Nylon 12 AFOs produced via SLS with conventional polypropylene AFOs.
They found Peak AFO plantarflexion moments of 0.497 (0.171) and 0.587 (0.281) N.m/Kg for
conventional polypropylene and SLS AFOs, respectively, higher than those observed in this study for
PO AFO-0.303(0.215) and CO AF0O-0.392 (0.189). While Vasiliauskaite’s study reported an 18% increase
in moment between the two AFO types, this study observed a 29% increase. This difference may be

attributed to the unique biomechanical and anatomical characteristics of stroke patients. Stroke-
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induced muscular and neural impairments can profoundly influence how the body interacts with
orthotic devices, potentially leading to more significant changes in kinetic parameters when different
AFO types are used. Harper et al. (2014) study involved thirteen active military personnel with
unilateral lower extremity injuries, comparing various SLS-produced AFOs with Nylon 11 and different
strut stiffnesses. Though a direct comparison is challenging due to different patient demographics and
AFO materials, understanding how AFO stiffness influences joint moments in the hip, knee, and ankle,
as investigated by Telfer et al. (2012), is valuable. These studies observed that variations in AFO
stiffness can significantly impact the ankle’s range of motion and the body's support mechanics,
highlighting the complex interplay between AFO design and gait biomechanics. Furthermore, Ranz et
al. (2016) delved into the influence of passive-dynamic ankle-foot orthosis bending axis location on
gait performance in individuals with lower-limb impairments. Similar to Harper et al. (2014) and Telfer
etal. (2012), the values found in Ranz’s study were higher than those in this research. Although a direct
comparison is not feasible, the insights provided by Ranz study are crucial. They observed that the
bending axis condition influenced various aspects of gait in the first half of the stance, with participant
preferences for bending axis conditions correlating strongly with peak joint moments and kinematics.
This diversity in preferences, influenced by individual aetiologies, underscores the need for

personalized AFO prescriptions, a principle that is also central to this study.
Spatiotemporal Data Analysis

Gait parameters such as walking speed, stride width, stride length, cycle time, step length, and double
limb support offer a quantitative measure of gait efficiency and fluidity. This study utilized these
parameters to compare the effectiveness of custom and off-the-shelf AFOs in enhancing gait dynamics.
Reductions in gait speed are a prevalent characteristic among stroke survivors experiencing
hemiparesis. According to Verma et al. (2012), average gait speeds in this population may vary from a
slow 0.23 m/s to a relatively faster 0.73 m/s, reflecting a wide range of mobility impairments.
Furthermore, Perry et al. (1995) have demonstrated that gait speed is a critical marker in differentiating
stroke patients based on the severity of their comorbid conditions. Specifically, those experiencing
greater ambulatory challenges exhibited gait velocities between a markedly reduced 0.1 m/s and 0.23
m/s. This aligns with the findings of the current study, which focused on a sample primarily comprising
hospital inpatients, none of whom could ambulate without the assistance of a walking aid or an AFO.
Consequently, the observed gait speeds in these patients were generally lower compared to those
reported in other studies (Abe et al., 2009; R.-Y. Wang et al., 2005). In the present research, a
statistically significant difference (p=0.0485) was observed in gait speeds between different types of
AFOs, with an average speed of 0.18 m/s recorded for patients using PO AFOs and 0.21 m/s for those

using CO AFOs. This finding is particularly noteworthy in the context of existing literature, which offers
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mixed results. For instance, Chen et al. (2010) did not report significant differences in gait speeds when
comparing similar types of AFOs, while Gok et al. (2003) observed a notable variation, with plastic
AFOs yielding a gait speed of 0.37 m/s (p<0.05) and metal AFOs resulting in a speed of 0.41 m/s
(p<0.05). It is evident that the design elements of AFOs, such as material composition, shaft
construction, movement restriction at the ankle, and footplate length, can profoundly influence gait
biomechanics (S. Tyson & Kent, 2013). In this study, the primary design and material of the PO AFOs
differed significantly from the CO AFOs used. Although patients were accustomed to using their
personal AFOs (PO) in daily activities, it is plausible that the mechanical properties of the CO AFO may
have provided enhanced stability during the gait cycle, thereby contributing to the observed
improvement in the walking speed. While other spatiotemporal parameters such as stride length and
double limb support time also showed trends towards improvement with the AM custom AFOs, these
changes did not reach statistical significance in this study as observed in other studies (Creylman et al.,
2013; Daryabor, Arazpour, et al., 2020; Mavroidis et al., 2011; Momosaki et al., 2015; Telfer et al., 2012;
S. Tyson & Kent, 2013).

The assessment of symmetry and asymmetry in gait is crucial for understanding the effectiveness of
orthotic interventions in stroke rehabilitation. In this study, symmetry tests, along with intra- and inter-
subject symmetry indices, provided valuable insights into the bilateral balance achieved by patients.
The analysis revealed notable improvements in symmetry when participants used the CO AFO. A more
individualized analysis of each patient (detailed in the supplementary material) reveals nuanced trends
in response to the use of CO AFOs. In this individualized analysis, a trend towards increased walking
speed was observed in 5 out of 10 patients when using the CO AFO, with only 2 experiencing a
reduction. Regarding Stride Width, there was a tendency for a reduction in 5 of the 10 patients, with
only 2 showing an increase. For Stride Length, an increase in step size was found in 5 patients, while a
decrease was observed in 3 patients. Double Limb Support times showed mixed results, with an
increase and decrease in 3 patients each, and no change in 4 patients. Cycle Time increased in 5
patients and decreased in 2 patients. These varied responses underscore the heterogeneity inherent
in stroke patients (Alexander et al., 2009). The variability in gait adaptations among individuals can be
attributed to several factors, including the extent and location of the brain injury, the duration since
stroke onset, pre-existing motor skills, the severity of motor impairments and the degree of access to
rehabilitation treatments (Alexander et al., 2009; Cruz et al., 2009). Stroke impacts motor control and
gait in diverse ways, leading to a wide range of compensatory mechanisms and recovery trajectories
(D. G. Lee & Lee, 2022; Nam et al., 2022). This heterogeneity highlights the complexity of stroke

rehabilitation and the need for personalized treatment plans.
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Concerning step length symmetry mean of all patients, both PO and CO AFOs demonstrated similar
patterns with an increased step length for the affected limb. A significant improvement was observed
in the swing time symmetry when patients used the CO AFO, making the swing phase much more
symmetrical, with negligible statistical differences between the affected and unaffected limbs
(p=0.1651). This indicates that the use of CO AFO may contribute to a more balanced and coordinated
gait, reducing the discrepancies in limb movement timing often seen in stroke patients. In terms of
stance time symmetry, no significant differences were found between the PO and CO AFOs. Yet, with
the CO AFOQ, the stance time achieved perfect symmetry, with a mean value of 50.00 £ 4.97. In contrast,
Cha et al.(Cha et al., 2017) conducted tests on stance time symmetry and found differences between
3D Printed AFO vs Conventional AFO, with favourable results for the 3D AFO, but they did not present
the symmetry values between AFOs. Creylman et al. (2013), found identical values for polypropylene
AFO and SLS-AFO yet, there is an associated asymmetry for both of 62.1%. Normally, stroke patients
tend to spend more time in contact with the ground with the unaffected limb indicating extended
weight transfer to the unaffected side to compensate for the weakness of the affected side (Creylman
et al., 2013). Nevertheless, in this study, the use of both PO AFO and CO AFO demonstrated very good
symmetry values, contributing significantly to a more physiological gait pattern in this group of

patients.
Gait Profile Score Analysis

The GPS offers a comprehensive assessment of gait quality, encapsulating various aspects of
movement into a single measure. In mathematical terms, the GPS represents the root mean square
difference between the individual joint’s curve and the mean curve calculated for a reference
population of unaffected individuals (Bigoni et al., 2021). Originally developed to assess the gait of
children with cerebral palsy (R. Baker et al., 2009, 2012; Beynon et al., 2010; Ricardo et al., 2022), its
application has significantly broadened in recent years. Contemporary studies have extended the use
of GPS to evaluate populations with diverse conditions, notably including those with lower limb
amputations (Kark et al., 2012), Parkinson’s disease (Speciali et al., 2014), and multiple sclerosis (Pau
et al., 2014). This expansion reflects the GPS's versatility and adaptability in various clinical scenarios.
Moreover, some investigations have employed the GPS to assess mixed samples, encompassing adults
with a range of orthopaedic and neurological disorders (Schweizer et al., 2014) and children diagnosed
with multiple clinical conditions (McMulkin & MacWilliams, 2015). This approach highlights the tool’s
capability to provide valuable insights across a spectrum of gait abnormalities. Despite its expanding
application, the use of GPS in assessing patients with stroke remains relatively unexplored. To date,
and to the best of our knowledge, only four studies have focused on the application of GPS in stroke

patients (Bigoni et al., 2021; Devetak et al., 2016; Fukuchi & Duarte, 2019; Jarvis et al., 2022). These
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studies represent a crucial step in understanding the gait characteristics and alterations in this patient
population. However, all these four studies have evaluated this metric with the stroke patient walking
in barefoot. Given the critical role that AFOs play in supporting gait rehabilitation in stroke patients,
this lack of research represents a notable oversight. This study addresses this gap by being the first to
conduct a comprehensive GPS analysis of stroke patients using AFOs. We extend the scope of existing
research by not only analysing the gait of stroke patients with the aid of AFOs but also by comparing
the GPS outcomes when using a prefabricated AFO versus a custom-made AFO fabricated through AM.
By comparing the GPS values for both the affected and unaffected limbs in participants wearing the
PO and CQ, it’s possible to discern the specific impact of the personalized design on gait normalization.
These results indicated an improvement in the gait quality (GPS Overall: PO-13.7 vs CO-12.8) when
patients used the CO AFOs compared to the PO AFO models. This was particularly evident in the
reduced deviation from the normative gait patterns, as the GPS values approached those of healthy
adult gait standards. Such improvements are indicative of a more balanced and physiologically
accurate walking pattern, which is crucial for reducing the risk of falls and enhancing mobility in stroke
survivors. The closer alignment of GPS values with normative data in the CO condition highlights the
effectiveness of the personalized design in addressing gait abnormalities associated with post-stroke
hemiparesis. When comparing the PO and CO results, both AFOs obtained lower values for affected
limb than Devetak et al. (2016) (13.9) but higher than Fukuchi & Duarte (2019) (8.0), Bigoni et al. (2021)
(10.07) and Jarvis et al. (2022) (9.4). This could be explained by the temporal differences between the
date of analysis and date of stroke and level of neurological impairments only defined by CT scan or
MRI (Jarvis et al., 2022). In the reviewed studies, all except Devetak et al. (2016) research exhibit
differences exceeding one year in terms of time since stroke. As time progresses, patients tend to
stabilize their gait through rehabilitation, often resulting in a more homogeneous and normalized
walking pattern. The same (Devetak et al., 2016) study, with a time difference of 6.0 months, aligns
more closely with the patient demographics of this study. Consequently, it can be inferred that the use
of AFOs generally contributes to the improvement of the patient's gait. This is particularly evident with

AFOs fabricated using AM, which appear to offer enhanced benefits in gait rehabilitation.
QUEST Analysis

In this study, the QUEST effectively delineated patient satisfaction regarding the custom and standard
AFOs, particularly emphasizing comfort, fit, and efficacy. Notably, the weight of the orthoses emerged
as the second-highest rated aspect in our study, surpassed only by dimensions. This significant score
in the weight category is largely attributable to the strategic selection of Nylon 12 as the material for
3D printing, which, with its mere 3mm thickness, contributed substantially to the orthoses' lightweight

attribute while maintaining essential durability. Moreover, the high scores in dimensions and comfort
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can be directly linked to the bespoke nature of the custom orthoses. The utilization of advanced 3D
scanning technology ensured an impeccable contouring to the patients' limbs and foot sole, thereby
eliminating unnecessary pressure points and achieving optimal fit. This precision in customization not
only elevates user comfort but also enhances the functional efficacy of the orthoses in facilitating
mobility and ensuring gait stability. Comparative studies, such as those by Cha et al. (2017) and Chae
et al. (2020), have similarly reported a preference for 3D-printed AFOs in terms of comfort and fit.
Conversely, the study by Fu et al. (2022), comparing standard hinged AFOs with those produced via
AM, underscores the necessity for improvements in certain areas, particularly the orthoses' weight.
The lower score observed for weight in Fu et al. (2022) study highlights the ongoing imperative to
refine material selection and design in the AM of AFOs. Collectively, these findings underscore the
critical role of patient-centred design in orthotic development, where customization and material
choice are key to improving user experience. The integration of tools like the QUEST into clinical
practice offers invaluable insights for healthcare professionals, allowing for a deeper understanding of
patient needs and preferences. This understanding is crucial in guiding the selection and design of

more effective and comfortable orthotic solutions in rehabilitation contexts.
Cost of Fabrication

While the results are promising, they also underscore the challenges associated with integrating new
technologies into clinical practice. The initial costs of equipment and training, along with the need to
adapt clinical workflows to accommodate these technologies, are significant considerations. However,
the long-term benefits — improved patient outcomes, reduced material waste, and faster production
times — suggest a favourable return on investment. In the context of AFOs, the financial implications
are particularly noteworthy. Traditional custom AFOs, tailored to each patient's specific needs through
a manual process, are notably expensive (Silva et al., 2022). These custom devices, designed for a
precise fit and maximum efficacy, reflect the extensive assessment, moulding, and adjustments
performed by prosthetic-orthotic professionals. On the other hand, prefabricated AFOs present a more
economical option (Choo & Lee, 2021). These mass-produced units, available in standard sizes, are
significantly more affordable than custom AFOs, catering to less complex conditions or serving as
temporary solutions. Nevertheless, they offer less customization. For instance, in creating CO AFO
using with Nylon 12, the average material cost was determined to be 2.87 euros. This value, however,
does not account for other expenses such as the cost of the printer, design software, operator training,
and time. Despite these additional costs, the use of AM in AFO production has the potential to
drastically reduce material waste and expedite the manufacturing process (Kumar & Banwait, 2020),

thereby offering a more sustainable and efficient approach in the long run.
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Adopting these new technologies in clinical settings, therefore, represents a balance between initial
investment and long-term gains. While the upfront costs for equipment and training are significant,
the advantages — particularly in terms of personalized patient care and resource efficiency —indicate a
promising future for AM in orthopaedic applications. As the technology matures and becomes more
integrated into clinical practice, it is expected that the costs will become more manageable, further

enhancing its viability as a tool for orthotic fabrication.

Conclusion
This research marks a transformative stride in the field of stroke rehabilitation, showcasing the

extraordinary potential of integrating advanced 3D scanning and additive manufacturing technologies
in the creation of Ankle-Foot Orthoses. The application of a novel photogrammetric 3D scanner in the
fabrication of custom orthoses with AM not only embodies the cutting edge of technological
advancement but also represents a significant leap in personalized patient care. By meticulously
comparing these AM custom orthoses with standard prefabricated orthoses, this study offers an
unparalleled insight into the biomechanical and qualitative differences, illuminating the profound
impact of tailored orthotic solutions on stroke survivors' gait dynamics and overall quality of life. We
acknowledge that while the insights derived from this study are meaningful, they are drawn from a
relatively small sample size. A larger cohort would undoubtedly enhance the robustness of the findings
and their applicability to a broader stroke survivor population. Furthermore, it is important to clarify
that the absence of a functional evaluation with patients walking barefoot was not an oversight but a
necessary adaptation to the inherent limitations faced by this study population. Stroke patients often

cannot walk without the support of an AFO, making such assessments unfeasible.

Despite these limitations, this study provides a pivotal foundation for future research, encouraging

further exploration into the benefits of custom AFOs fabricated using cutting-edge technologies.
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IV. General Discussion
Stroke is a major public health issue, often leading to significant long-term motor impairments

among survivors. One common consequence of stroke is hemiparesis, which disrupts normal
gait and necessitates assistive devices such as AFOs to improve walking ability. Traditional
AFO fabrication methods—typically involving plaster casting and manual crafting—have
served patients for decades, but they come with limitations in precision, comfort, and
efficiency. Considering these challenges, the present work introduced and evaluated a novel
system that combines photogrammetry-based 3D scanning with AM to produce custom AFOs.
The development of a photogrammetry-based 3D scanning system integrated with AM
represents a paradigm shift in orthotic fabrication for stroke rehabilitation. The use of
additive manufacturing enables the precise tailoring of orthoses to each patient’s unique
anatomical and biomechanical profile, a critical improvement over the constraints of
traditional AFO manufacturing methods. In the conventional process, creating a custom AFO
can be labour-intensive and dependent on the skill of the orthotist, often resulting in
variations in fit and function. By contrast, AM provides a digital, precision-driven workflow:
once a patient’s limb geometry is captured in detail, an AFO can be computationally designed
to mirror that anatomy and then 3D-printed with minimal loss of fidelity. Central to this
innovation is the incorporation of a novel photogrammetry-based 3D scanning technique.
Photogrammetry uses a series of photographs from multiple angles to reconstruct a highly
accurate 3D model of the limb. This method is non-invasive and rapid, offering a comfortable
experience for patients compared to plaster casting or even some structured-light scanning
methods. A complete digital scan can be obtained within minutes, eliminating the need for
patients to endure long periods of immobilization or contact with casting materials. The
resulting digital model captures fine anatomical details, ensuring that the fabricated orthosis
will conform closely to the patient’s morphology. This high level of accuracy enhances the
interface between the AFO and the limb, thereby improving both the functional efficacy of
the device and the comfort for the wearer. The combination of precise 3D scanning and AM
allows for a degree of customization and design complexity that is difficult to achieve with
traditional techniques. For example, the thickness, rigidity, and contour of different sections
of the AFO can be algorithmically optimized to provide support where needed while reducing
bulk elsewhere. The adaptability of the digital design process means that orthoses can be

iteratively refined: clinicians can adjust the AFO model based on patient feedback or gait
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analysis results, and an updated version can be rapidly prototyped without starting from
scratch. This iterative capability is particularly valuable in stroke rehabilitation, where patients
often undergo changes in muscle tone and gait pattern over time—custom devices can be
adjusted to their evolving needs with relative ease. In implementing this system, the present
research also explored materials and manufacturing techniques that balance performance
with practicality. Notably, the custom AFOs in this work were produced using FDM 3D printer
with Nylon-12 thermoplastic filament. Previous studies on 3D-printed AFOs have
predominantly employed SLS and various polymer powders. The choice of Nylon-12 FDM in
this thesis is significant: it demonstrates that a more accessible and potentially cost-effective
desktop printing technology can be leveraged to fabricate robust orthotic devices. This choice
of fabrication method influences the final material properties of the AFO (such as strength,
flexibility, and weight) as well as the economic cost and speed of production. The success of
Nylon-12 FDM in producing functional AFOs highlights the importance of evaluating different
AM technologies and materials for medical use. It suggests that with careful material selection
and printer calibration, lower-cost AM systems could meet clinical requirements, which is
crucial for the broader feasibility of adopting this technology in healthcare settings. Overall,
the technological innovation presented—combining high-resolution photogrammetry and
versatile AM—lays the groundwork for revolutionizing AFO fabrication by making it more

precise, patient-specific, and adaptable than ever before.

Clinical and Biomechanical Outcomes of the Custom 3D-Printed AFOs

A central question in adopting any new orthotic fabrication method is whether the resulting
devices measurably improve patient outcomes. This research addressed that question
through comprehensive gait analysis, comparing the performance of custom-made, 3D-
printed AFOs against standard prefabricated AFOs in stroke survivors. The results provide
strong evidence of the clinical and biomechanical benefits of the new system. Using motion
analysis techniques, including SPM1D for continuous data, the gait kinematics of stroke
patients were examined across the full gait cycle under different orthotic conditions. The
analysis revealed that walking with the custom AM-fabricated AFO led to significant
differences in joint kinematics when compared to walking with a conventional off-the-shelf
AFO. In particular, deviations in ankle and knee motion patterns were observed, indicating

that the custom AFO altered gait dynamics in ways that are conducive to a more stable and
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physiological walking pattern. For example, improvements in lateral stability and limb
alignment were noted. These kinematic changes are important because stroke survivors often
exhibit gait asymmetries and instability (such as excessive mediolateral sway or knee
hyperextension) that can increase their risk of falls. The customized AFOs, being tailored to
the individual's deformities and weaknesses, appear to provide targeted support that helps
correct or compensate for these abnormal movements, contributing to safer and more
effective ambulation. In addition to kinematics, this research was among the first to
investigate gait kinetics (forces and moments) in stroke patients using 3D-printed AFOs. The
kinetic analysis unveiled noteworthy variations in joint moments at the hip and ankle between
the prefabricated and custom AFO conditions. For instance, patients wearing the custom AFO
exhibited different ankle moment profiles during stance, suggesting a more controlled ankle
behaviour and improved push-off compared to when they wore a generic device. At the hip,
changes in moment patterns implied better support and balance. These findings suggest that
the type and design of AFO can modulate the distribution of forces and the propulsion
mechanics during gait. A custom AFO that closely fits the patient’s anatomy may provide more
effective leverage and support at critical phases of gait (such as toe-off and mid-stance),
thereby reducing compensatory movements and allowing a more normal momentum
transfer through the limbs. The ability to influence gait kinetics is clinically relevant: it
provides insight into how custom orthoses might reduce the effort of walking or the strain on
certain joints, potentially decreasing fatigue and improving endurance for stroke survivors.
Spatiotemporal gait parameters further quantified the functional advantages of the custom-
fabricated AFOs. Patients using the custom devices demonstrated faster comfortable walking
speeds, longer stride lengths, and more symmetric step times in comparison to the
prefabricated AFO condition. An increase in walking speed is a key indicator of enhanced gait
efficiency and confidence. Even modest improvements in gait speed can translate to
significantly better mobility in daily life, enabling patients to walk farther and participate more
fully in activities. The observation of improved spatiotemporal metrics with the custom AFOs
indicates that these devices not only alter the mechanics of gait but also confer a tangible
performance benefit that could enhance a patient’s independence and safety. Gait became
generally more fluid and closer to a normal walking pattern, reflecting the effective support
and facilitation provided by an orthosis designed specifically for the user’s impairments. To

synthesize the overall impact on gait quality, GPS analysis was employed. The GPS is a
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composite measure that captures the deviation of a patient’s gait from normative (able-
bodied) gait patterns across multiple dimensions. In this study, the GPS revealed that stroke
patients walking with a custom 3D-printed AFO had gait patterns that were more closely
aligned with those of healthy individuals than when the same patients used a standard
prefabricated AFO. This is a notable outcome: post-stroke hemiparetic gait is typically
characterized by a combination of temporal asymmetry, altered joint motions, and
compensatory strategies, and achieving even partial normalization is challenging. The custom
AFOs, by virtue of their tailored support (for example, correcting foot drop and stabilizing the
ankle in the frontal plane for each specific patient), seem to address multiple aspects of the
pathological gait. The improved GPS suggests that these orthoses can mitigate common post-
stroke gait abnormalities such as drop foot, knee instability, or hip hiking, thereby
contributing to a gait pattern that is closer to the natural, pre-stroke condition. In summary,
the biomechanical evaluation provides compelling evidence that photogrammetry-designed,
AM-produced AFOs offer superior gait outcomes for stroke survivors when compared to
generic devices. The kinematic improvements (better joint alignment and stability), kinetic
adjustments (favorable redistribution of forces), and spatiotemporal gains (speed and
symmetry increases) all converge on the conclusion that a personalized AFO can more
effectively support the complex needs of gait rehabilitation. These objective improvements
are crucial from a clinical perspective: safer and more efficient gait reduces the risk of
secondary complications (like falls or joint degeneration) and can accelerate the rehabilitation
process by enabling patients to practice a more correct walking pattern during therapy

sessions.

Patient-Centred Outcomes: Comfort, Usability, and Satisfaction

While quantitative gait measures are essential for demonstrating biomechanical efficacy, the
ultimate success of an orthotic intervention also hinges on patient acceptance and comfort.
Stroke survivors will only wear and benefit from AFOs if the devices are tolerable and meet
their daily needs. In this context, the present research placed strong emphasis on patient-
centred outcomes, gathering user feedback to evaluate comfort, usability, and overall
satisfaction with the custom 3D-printed AFOs relative to traditional ones. Using the QUEST
guestionnaire and other qualitative feedback methods, the study assessed key aspects of the

user experience. The findings consistently favoured the custom-fabricated AFOs in terms of
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user satisfaction. Patients reported higher levels of comfort with the 3D-printed orthoses,
which can be attributed to the improved fit and anatomical conformity. Unlike off-the-shelf
AFOs that often have generic shapes and may require padding or manual adjustments to
accommodate individual limb variations, the custom devices were designed from the start to
mirror each patient’s leg and foot contours. This precise fit likely led to fewer pressure points,
better weight distribution, and a more natural feel when walking or standing. As a result,
patients experienced less discomfort over prolonged use, which is crucial for an orthosis that
might be worn for many hours each day. Another important dimension of satisfaction was
the perceived usability and convenience of the AFOs. Participants noted that the custom AFOs
were generally easier to don and doff, and they interfaced better with footwear. The design
could be optimized to individual needs—for example, adjusting the stiffness or including relief
areas for bony prominences—enhancing the usability in everyday activities. The research also
highlighted the significance of device weight and aesthetics (dimensions) in user satisfaction.
Many stroke patients are older adults who may have limited strength; a lighter AFO reduces
the energy required for leg swing during gait and places less strain on the limb. The use of
Nylon-12 and the ability to incorporate cut-outs or thinner sections in the 3D-printed design
might have contributed to a lighter device without sacrificing strength. Indeed, participants
identified weight as a significant factor: a bulky or heavy orthosis can feel encumbering,
whereas a lightweight one is more easily accepted as part of the body during movement. The
relatively compact dimensions of the custom AFO (achieved by avoiding unnecessary material
and tailoring the shape) also meant it fit more comfortably inside shoes and under clothing,
which is important for discretion and practicality. Patient confidence and psychological
acceptance were additional, less tangible benefits observed with the custom AFOs. Knowing
that the device was custom-made for them, patients often expressed greater trust in its
effectiveness and a willingness to wear it regularly. This psychological comfort is an important
outcome: if patients believe in and prefer their assistive device, they are more likely to use it
consistently, which in turn reinforces the positive effects on mobility. Some individuals
reported feeling more stable and secure while wearing the custom AFO, reflecting both the
physical support provided and the subjective reassurance that the device was optimized for
their condition. In summary, the patient-centred assessments demonstrated that the
advantages of the new AFO system extend beyond objective gait improvements—they also

create a more comfortable and acceptable user experience. Comfort, ease of use, and
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personal preference are all pivotal for long-term adherence to orthotic use. The high
satisfaction scores for the custom 3D-printed AFOs underscore a critical point: rehabilitation
technologies must ultimately align with patient needs and lifestyles. An intervention that is
biomechanically effective but uncomfortable will likely fail in practice. The present work
shows that through careful design and customization, it is possible to achieve both
biomechanical efficacy and user satisfaction, thereby maximizing the real-world impact of the

orthotic device on stroke rehabilitation.

Practical Advantages Over Traditional Methods

Adopting this photogrammetry-AM workflow for AFO production also offers several practical
advantages and demonstrates feasibility when compared to traditional orthotic fabrication.
One of the most immediate benefits is the streamlined production process. Traditional
custom AFO fabrication typically requires taking a plaster cast of the patient’s limb (or using
foam impressions), waiting for the cast to harden, creating a positive model, and then
moulding or laminating materials over the model. This multi-step process is time-consuming
and labour-intensive. In contrast, the digital workflow developed in this thesis dramatically
reduces manual labour: after a quick scanning session, the design and fabrication steps are
largely automated. The orthotist can use CAD software to finalize the AFO design, and the 3D
printer fabricates the device, potentially within the same day. This could shorten the
turnaround time from measurement to delivery, meaning patients receive their orthoses
faster. For stroke patients, who typically begin gait rehabilitation soon after the acute phase,
minimizing delays in obtaining a properly fitted AFO can be crucial for early mobilization.
Another significant practical advantage lies in the reproducibility and consistency of the digital
process. Human techniques like plaster casting are subject to variability (different technicians
might produce slightly different results, and the casts can deform). In contrast, a digital scan
is highly repeatable, and the design file for an AFO can be saved and re-used or modified
precisely. If a patient needs a replacement AFO months later (due to wear or changes in
condition), the same digital model can be reprinted, or quickly adjusted if, for example, minor
swelling or atrophy has occurred. This ability to efficiently create consistent duplicates or
updated versions of an orthosis is an important practical benefit, improving the continuity of
care. Resource efficiency is another key consideration. While there is an initial cost in

acquiring a high-quality camera or scanner and a 3D printer, these tools can produce many
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devices once in place. Over the long term, the cost per device may decrease, especially when
factoring in the reduction of manual labour and the potential for less wasted material (AM
can be more material-efficient, adding material only where needed). The use of FDM with
Nylon-12, as demonstrated, is relatively cost-effective because filament materials are less
expensive than specialized polymers for SLS, and FDM printers are widely available at
moderate cost. This approach could make custom AFO production more economically feasible
for smaller clinics or resource-limited settings, which often cannot invest in expensive
moulding equipment or industrial 3D printers. Furthermore, as AM technology continues to
mature, it is expected that printers will become faster and more affordable, and materials will
diversify, further tipping the cost-benefit balance in favour of digital fabrication. From a
practical workflow perspective, integrating photogrammetry and AM can also enhance
multidisciplinary collaboration. The digital nature of the process means that data (the 3D limb
models and orthosis designs) can be easily shared among clinicians, orthotists, and engineers.
For instance, a rehabilitation team can review a digital model to discuss pressure points or
support areas, and adjustments can be made virtually before printing. This collaborative
tuning of the device is harder to achieve once a traditional AFO is fabricated, because changes
would require physically modifying or remaking the device. Thus, the new system supports a
more iterative and collaborative approach to orthosis design, potentially leading to better
outcomes. It is also worth noting that the patient experience during the fabrication process is
improved. Photogrammetric scanning is relatively comfortable — patients can sit or stand
briefly while photos are taken, without the need to coat the limb in plaster or endure
awkward casting postures for extended periods. This reduces discomfort and anxiety, making
the process more patient-friendly. Such improvements in the clinical procedure can increase
patient willingness to be fitted for orthoses and return for follow-up fittings if needed. In
summary, the transition to a photogrammetry and AM-based fabrication method provides
tangible practical benefits: quicker production times, consistent quality, ease of reproduction,
cost-effectiveness in the long run, and a more patient-friendly experience. These factors all
contribute to the feasibility of implementing this new system in real clinical settings. While
the initial setup requires investment in technology and training, the day-to-day workflow can
become more efficient and adaptable than the traditional paradigm. This positions the
innovative approach not just as a theoretical improvement, but as a realistic advancement

that can be adopted in modern orthotic clinics.
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Implications for Rehabilitation and Clinical Implementation

The successful development and testing of the custom photogrammetry-AM AFO system
carry important implications for stroke rehabilitation and highlight potential pathways for
implementing this technology in clinical practice. Fundamentally, this work demonstrates that
embracing modern engineering solutions in rehabilitation can lead to measurable
improvements in patient outcomes. For stroke survivors, even incremental enhancements in
gait stability, speed, or endurance can have a profound impact on their rehabilitation
trajectory and quality of life. By delivering a more effective orthotic device, this approach can
facilitate more intensive and effective rehabilitation. Patients walking with a well-fitted
custom AFO can practice gait with proper form, which reinforces correct movement patterns
in therapy sessions. Over time, this could translate to greater improvements in walking
independence and a reduction in secondary musculoskeletal issues, thereby accelerating
functional recovery. Clinically, the introduction of a digital fabrication workflow implies some
changes in practice that are important to consider. Orthotists and clinicians will need to be
trained in using 3D scanning equipment and software for modelling orthoses. This is a shift
from hands-on fabrication skills to more computer-aided design and engineering skills.
However, once trained, practitioners might find that the ability to visualize and adjust a
patient’s orthosis in a digital environment opens new possibilities for creative and precise
interventions. For example, clinicians could simulate how slight changes in AFO angle or
stiffness might affect gait or easily customize cut-outs to relieve pressure on an area of
concern, before ever printing the device. The collaborative planning of AFOs could become a
standard part of multidisciplinary rehabilitation team meetings. The integration into clinical
workflow would also necessitate logistical planning. In a busy rehabilitation hospital or clinic,
scheduling a scanning session and then scheduling a fitting session once the AFO is printed
would need to be as streamlined as current casting and fitting appointments. Encouragingly,
the speed of scanning and automated fabrication can make this feasible. In fact, if the process
is well-organized, it may reduce the number of visits: patients might be scanned and then
return a few days later to receive the finished AFO, whereas traditional methods might
require intermediate steps (cast removal, test fitting of a plastic mould, etc.). The new system
could thus fit within standard rehabilitation timelines or even shorten them, ensuring that

patients are not kept waiting for assistive devices during critical periods of recovery. From a
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broader healthcare perspective, the findings of improved gait and patient satisfaction with
custom AM AFOs provide evidence-based support for adopting such technology. Clinicians
and decision-makers are more likely to embrace a new system if it demonstrably enhances
patient outcomes. The positive results can be used to justify investments in 3D printing
infrastructure and training, framing them as investments in quality of care and long-term cost
savings (through reduced device remake rates, fewer complications, and better rehab
results). There is also an implication for personalized medicine in rehabilitation: this work
aligns with the growing trend of tailoring interventions to individual patient profiles. As
healthcare moves towards personalization, having in-house capabilities to produce custom
devices quickly can become a competitive advantage for clinics and a hallmark of advanced
patient care. In terms of policy and guidelines, widespread implementation of
photogrammetry and AM for AFO production may require updating clinical practice
guidelines and regulatory frameworks. Rehabilitation professionals will need clear protocols
for how and when to use these technologies. The current research serves as a pioneering
example that others can build upon, helping to establish best practices—such as optimal
scanning procedures, design principles for printed AFOs, and recommended outcome
evaluation metrics. Importantly, the success of this system suggests potential applicability
beyond just stroke-related AFOs. The framework of digitally scanning a body part and printing
a custom orthosis could be extended to other types of orthotic and prosthetic devices in
rehabilitation medicine (such as wrist splints, knee braces, or even prosthetic sockets). Thus,
the implications of this research resonate with a broader innovation wave in rehabilitative
care: it exemplifies how engineering advancements can be translated into clinical solutions
that are more effective and patient friendly. By thoroughly researching and documenting the
process and outcomes, this thesis contributes to building the trust and knowledge base
necessary for clinicians to adopt these new tools. In the long run, the integration of such
technologies is expected to raise the standard of rehabilitative care, making personalized
assistive devices more accessible and commonplace, much to the benefit of patients who rely

on them for regaining independence.
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V. General Conclusion

This thesis marks a notable advancement in orthotic care for stroke survivors. It focuses on
the role of additive manufacturing in improving the design and production of AFOs. The
introduction of a new 3D scanning system, based on photogrammetry, enhances accuracy in
orthotic fabrication. This method is not just a technical improvement; it also makes the

orthoses more comfortable for patients and speeds up their production.

Following this technological improvement, the research explores the effectiveness of AFOs
produced using AM. The results show increased patient satisfaction, a critical factor as the
healthcare industry seeks to improve stroke rehabilitation methods. These findings provide a
strong foundation for future developments in orthotic technology, potentially leading to

better patient care and more innovative practices.

Also, the advancements presented in this thesis are expected to influence clinical practices,
enhance patient outcomes, and a new wave of innovation in rehabilitative care. By combining
thorough research with practical application, this work contributes significantly to the
collective effort to improve mobility and quality of life for stroke survivors. It exemplifies the
successful combination of clinical expertise, engineering innovation, and a focus on patient-
centred rehabilitation. It's clear that the impact of this research could extend beyond
academic circles, influencing real-world clinical practices and guiding the future direction of

orthotic care.
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VI. Methodological Considerations

Despite the detailed exposition of materials and methods in chapter I, additional
methodological aspects warrant a more comprehensive elucidation in the subsequent

paragraphs.

Motion Capture
An optoelectronic system with 12 cameras Qualisys Micus M3 (Qualisys AB, Gothenburg,

Sweden) with with 2 Bertec Force Plates (Models: 4060-07 and 4060-10) (Bertec, Columbus,
OH, USA) was employed to capture kinematic and kinetic data, a prevalent choice for
recording human motion. This system encompasses a network of cameras synchronized with
the force plates that define the measurement volume. The cameras accurately locate point
markers, either emitting or reflecting light, placed on the skin. These markers' locations, in
Cartesian coordinates relative to a global system, are deduced through mathematical
transformations of the 2-D coordinates captured by at least two cameras at each instant

(Baker et al., 2018).

The frame rate selected for capturing motion should be adequately high to accurately
document both maximal and minimal displacements of joints and limbs. This is particularly
vital for analyzing critical events in gait cycles. While higher frame rates are beneficial for
enhancing data precision and accuracy in motion capture, the specific requirements vary
depending on the activity being studied. Given the nature of the gait movements in stroke
patients, a lower frame rate was deemed sufficient. Therefore, a 120Hz capture rate was
employed. This rate was found to be adequate for capturing the nuances of both clinical and
pathological gait cycles in stroke patients, who typically exhibit slower and more varied
movement patterns. This frequency provides a balanced approach, ensuring the capture of
detailed gait dynamics without unnecessary data complexity. This methodological decision is
supported by the literature, where similar frame rates have been effectively utilized in the

kinematic study of gait in stroke patients, thereby validating the approach in this context.
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Marker Set
The marker configuration adhered to the Calibrated Anatomical System Protocol (CAST)

(Cappozzo et al., 1995; Kaufman et al., 2016) and the CODA pelvis model (Cappozzo et al.,
1995), as depicted in Fig. VIII.21. This setup facilitated the reconstruction of the pelvis and
both lower limbs (Monaghan et al., 2007). The system comprised 20 individual markers and
four clusters, each containing four embedded markers. This arrangement enabled the detailed
reconstruction of seven distinct body segments: feet, shanks, thighs, and pelvis. It was
considered each segment independently with six degrees of freedom, as per biomechanical

standards (Bell et al., 1990).

Palpation was the primary method for identifying subcutaneous anatomical landmarks on the
patients (Chiari et al., 2005), which then guided the precise placement of the marker set. The
markers used were 10 mm spherical reflective markers, each affixed to a base. Four marker
clusters were strategically attached to the lateral aspects of the thigh and shank. This
configuration was crucial for independently tracking the anatomical landmarks of each

segment, thus allowing for both rotational and translational movements at the joints (Collins

et al., 2009).
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FIGURE VII.22 — Model and location of the retroreflective markers
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Filter Cut-off Frequency
In biomechanical recordings, signal and noise often overlap within the frequency domain,

necessitating the selection of an appropriate cut-off frequency to filter out noise while
preserving as much signal as possible. Kinematic data generally possess higher error margins
due to skin movement artifacts and marker vibration, in contrast to the more stable force
platform measures. Consequently, researchers typically employ a lower cut-off frequency
(e.g., 10-20Hz) for kinematic data, whereas force platform data are presented either raw or
with a higher cut-off frequency (50-100Hz) (Baker et al., 2018). For this study kinematic signals
were filtered at 10 Hz, and kinetic data were presented in raw, following previous literature

and research focusing on different pathologic gait.
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VIl. Recommendations for Future Research

Despite the promising outcomes, it is important to acknowledge the limitations of this
research and the areas that warrant further investigation. First, the sample size of patients in
the evaluation was relatively modest. While the observed improvements in gait and
satisfaction are encouraging, a larger cohort would strengthen the generalizability of the
conclusions. Future studies should include a more diverse and extensive population of stroke
survivors, encompassing different ages, degrees of impairment, and time since stroke. Such
studies would not only verify the consistency of the benefits seen with custom 3D-printed
AFOs but also help identify any subgroup-specific effects—perhaps certain categories of
patients (e.g., those with very severe gait deficits) benefit the most, while others see more
moderate gains. Larger trials could also facilitate statistically robust comparisons and
subgroup analyses, thereby providing more nuanced guidance for clinicians about who is likely
to benefit most from this technology. Another limitation pertains to the long-term durability
and performance of the 3D-printed AFOs. The current evaluation focused on relatively short-
term use and immediate effects. However, orthoses are typically worn for many hours a day
over months or years. The durability of devices produced by FDM with Nylon-12 (or any AM
process) under continuous stress, exposure to sweat, varying temperatures, and general wear-
and-tear remains an open question. Traditional polypropylene AFOs are known for their
toughness and longevity; it must be demonstrated that printed AFOs can match or exceed this
durability for routine clinical use. Future research should include longitudinal studies where
patients use the custom AFOs for extended periods, with regular follow-ups to inspect the
devices for signs of material degradation (such as cracks, loss of rigidity, or wear in straps and
joints) and to ensure that the initial patient benefits are maintained over time. Additionally,
mechanical testing of the printed AFOs (e.g., fatigue testing, load failure testing) would
provide valuable data on how these devices hold up under forces similar to those experienced
during gait. If any weaknesses are found, they could guide design optimizations or material
enhancements (for instance, reinforcing high-stress areas or exploring alternative
filaments/composites for greater strength). The design of the AFOs themselves offers many
avenues for future improvement. Although the custom devices produced were effective,
design optimization can continue to refine their performance and user experience. One

direction is to further reduce the weight and profile of the AFO without compromising
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support, using generative design algorithms or lattice structures made possible by AM.
Another direction is to tailor the mechanical properties of the orthosis, such as tuning the
flexibility at the ankle or the stiffness along the foot plate, to better mimic natural limb
function or to provide dynamic assistance at certain gait phases. Advances in multi-material
3D printing might even allow sections of the AFO to have varying hardness or elasticity,
providing rigidity where stability is needed and flexibility where movement should be allowed.
Future prototypes could incorporate ventilation channels for breathability or interchangeable
components to accommodate changes in swelling. Patient feedback should continue to inform
design tweaks, ensuring that each iteration of the device addresses any shortcomings noted
in real-world use (for example, if some patients still experience minor discomfort at a
particular spot, the design could be altered locally to relieve pressure there). When
considering implementation on a larger scale, regulatory and safety considerations become
significant. Custom 3D-printed orthoses for medical use likely fall under medical device
regulations, which means they must meet certain safety, efficacy, and quality control
standards before being routinely provided to patients. Regulators will be interested in issues
such as the consistency of production (does each printed device reliably match the design
without defects?), the biocompatibility of the materials (to ensure no adverse skin reactions
or toxicity), and the risk management of the digital process (for example, ensuring that the
software used to create the orthosis does not introduce errors, and that patient data is
handled securely). Future work should engage with these regulatory frameworks, perhaps by
developing standardized protocols for validation of each custom device (e.g., a quick stress
test or fit verification before dispensing to the patient). Additionally, there may be a need for
creating guidelines or best practices at the industry or national level, to help clinics safely
adopt 3D printing for orthoses. This could involve training certification for practitioners,
maintenance protocols for the equipment, and traceability of the digital models and printed
products. Addressing these regulatory and quality assurance aspects will be crucial for
transitioning from research prototypes to approved medical products that can be covered by
health insurance and prescribed widely. Finally, another future direction is to explore the
broader impact on rehabilitation outcomes beyond gait metrics. It would be valuable to
investigate whether the use of a superior custom AFO translates into improvements in
patients’ overall rehabilitation progress and daily function. For instance, do patients with

custom AFOs show better balance confidence, fewer falls, or greater participation in
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community activities over time compared to those with standard AFOs? Long-term follow-up
studies and perhaps randomized controlled trials could examine outcomes such as fall rates,
functional independence scores, and health-related quality of life measures. These data would
help solidify the argument that investing in personalized, digitally fabricated orthoses yields
tangible benefits in patients’ lives and justifies any additional upfront costs. In conclusion, the
introduction of photogrammetry-based 3D scanning combined with additive manufacturing
has been shown to markedly improve the customization and effectiveness of ankle-foot
orthoses for stroke patients. The research presented in this thesis demonstrates
enhancements in gait function and patient satisfaction while also highlighting practical
feasibility. By addressing the remaining challenges—expanding sample sizes, validating long-
term durability, optimizing designs, and navigating regulatory pathways—this innovative
approach is poised to transition from a cutting-edge concept into a standard of care. The
implications of this work suggest a positive shift in stroke rehabilitation practice: one that
embraces technological innovation to deliver individualized therapy solutions, ultimately

aiming to improve mobility and quality of life for stroke survivors on a broad scale.
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Abstract
The objective of this study was to compare two 3D scanner systems. A box with predefined

measurements was used as the study object, and the Sense 3D system and a system
developed by the authors, consisting of 16 RaspBerry Pi Module V2 cameras for obtaining the
3D virtual object, were employed. Five variables were selected for this pilot study: virtual
length, virtual width, mesh, object texture, and average deviation between models through
overlay. Differences were found when comparing the two systems for mesh, object texture,
and average deviation through overlay. Further studies are needed, including comparisons
with other 3D scanner systems, to better understand the advantages of using a one-shot

photogrammetry system for obtaining 3D models.

Keywords: Orthoses, 3D scanner, meshes, 3D models

Introduction
Orthoses are medical devices used to enhance performance in individuals with difficulties

and/or disabilities [1]. Widely prescribed to address various pathologies, custom orthoses are
widely recognized for their medical functionality and the comfort they provide, allowing
patients to use them continuously during the recommended treatment period. The
adaptation of the geometric shape to the patient allows for greater efficiency in
immobilization or restriction of movement. To obtain the patient's geometric shape,
increasingly different methods of obtaining three-dimensional contactless information are

used, which can be simplified into triangulation and photometry.

Among triangulation-based techniques are photogrammetry, structured light projection, and
laser line scanning. Projection techniques (structured light or laser scanning) enable the
determination of depth (distance relative to the image formation plane) from a single image.
The knowledge of the spatial position of the laser beam or a lighting pattern, along with image
formation parameters, resolves the ambiguity present in the two-dimensional image.
Photogrammetry uses the correspondence between points in different views of the same

scene to infer the position of that point in space, thus always requiring two or more views [2].
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The study's objective is to compare an existing market system that uses structured light
technology with a low-cost one-shot system developed by the authors, utilizing

photogrammetry techniques.

Materials and Methods
A study was conducted using a box measuring 120mm x 75mm, measured with a Neiko

01407A digital caliper (Neiko Tools USA, La Porte, Indiana, USA). For result comparison, two
types of 3D image capture scanners with different capture methods were used. The Sense 3D
Scanner system (3D Systems, South Carolina, USA), which utilizes structured light, and a
photogrammetry system with 16 Raspberry Pi Module V2 8MP cameras (Raspberry Pi
Foundation, Cambridge, United Kingdom). Each camera was connected to a Single Board
Computer (SBC) Raspberry Pi 3 Model B+ 1Gb (Raspberry Pi Foundation, Cambridge, United

Kingdom), synchronized and networked.

For capturing the 3D model of the box using the Sense 3D, proprietary Sense software from
3D Systems was employed. For the Raspberry Pi system, 16 photos were taken in a single shot,
and the 3D model was created using RealityCapture software (CapturingReality, Bratislava,
Slovakia). Both 3D models in .obj format were then analyzed using 3D Builder software
(Microsoft, Washington, USA) for comparison of length, width, and textures, and Geomagic
Studio 12 software (3D Systems, South Carolina, USA) for mesh analysis and the deviation

between models through overlay.

Results and Discussion
Using the 3D Builder software, tests were conducted to obtain the difference in virtual sizes

for comparison with the real sizes. The 3D model extracted from the Sense 3D yielded a box
length of 120.94 mm and a width of 75.10 mm, while the model from the Raspberry Pi system
resulted in a length of 120.13 mm and a width of 74.97 mm, being closer in terms of both
length and width to the actual box measurement. For the texture test, as indicated in Figure
1, visible differences are observed in both color and resolution. In the Raspberry Pi test, a
texture with a color closer to the real value of the box was obtained, allowing for the legibility

of all text on the surface.
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FIGURE 1 - Comparison of textures between the Sense 3D system (left) and Raspberry Pi (right).

For the mesh study, the triangle count on the front face for the Raspberry Pi system was 545%
higher than that found in the Sense 3D system (28318 triangles vs. 5196 triangles). No filters,
cleaning, or mesh repair were applied to either model, and these values were directly
extracted from the initially created file. The higher number of triangles indicates greater image
resolution, translating to more surface information. The deviation test between models
through model overlay, as indicated in Figure 2, shows an average deviation between models
of 1Imm, reaching a maximum of 3mm in the lower area of the surface. The deviation in the
lower area is explained by being the region where the object intersects with the supporting
surface. The Sense 3D system does not recognize the surface change, merging them and

creating a rounded surface between them, leading to the disappearance of the contact edge.

In addition to being able to capture a complete 3D model with a single shot in less than 1
second, the mesh and texture quality are much superior in the Raspberry Pi system compared
to the Sense 3D system. Further studies are necessary, involving different variables, objects,
and various systems to better understand the advantages of this system for future Full Body

3D scans of the human body.
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FIGURE 2 - Spectrum of the average deviation of the object between the Sense 3D system and Raspberry Pi.
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Abstract
Foot-Ankle Orthoses (AFOs) can be prescribed to improve a patient's quality of life. Nowadays,

AFOs are constructed using molds with thermoplastic materials, leading to long waiting times
and limited design options. Reverse engineering, particularly the use of 3D scanners, has the
potential to address this issue, resulting in a faster and more economical construction
solution. This study aims to construct a 3D scanner capable of employing photogrammetry

techniques to capture the surface of a patient's leg and foot.

Keywords: Foot-Ankle Orthoses / Scanner / Photogrammetry

Introduction
The challenges in mobility present a significant barrier for both adults and children, where an

Ankle-Foot Orthosis (AFO) may be prescribed to enhance the patient's quality of life. It is well-
documented that this medical device can assist in various lower limb (LL) impairments.
Currently, patients have the option to choose between standard AFOs and custom AFOs. The
former is more cost-effective but may provide less comfort to the patient. On the other hand,
custom AFOs can enhance comfort and be more suitable, but the manufacturing process is far

from ideal.

Custom AFOs are typically handmade from a plaster cast of the patient's lower limb [1]. This
negative impression is removed and filled with liquid plaster to form a positive model, which
is manually modified by adding or removing plaster. Subsequently, thermoformed plastic is
vacuum formed over the positive model using polypropylene. This traditional approach is
labor-intensive, offers limited design options, is expensive, and is often associated with long
waiting times, prompting the search for non-invasive alternatives for acquiring the patient's

anatomical shape.

Reverse engineering is a method that can be explored, generally consisting of three steps: (1)
scanning anatomical parts; (2) processing the acquired geometry; (3) manufacturing the
device using additive manufacturing technologies. With the available 3D data acquisition
technologies, optical scanning has proven to be the most suitable for manual data acquisition
in terms of accuracy, resolution, patient safety, cost, speed, and efficiency [2]. The most

relevant scanner requirements for orthoses include scanning time, as well as practicality and
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versatility. In particular, as the target is a living being, the scan must be safe, fast, and

comfortable, even at the expense of a (relatively and acceptable) loss of precision.

The different types of 3D scanners available are divided into photogrammetry, structured light,
time of flight, and laser triangulation. Photogrammetry uses multiple 2D images taken from
different positions of the object and triangulates different pixels in the images to discover their
location in a three-dimensional space. This study aimed to develop a photogrammetric 3D

scanner for the lower limbs of a human being.

Description
SolidWorks software (Dassault Systemes®) was used for modeling and simulating the structure

(Figure 1). The scanner was designed to achieve a surface scan of the patient's lower limb
using photogrammetry techniques. In a previous study [3], employing 16 synchronized
RaspBerry Pi units with 16 RaspBerry Pi Module V2 8MP cameras demonstrated the potential
of this technology in quickly obtaining the surface to be used. The scanner will have 60
cameras positioned to capture a 3602 model of the leg and foot in a single shot (including the

sole).

Due to the limited mobility of many patients requiring AFOs, a robotic arm with 2 rotational
degrees of freedom will be connected to an ergonomic chair for patient reception and
positioning during the lower limb scan. The camera support structure will include a linear
guide to position the cameras accurately, and for foot support, there will be a glass-built
structure to minimize interference between the cameras and the limb being scanned. This
structure will be removable and adjustable in height for correct patient positioning, allowing

its use for both adults and children.

FIGURE 1 - 3D Scanner in the initial position (left) and final position for
limb scanning (right).
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Conclusions
Based on the conducted simulations, it was concluded that this design is functional and

comfortable for the patient. It will be possible, through a single shot (<1s), to capture the
necessary photographs for obtaining the complete 3D model for orthosis construction. The
significant advantage of the speed in image acquisition will eliminate the issue present in

other 3D scanner technologies, which require the patient to remain still for several minutes.
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Abstract
Ankle-foot orthoses are prescribed to improve the Patient's quality of life. Supporting weak

muscles or restraining spastic muscles, they lead to smoother and more stable locomotion.
Commonly, these devices are handmade using thermoplastic vacuum forming, which
becomes time-consuming and error prone. From another point-of-view, it is possible to use
image-based techniques (e.g. computed tomography; magnetic resonance) to scan the
human body, which help orthoses manufacturing, however, they are time-consuming and
computed tomography induces radiation to the patient. To overcome these disadvantages,
two novel photogrammetric 3D scanner was specifically designed to obtain anatomic surfaces
of a patient’s body. Preliminary results of the full body scanner validate the concept that can
lead to a faster and economic solution. Moreover, the concept of the second scanner to

acquire the Ankle-foot anatomical shape is also presented.

Introduction
Walking is one of the most critical events in daily-living, and difficulty in walking is a significant

barrier for both adults and children [1]. An Ankle-foot orthoses (AFO) can be prescribed to
improve the patient's quality of life. It is well documented that this medical device can help
with different impairments of the lower limbs (LL) [2-5]. Currently, patients can choose
between standard AFO and custom AFO. The former are cheaper but may offer less patient
comfort. On the other hand, custom AFO may increase this comfort and be more suitable, but
the manufacturing process is far from ideal. Custom AFOs are usually handcrafted from a
plaster cast of the patient's LL [6]. The negative print is removed and filled with liquid plaster
to form a positive model, which is modified by manual addition or removal of plaster, followed
by thermoplastic vacuum formation over the positive model with polypropylene. This
traditional approach is labor-intensive, expensive, often associated with long waiting times
and offers limited design options, which motivates the search for non-invasive alternatives for
acquiring the patient's anatomical shape. To overcome these limitations, reverse engineering
can be used following three steps: (1) digitization of anatomical parts; (2) processing of
acquired geometry; (3) device fabrication using additive manufacturing technologies. With
the available three-dimensional (3D) data acquisition technologies, the optical scanner has
proven to be the most suitable for manual data acquisition in terms of accuracy, resolution,

patient safety, cost, speed and efficiency [7]. The most relevant scanner requirements for
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orthotics include scanning time as well as practicality and versatility. In particular, as the target
is a living being, scanning must be safe, fast and comfortable, even at the expense of a (relative
and acceptable) loss of accuracy. The different types of 3D scanners available are divided into
photogrammetry, structured light, time of flight and triangulation laser. Photogrammetry uses
several 2D images, taken at different positions of the object, and triangulates different pixels
in the images to find their location in a 3D space. This study aimed to develop two

photogrammetric 3D scanners to obtain anatomic surfaces of a patient’s body.

Development of Photogrammetric 3D Scanners
Solidworks (Dassault Systemes®, France) software was used to model the prototype

structures. Two prototypes were created. The first one, a full body scanner, was created to
test the reliability and accuracy of using photogrammetry on a human body. This scanner
(Figure 1) with an oval shape, was built using wood in the base, aluminum in the vertical bars
and several 3D printed parts (also designed in Solidworks) to fix the custom printed circuit
boards (PCB) and cameras (RaspBerry Pi Camera Module V2). The second scanner, a lower
limb scanner, was created to specifically capture the leg, and foot (include sole) surface. This
prototype was built using wood in the base, stainless steel in the core frame and several 3D
printed parts to fix the PCB and cameras (Figure 2). To create the custom PCB, Altium Designer

(Altium Limited®, Australia) software was used.

FIGURE 1 - Full body scanner prototype FIGURE 2 - Lower Limb scanner prototype
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The scanners were designed to obtain a scan of the patient's body surface using the
photogrammetry technique. In a previous study [8] using 16 RaspBerry Pi synchronized with
16 RaspBerry Pi Module V2 8MP cameras, which allowed us to understand the potential of
this technology in quickly obtaining the surface to be used. The biggest problem found in that
previous study was the quantity and organization of cables for power supply and data
transmission from the RaspBerry Pi to the computer. So, a custom PCB with a RaspBerry Pi
Zero processor core was designed and built (Figure 3) that allowed not only to connect 2
cameras to only 1 device, but also to connect all the PCB in parallel, solving the problem with

the cables.

FIGURE 3 - Custom PCB with RaspBerry Pi Zero processor core
with 2 cameras connectors (in), 2 RJ45 connectors (in and out) and
2 power connectors (in and out)

The full body scanner (Figure 4) has 60 cameras positioned in order to obtain the 3602 model
of the whole body, in a single shot. The first tests were already conducted with promising

results (Figure 5).

FIGURE 5 - 3D model without texture (left) and with texture (right)

FIGURE 4 - Full Body Scanner structure
with 60 cameras
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To acquire the 3D model of the leg and foot (to create the AFO), with a Full Body scanner
would be impossible to scan the structure of the sole of the foot. Furthermore, due to the
mobility limitation of patients, the need to stand still while acquiring the shot was not
practical. So, for the LL scanner, a robotic arm with 2 rotational degrees of freedom will be
connected to an ergonomic chair for receiving and positioning the patient for LL scanning. This
scanner (Figure 6) will have 60 cameras positioned in order to obtain the 3602 model of the
leg and foot (including the sole), in a single shot. The structure that supports the cameras will
have a linear guide that will place the cameras in position and to support the foot there will
be a structure built in glass for minimal noise between the cameras and the member to be
scanned. This structure will be removable and adjustable in height for the correct positioning

of the patient, being possible its use in adults and children.

FIGURE 6 - Prototype of Lower limb Scanner

Conclusion
Through the simulations carried out, it was concluded that this design is functional and

comfortable for the patient. It will be possible, through a single shot (<1s), take the required
photographs to obtain the complete 3D model for the construction of an orthosis. The great
advantage of fast body’s surface acquisition will solve the problem existing in other 3D scanner

technologies in which the patient is required to be immobile for several minutes.
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Abstract
This paper studies the impact resistance of nine polymeric materials to be used in orthosis

manufacturing. The study aims to understand the behavior of these materials under different
conditions to improve their performance and durability. The materials were additive
manufactured in both vertical and horizontal directions, and their impact properties were

evaluated through Charpy pendulum impact tests.

The tests were conducted in air and wet environment to simulate native conditions, dry, and
sweat, respectively. Results show that the impact resistance of the materials is influenced by
material type, printing direction, and environmental conditions. Nylon 12 demonstrates
superior impact resistance. ULTEM™ 9085 exhibited a clear anisotropic behavior with
significantly different absorbed energy between the vertically and horizontally printed
samples. The immersion in artificial sweat (wet environment) reduced the absorbed energy,
which was more pronounced for longer immersion times. The fracture surface analysis
revealed different failure mechanisms for the different materials ranging from ductile to brittle

failure.

Introduction
Orthoses are medical devices designed to prevent, support, align, and improve the function

of the human body [1]. Customization is key in orthosis manufacturing, as it allows for the
adaptation of these devices to accommodate specific anatomical variations and activity levels
[3]. Furthermore, orthoses must prioritize comfort, high quality, and durability to ensure

optimal performance and patient satisfaction [3].

With the advance of additive manufacturing (AM) and the use of polymeric materials, orthosis
production has undergone a significant transformation. AM techniques enable the creation of
patient-adapted orthoses, customized to meet the unique needs of everyone [2, 3]. This
approach also facilitates the integration of innovative materials and streamlines the
fabrication of complex shapes, optimizing the design and manufacturing process. Polymeric
materials show characteristics that make them particularly suitable for orthosis applications.
Their flexibility allows for the creation of orthoses that conform to the body’s contours,
providing a comfortable and supportive fit [3]. Additionally, these materials are

biocompatible, minimizing the risk of adverse reactions. The lightweight nature of polymeric
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materials further enhances patient comfort and mobility, while their cost-effectiveness
contributes to the accessibility and affordability of orthosis devices. The impact resistance of
polymeric materials is a key point in biomedical applications, including orthoses.
Understanding how these materials withstand sudden shocks or forces is vital to ensure the
durability and performance of orthoses. Factors such as humidity, sweat, and environmental
conditions may influence the materials behavior and affect their overall mechanical
performance and durability. Through comprehensive testing and analysis, valuable insights
can be gained to prevent and mitigate potential damages in the future. Nevertheless, there is

little research in the literature regarding this topic.

This paper aims to investigate the impact resistance of nine polymeric materials produced by
AM. The samples were printed in two directions, vertical and horizontal, and were evaluated
in air and in wet environments. By studying the mechanical behavior and failure mechanisms
of these materials, it will be possible to better understand their performance, durability, and
suitability for orthosis applications. The findings of this research will contribute to the
development of more effective and reliable orthoses, improving patient outcomes and quality
of life. The paper is organized as follows. Section 2 presents the methodology employed to
evaluate the impact resistance of polymeric materials. Section 3 presents and discusses the

experimental results. The paper ends with some concluding remarks.

Materials and Methods
This investigation studies the impact resistance of nine polymer materials that were 3D

printed in both vertical (V) and horizontal (H) directions. The materials studied were:
Acrylonitrile Butadiene Styrene (ABS); NYLON 12; Polycarbonate (PC); PC ABS, Polyethylene
Terephthalate Glycol (PETG); Polylactic Acid (PLA); Thermo-plastic Polyurethane (TPU);
ULTEM™ 1010; and ULTEM™ 9085. Rectangular cross-section specimens (90 x 10 x 4 mm3)
were used. Impact tests were performed in a Charpy pendulum impact testing machine,
model Instron CEAST 9050, equipped with a 5 J hammer. Two environmental conditions were
evaluated: (i) air; and (ii) immersion in artificial sweat (phosphate buffered saline with pH 6.3)
for 30 days [4, 5]. Three specimens were tested for each condition, and the average absorbed
energy was calculated. The samples immersed in artificial sweat were regularly monitored to

evaluate mass changes which provided insights into the potential absorption of the solution
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by the polymer materials. After the impact tests, the fracture surfaces of the different
specimens were examined using optical microscopy. This evaluation aimed to identify the
main failure mechanisms and understand how the different environmental conditions affected

the mechanical behavior of the polymeric materials.

Results and Discussion
This section is organized into two subsections. Firstly, the impact tests are addressed. Then,

it is analyzed the failure mechanisms found in fracture surfaces.

Impact Tests

The results of the impact tests for the different materials are shown in Table 1. These values
correspond to the average absorbed energy resulting from at least three valid tests performed
for each tested condition. Upon careful examination of the Table 1, it becomes evident that
the impact resistance is significantly influenced not only by the material type, but also by the
printing direction. A comparison between NYLON 12 (H) and TPU (H) tested in air reveals a
significant variation in impact resistance. The former exhibited the highest value while the

latter exhibited the lowest values observed in the experiments for the vertical direction.

Furthermore, an analysis of both the horizontally and the vertically printed specimens of
ULTEM™ 9085 shows a remarkable difference regarding the absorbed energy. The ULTEM™
9085 (V) absorbed 40.9% more energy than the horizontal one. However, the greatest
difference between the vertical and the horizontal directions is observed for the PETG, where
the vertical sample has an absorbed energy value 68.3% higher than the horizontal one. This

clearly shows the high level of anisotropy presented in these polymeric materials.

The tests conducted in wet environments with the samples immersed in artificial sweat for 30
days led to similar conclusions. Nevertheless, it was observed that the absorbed energy was
lower when compared to the tests without immersion for most materials. However, for the
PLA cases, an increase of 78.3 and 72.7% in the absorbed energy was observed for the
immersed samples. The same trend was detected for the PETG with an increase of 81.9% and
32.3% relative to the non-immersed ones, for H and V, respectively. The reason behind this
phenomenon was attributed to the varying hydrophilic and hydrophobic properties of the AM

polymeric materials used in this study.
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Table 1 - Average absorbed energy in air (left side) and wet environments (right side).

Material

Absorbed energy in

Absorbed energy in sweat (J)

air (J)
ABS (H) 1.201 £ 0.110 0.825 +0.050
ABS (V) 1.336 £ 0.084 1.268 £ 0.166
NYLON 12 (H) 3.402 £0.153 3.011 £ 0.068
NYLON 12 (V) 3.233 £ 0.007 3.220+£0.062
PC ABS (H) 2.095+0.727 2.416£0.179
PC ABS (V) 1.923 +£0.080 2.581+0.158
PETG (H) 0.656 +0.314 3.587 +0.474
PETG (V) 2.070+£0.179 3.056 £ 0.106
PLA (H) 0.557 +0.014 2.556 +£0.201
PLA (V) 0.668 £ 0.109 2.445 +0.178
PC (H) 3.230 £ 0.099 3.512+0.179
PC (V) 2.947 £+0.217 1.514 +0.158
TPU (H) 0.244 +0.009 0.212 +0.013
TPU (V) 0.320+0.018 0.260 + 0.006
ULTEM™ 1010 (H) 1.078 £ 0.103 1.491+0.233
ULTEM™ 1010 (V) 1.677 £ 0.496 2.483 £0.163
ULTEM™ 9085 (H) 1.760£0.173 1.852+0.171
ULTEM™ 9085 (V) 2.979+0.822 3.584 £ 0.090

The hydrophilic property refers to the affinity to absorb or attract water, while the
hydrophobic property refers to the resistance to water absorption. In the case of the tested
AM polymers, they exhibited different levels of hydrophilicity and hydrophobicity. TPU
showed a hydrophobic property while the others were hydrophilic. The hydrophobic
behaviour can be associated with a higher ability to repel liquids to a greater extent, while the
hydrophilic response is characterised by a greater tendency to absorb liquids. Therefore, the
differences in the hydrophilic and hydrophobic characteristics of the tested AM polymers led
to variations in their response to immersion in artificial sweat. The material states with a more
hydrophilic response exhibited a greater reduction in absorbed energy. Thus, thesweat
absorptionaffectedthemechanical properties and reduced their capacity to absorb energy.
Figure 1 shows the mass changes over time for four selected materials: ABS (Fig. 1a); Nylon

12 (Fig. 1b); PETG (Fig. 1c); and PC ABS (Fig. 1d).
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FIGURE 1 - Weight measurement for: (a) ABS; (b) Nylon 12; (c) PETG; and (d) PC ABS

Based on these results, it is suggested that when the material is printed in a vertical direction,

it generally shows better results in terms of high absorption rates than the horizontally printed

version. Nevertheless, it should be noted that there16 were some materials that showed good

energy absorption even when printed in the horizontal direction. Table 2 summarizes which

materials have the best energy absorption according to their printing direction (the green

color represents the best impact performance).
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Table 2 - Best impact performance (marked in green) in air and wet environments.
In air In sweat

Material

Vertical Horizontal Vertical Horizontal

ABS

NYLON 12

PC ABS

PETG

PLA

PC

TPU

ULTEM 1010

ULTEM 9085

Despite the energy absorbed is quite different, based on the experimental findings, both
Nylon 12 and TPU materials showed resistance to failure. Nylon 12 demonstrated a tendency
to bend rather than fail under the applied testing conditions. This suggests that Nylon 12
possesses excellent flexibility, allowing it to withstand high deformation without fracturing or
breaking. On the other hand, TPU was observed to be excessively flexible, indicating a high
degree of elasticity and a low degree of energy absorption. While this flexibility can be
advantageous in certain applications requiring materials with stretchability and resilience, it

may also suggest limitations in terms of rigidity and structural integrity.

Before immersion, Nylon 12 (H), PC ABS (H), and PC (H) showed the best energy absorption.
After immersion, PC (H), PETG (H), and PLA (H) demonstrated the best energy absorption. On
average, vertically printed materials displayed superior energy2 absorption. By analyzing the
results before and after immersion for the same material, PC (H) consistently showed the best
absorption rate in both cases (see Table 2). Nylon 12 (H) and PC ABS (H) showed greater liquid
absorption (see Fig. 1b, d). After immersion, PETG (H) and PLA (H) had greater energy
absorption compared to the vertical condition (see Table 2). The reason why PETG (H)
outperformed PETG (V) can be attributed to the presence of more molten areas noticed on

the fracture surface (see Fig. 2).

In general, greater damage is associated with higher values of absorbed energy. However, in
the case of materials for use in medical devices, it is often not important that all the energy is

elastic (less energy absorbed), since in this case it is the organism that absorbs the energy that
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is not absorbed by the material. There must be a trade-off between the values of absorbed

energy and elastic energy [13].

Fractography of Selected Materials

The analysis of fracture surfaces of tested materials revealed different failure mechanisms. As
exhibited brittle fracture, due to the presence of pores or spaces between layers, along with
surface cracks(see Fig. 2a). Thefracture surfaces of PC ABS exhibited voids, resulting in both

ductile and brittle fracture behaviour.

FIGURE 2 - Fracture surfaces: (a) ULTEM™ 9085 (H); (b) PC (H); (c) ABS (V); (d) ABS (H); (e) PETG (H); and (f) PETG (V).

PETG experienced brittle fracture primarily caused by crack propagation, accompanied by
visible voids on the fractured surface. PLA (H) and PLA (V) failures were attributed to crack
propagation with initial crack formations and filament fusion on the fractured surfaces

facilitating brittle fracture. PC (H) and PC (V) failures resulted from cracks with brittle fractures
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facilitated by filament fusion during the printing process which led to the formation of pores.
The fracture surface of ULTEM™ 1010 (V) and ULTEM™ 1010 (H) showed crack formations,
increased crack propagation, and pores caused by lack of fusion between dropped adjacent
rasterizations. ULTEM™ 9085 (V) and ULTEM™ 9085 (H) showed crack propagation resulting in
brittle fractures, and the presence of pores between the upper and interior layers (see Fig. 2).
Materials like NYLON 12 and TPU did not fail during the impact tests. Thus, there is no
fractography for these materials because they were prone to bend and did not exhibit total

failure.

Conclusions
Impact resistance of nine polymeric materials printed by AM on both vertical and horizontal

conditions was tested. Two environments were studied: in air and wet conditions (artificial
sweat for 30 days). After the tests, fracture surfaces were assessed by optical microscopy. In
summary, the tested polymeric materials exhibited an anisotropic behavior and susceptibility
to impact and wet environments. This study revealed that materials with higher weight gain
tend to absorb reduced energy. Additionally, results indicated that vertically printed materials
displayed the best performance regarding energy absorption. Moreover, when considering
the effects of immersion, Nylon 12 (V) emerged as the most suitable material, exhibiting
superior energy absorption properties. These findings provide valuable insights for material
selection and design, emphasizing the importance of considering and adequate printing
orientation and post-immersion behavior to optimize energy absorption in polymeric

materials produced by AM.
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Abstract
Orthoses are commonly used for treating injuries to improve the quality of life of patients,

with customized orthoses offering significant benefits. Additive manufacturing, especially
Fused Deposition Modelling, enhances these benefits by providing faster, more precise, and
more comfortable orthoses. The present study evaluates nine polymeric materials printed in
horizontal and vertical directions, by assessing their performance through compressive,
flexural, and tensile tests. Among all materials, polycarbonate, polylactic acid, and ULTEMTM
1010 showed the most promising results, not only because they had the highest mechanical
values, but also due to their minimal or no difference in performance between printing
directions, making them advantageous in orthoses fabrication. Based on this, a finite element
model of an Ankle-Foot orthosis was developed to simulate the deformation, strain, and stress
fields under static conditions. The findings aim to optimize material selection for orthotic
fabrication, where ULTEMTM 1010 is presented as the material with improved performance
and durability.

Keywords: Customized Orthoses; Additive Manufacturing; Polymeric Materials; Ankle-Foot
Orthosis; Mechanical Properties; Static Conditions

Introduction
Orthopaedic devices are commonly used for treating injuries that can be caused by falls, age-

related illnesses, or accidents. Orthoses are a type of assistive device, that can be used in
patients with physical impairments. The main function of these devices is to provide support
and correct a certain segment of the body, confine joint movement, and minimize the risk of
malformations by distributing the loading forces [1,2]. They can be categorized depending on
(1) the body portion: upper limb, spinal, and lower limb, or (ii) the joint involved: wrist-hand,

lumbar, and ankle-foot [3].

Customized orthoses present good outcomes in patients, such as comfort and pain reduction
[4], but as they are handmade, their quality highly depends on the competence and expertise
of the specialist [5]. Additive manufacturing (AM) presents several advantages to the time-
consuming and laborious conventional fabrication of custom orthoses, such as plaster casting
[3,6]. The production of the orthoses is faster; the patient's experience is more comfortable
since scanners can be used to aid in obtaining the desired geometry; the number of

technicians and the manual work is reduced; the model of the orthoses can be archived and
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reproduced when necessary; and there is less need for production equipment, therefore less

storage space [7].

Fused deposition modeling (FDM) is an AM technology that allows the production of three-
dimensional objects through the extrusion of a material layer by layer. This technique allows
for high precision in creating complex geometries that are challenging to achieve with
traditional methods. Consequently, it can enhance orthoses' performance, durability, and
modern aesthetics [8-10]. Furthermore, FDM offers greater accuracy, ease of use, and cost-
effectiveness compared to other AM strategies, such as selective laser sintering [11]. Despite
these advantages, the benefits of FDM technology are still underexplored [3]. One major
challenge is selecting the right material for orthoses, which must meet various mechanical
and physical properties [5,12,13]. No single material can meet all adequate criteria, but the
final product should be lightweight, user-friendly, cost-effective, durable, body-compatible,
and suitable for its intended use (e.g., rehabilitation or support). Using a hard material or an
improper design can result in an uncomfortable or biomechanically incorrect orthosis [1,5,13—

15].

The primary objective of this study is to evaluate nine polymeric materials printed in two
printing directions (horizontal and vertical relative to the base plate) by analysing their
compressive, flexural, and tensile properties. The second objective is the development of a
three-dimensional finite element model of a real Ankle-Foot orthosis for simulating its

deformation, stress, and strain fields under static loading conditions considering daily usage.

Materials and Methods
Materials Production

The study evaluated nine polymeric materials: acrylonitrile butadiene styrene (ABS), Nylon 12,
polycarbonate (PC), polycarbonate/acrylonitrile butadiene styrene (PC-ABS), polyethylene
terephthalate glycol (PETG), polylactic acid (PLA), thermoplastic polyurethane (TPU), and high-
performance polytherimide (PEl) thermoplastics ULTEM™ 1010, and ULTEM™ 9085. Materials

were provided by Stratasys and the specimens were manufactured using a 3D printer by FDM

(Stratasys F170 printer, Stratasys, Eden Prairie, MN, USA) with an infill density of 100%, infill
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angle of 45°, and a slice height of 254 um. Each material was printed in two directions:

horizontal (H) and vertical (V) relative to the base plate, as shown in Figure 1.

— Vertical —

— Vertical -»

Figure 1. Horizontal (H) and vertical (V) printing directions of the tested specimens.

Tensile Testing

Tensile tests were conducted following ASTM D638-14 standards [16]. The tested specimens
were printed in both H and V orientations. The tests were performed using a universal testing
machine (Instron Model 5544, Norwood, MA, USA) equipped with a 100 kN load cell. The test

speed was set to 5 mm/min.

Flexural Testing

Flexural tests were conducted using the same universal testing machine, but with a speed test
of 2 mm/min according to ISO 178 standard [17]. The specimens used for this test were the
same as those used in the tensile test since their specifications correspond to those used for

this standard.
Compression Testing

Compression tests were performed according to ASTM D695-23 standards [18]. The cylindrical
specimens tested were printed in the V direction. Testing was conducted using the same

universal testing machine, with a speed test of 1 mm/min.
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Data analysis of the mechanical assays

Tests were conducted at room temperature and for each test type and material, five
specimens were tested to ensure statistical reliability. The tensile/flexural/compressive
strength, Young’s modulus, and strain at break were recorded for each specimen, where the
results were averaged, and standard deviations were calculated. The influence of printing
direction on flexural and tensile properties was evaluated on GraphPad Prism 9 software with
multiple unpaired t-test. All tests were calculated with a confidence interval of 95%, where
statistically significant differences are represented by * p<0.05, ** p<0.01 and *** p<0.001.
Correlations for the mechanical assays were also calculated with Pearson correlation test on

GraphPad using the same software and confidence interval above-mentioned.
Static Structural Test

The static structural analysis of the ankle-foot orthosis was performed for the PC, PLA, and
ULTEM™ 1010 due to their minimal or low differences in printing direction mechanical results.
In this analysis, it was simulated a real ankle-foot orthosis. The three-dimensional model was
created using SolidWorks 2023, a software from Dassault Systemes Corporation (Waltham,
MA, USA). The model was imported as a Parasolid file (.x_t) into Ansys Workbench 19.2
software (Canonsburg, PA, USA) which provides a common platform integrating various Ansys
applications for multi-physics simulations and design optimization. The finite element mesh
contained 23440 nodes and 11758 elements, the element size was set at 5 mm and the mesh
type is tetrahedral. The physical model and the corresponding assembled meshed can be seen
in Figure 2, where different perspective views of the ankle-foot orthosis are shown. The Ankle-
Foot orthosis was designed with an increase in the length of the lever arm and the calf surface

area to assure comfort and efficiency [19].
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Figure 2. Ankle-Foot Orthosis Design model: Up view (A), 3D projection view (B), Front view
(C), Right view (D), and Mesh model (E).

The simulation of the real-life effects can be seen in Figure 3: the area where the foot will be
placed was assigned a ground-to-part relation with a fixed joint (in blue); to simulate the
contact and force that the body may apply on the Ankle-Foot orthosis in real life when
subjected to static conditions, a force of 490.03N was used with force vector components (-
3,5,490) N in X, Y, and Z directions. The force was applied to the entire model as shown in
Figure 3. The applied force is according to Marques et al [19] and Ali et al [20] investigations

describing the full contact moment in the gait cycle when the sole fully touches the ground.

B Force: 490.03 N
Components: -3.,5.490. N

Figure 3. Fixed joint ground to part in blue and applied force in red.

The finite element model was assumed to be linear-elastic, homogeneous, and isotropic. The
information about the isotropic elasticity, yield, and ultimate strength of the tested materials

according to the material’s supplier (Stratasys, Eden Prairie, MN, USA) is shown in Table 1.

Table 1. Material data.

Material Young’s modulus Poisson’s Ratio Tensile Yield Strength (MPa) Tensile Ultimate
(MPa) Strength (MPa)
PC 2250 0.39 57.9 57.3
PLA 3039 0.39 45.0 48.0
ULTEM™ 1010 2770 0.36 64.0 81.0

A static structural analysis was performed to obtain results relative to the total deformation,

equivalent elastic strain, equivalent von Mises stress, and factor of safety defined based on
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maximum equivalent stress theory and tensile yield. The structural analyses were carried out

for the three materials used in the numerical simulations.
Results
Tensile Tests

The tensile properties of the nine polymeric materials, printed in both H and V directions were
evaluated. The three parameters analysed were tensile strength (Figure 4-A), tensile Young's
modulus (Figure 4-B), and strain at break (Figure 4-C). For tensile strength in the H direction,
ULTEMTM 1010 gave the highest value of 69.99 + 1.23 MPa, and TPU was the lowest with a
value of 3.97 + 0.03 MPa. For the V direction, ULTEM™ 8095 gave the highest value with 73.17
1 0.33 MPa and TPU led to the lowest with a value of 4.36 + 0.03 MPa. Statistically significant
differences were found for most of the materials when comparing the printing directions, such
as ABS, PC-ABS, PETG, Nylon12, TPU, and ULTEM™ 9085, where the V direction was the one

with the highest values.

For tensile Young's modulus, TPU was the material with the lowest value for both directions,
with a modulus of 20.04 + 0.93 MPa and 24.18 + 0.54 MPa for the H and V directions,
respectively. The highest values were found in PLA, with a tensile Young’s modulus of 2451.36
+ 81.12 MPa and 2245.74 + 114.80 MPa, for the H and V direction, respectively. Statistically
significant differences were found between directions for the same materials as for tensile
strength, where the V direction was the one with the highest values, except for PLA where the

H direction gave rise to a higher modulus.

Finally, for strain at break, TPU was the only material that did not lead to a break fracture. PLA
was the material with the lower extension with a value of 4.07 £ 0.17 % and 4.48 + 0.31 % for
the H and V direction, respectively. For the higher values, in the H direction, ABS presented an
extension of 11.41 £ 0.60 %, and in the V direction, Nylon presented an extension of 21.89 +
5.46 %. Comparing printing directions, all materials led to statistically significant differences,
except PC-ABS and PETG. For ABS, PLA, Nylon, and ULTEM™ 9085, the V direction led to higher

values, whereas for PC and ULTEM™ 1010, the maximum values were found in the H direction.
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Figure 4. Tensile Strength (A), Young’s modulus (B), and strain at break (C) for all materials in
both printing directions: horizontal (H) and vertical (V). Statistical analysis was conducted with
multiple unpaired t-test and differences are represented by * p<0.05, ** p<0.01, and ***
p<0.001.

Flexural Tests

Similar to tensile testing, the flexural strength (Figure 5-A), flexural Young's modulus (Figure
5-B), and flexural strain at break (Figure 5-C) were evaluated for the nine tested materials in
both H and V printing directions. It should be noted that in this research it was not possible to
evaluate the TPU in our equipment due to its high flexibility, which led to some instability

issues resulting in very unreliable graphs.

For the flexural strength in the H direction, the highest value was attributed to ULTEM™ 1010
with a strength of 114 + 3.27 MPa, and the lowest value to PETG with a value of 55.56 + 2.26
MPa. In the V direction, ULTEM™ 9085 led to the highest value of 115 £ 1.44 MPa, and ABS
exhibited the lowest value with 59.18 £ 0.92 MPa. Focusing on printing direction, statistically
significant differences were found for the PC-ABS, PETG, ULTEM™ 1010, and ULTEM™ 9085,

where the V direction gave origin to higher values.
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For flexural Young’s modulus, in both printing directions, PLA gave the highest values, whereas
Nylon gave the lowest values: PLA-H was 1181.00 * 39.36 MPa, PLA-V was 1236.32 + 127.28
MPa, Nylon-H was 3313.68 + 142.03 MPa and Nylon-V was 3343.27 + 219.58 MPa. Between
directions, the statistically significant differences were similar to flexural strength, where PC-

ABS, PETG, ULTEM™ 1010, and ULTEM™ 9085 gave rise to higher values in the V direction.

Strain at break was lower for PLA, in both printing directions, with values of 4.86 + 0.33 % for
the H direction, and 5.89 + 0.26 % for the V direction. Nylon led to an extension of 14.93 +
0.36 %, being the material with the higher value in the H direction, whereas the in the V
direction was ULTEM™ 9085 with a value of 15.98 + 1.77 %. Once again, TPU also did not lead
to a fracture. Between printing directions, statistically significant differences were found for

ABS, PLA, ULTEM™ 1010and ULTEM™ 9085, where the V direction was the one with the higher

values.
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Figure 5. Flexural Strength (A), Young’s modulus (B), and strain at break (C) for all materials in
both printing directions: horizontal (H) and vertical (V). Statistical analysis was conducted with
multiple unpaired t-test and differences are represented by * p<0.05, ** p<0.01, and ***
p<0.001.
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Compressive Tests

Compression properties were only evaluated in the V direction. The values of compressive
strength, compressive Young’s modulus, and compressive strain at break obtained in the tests
are displayed in Figure 6-A, Figure 6-B, and Figure 6-C, respectively.

As far as the compression strength is concerned, the material that led to higher values was
PETG with 680.7 + 155.1 MPa and the lower was TPU with 16.9 + 1.1 MPa. For compression
Young’s modulus, PLA had the higher values with 2264.0 + 34.0 MPa, and PETG exhibited the
lower value with 1008.8 + 38.3 MPa. For compressive strain at break, the material that had a
higher strain value was PETG with 85.1 + 1.3%, while ULTEM™ |ed to the lower compressive
strain at break with 63.2 £ 0.7MPa.
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Figure 6. Compression Strength (A), Young’s modulus (B), and strain at break (C) for all
materials.

Correlation Assays
Analysing the correlation studies for the tensile tests, see Figure 7-Ai, Aii, it is possible
to conclude that the strain at break is not associated with the tensile strength for both printing

directions as the correlation coefficients are close to 0 (r=-0.2900 and r=-0.2946, for H and V
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direction, respectively). On the contrary, the tensile Young’s modulus, showed a negative
correlation with the tensile strain at break for both printing directions (r=-0.529 and r=-0.562
for Hand V direction, respectively), meaning that when the tensile Young’s modulus increases,
the strain at break decreases. This was also confirmed by the p<0.001 which confirmed that
this negative correlation is not due to random sampling. As for tensile strength versus tensile
Young's modulus, a positive correlation was found (r=0.602, and r=0.597 for H and V direction,
respectively, and p<0.001), meaning that when one parameter increases the other also

increases.

Regarding the flexural tests, see Figure 7-Bi, Bii similar results with the tensile assays were
found for the V direction. Flexural strength vs flexural strain at break presented no relationship
(r=-0.123, NS), flexural Young’s modulus versus flexural strain at break presented a negative
correlation (r=-0.469, p<0.01), and flexural strength versus flexural Young’s modulus
presented a positive correlation (r=0.702, p<0.001). As for the H direction, interestingly,
flexural strength versus flexural strain at break presented a negative correlation (r=-0.586,
p<0.001). The remaining analyses, were similar to the V direction as flexural Young’s modulus
vs flexural strain at break presented a negative correlation (r=-0.781, p<0.001), despite being
a must stronger correlation as value as close to -1. Finally, flexural strength vs flexural Young’s

modulus also presented a positive correlation (r=0.697, p<0.001).

For compression assays, see Figure 7-C, as similar to the other mechanical tests, compressive
Young’s modulus presented a negative association with compressive strain at break (r=-0.577,
p<0.001). The differences were found for the remaining correlations. Compressive strength
versus compressive strain at break presented a positive correlation (r=0.669, p<0.001) and
compressive strength versus compressive Young’s modulus presented a negative correlation

(r=-0.435, p<0.01).
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Figure 7. Correlation matrix for each mechanical assay: tensile test in the vertical (Ai) and
horizontal direction (Aii), flexural test in the vertical (Bi) and horizontal direction (Bii), and
compression test (C). The correlation coefficient is presented, as well as statistical differences
by * p<0.05, ** p<0.01 and *** p<0.001.

Static Structural analysis
Static structural analysis was carried out for PC, PLA, and ULTEM™ 1010 due to their minimal
or low differences in mechanical results between printing directions, and also because they

are the materials with the highest mechanical properties of all the materials, making them
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suitable for the production of orthotics. The results are represented in colour varying from
blue to red, which correspond from the lower to the higher values of the plotted variable. For
each material, equivalent stresses (Figure 8-A), equivalent strains (Figure 8-B), total
deformation (Figure 8-C), and safety factors (Figure 8-D) are presented. Regarding stresses,
for the three materials (PC, PLA, and ULTEM™ 1010), the maximum von Mises stresses are
around 25 MPa and stress concentrations are more located in the area covering the ankle. The
elastic strains are also more visible in that area where PC showed the highest maximum elastic
strain followed by ULTEM™ 1010 and PLA. The upper area of the Ankle-Foot orthosis showed
a significant deformation for the three materials with red indicating maximum total
deformation. PLA showed the lowest deformation compared to ULTEM™ 1010 and PC, while
PC showed the highest deformation. All three materials demonstrated a minimum safety
factor greater than 1. Among them, ULTEM™ 1010 had the highest safety factor, followed by
PC. PLA showed the lowest safety factor. Table 2 summarises the main results obtained in the
numerical simulations for the three materials (maximum von Mises stress, maximum elastic

strain, maximum total deformation, and minimum safety factor).

A- Von Mises stress (MPa)

ULTEM™ 1010

ULTEM™ 1010
7.5627 Max.
67224
15325017 Min
ULTEM™ 1010

15 Max
2536 Min

Figure 8. Static structural analysis of the Ankle-Foot ankle orthosis: (A) equivalent von Mises

stress; (B) equivalent strain; (C) total deformation, and (D) safety factor for the three tested
materials (PC, PLA, and ULTEM™ 1010).

I
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Table 2. Result summary for the PC, PLA, and ULTEM™ 1010.

Material Maximum von Mises  Maximum elastic strain Maximum total Minimum safety
stress (MPa) (mm/mm) deformation (mm) factor
PC 25.63 11.98x1003 9.34 2.26
PLA 25.54 8.85x1003 6.91 1.76
ULTEM™ 1010 25.24 9.61x103 7.56 2.54
Discussion

For orthotic AM production, it is essential that the chosen materials can withstand distinct
mechanical stresses, including those resulting from flexural, compression, and tensile forces.
These properties ensure that the orthosis will be durable and reliable for the patient while
maintaining its structural integrity and functionality over time. Different authors have
investigated different materials for orthotic production such as PC, PC-ABS, ULTEM, PLA, ABS,

and PETG [22-29]. However, a consensus on the most suitable material is still debatable.

FDM-manufactured parts are known to be anisotropic due to the specificities inherent to this
AM process, including the printing orientation [30,31]. This is why the mechanical properties
of printed materials must be addressed in different orientations to achieve the desired results.
Camargo et al. showed that the tensile and flexural strength of PLA-graphene material
increases with the increase of the infill, while impact energy decreases. An increase in layer
thickness also led to higher values in the referred mechanical properties [32]. Moreover, PLA
also exhibited varying flexural strengths depending on the type of filling, such as rectangular,

triangular, and honeycomb [33].

In the V direction, the layers of the printed materials are aligned parallel to the loads, while in
the H direction, they are aligned perpendicularly. This characteristic resulted in better
mechanical performance in the flexural tests, for all the analysed materials. For the tensile
tests, the best performance was associated with the V direction, except for the PLA’s Young’s
modulus, and for PC and ULTEM™ 1010 strain at break, where the H direction showed higher
values. Various studies have reported that printing directions affect the flexural properties of
resins [34,35]. Similar findings have been reported for thermoplastics, aligning with the results
found in the present study. The specimens printed parallel to the loads, presented higher
flexural strength in ULTEM™ 9085 and ABS [36], and higher tensile strength in ABS [37]. The

same was also observed for Nylon and ULTEM™ 9085 tensile strength, tensile Young's
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modulus, and tensile strain at break [38,39]. Curiously, ULTEM™ 1010’s tensile strength and
tensile Young’s modulus presented similar results between printing directions, but tensile
strain at break was also higher for the H direction [40]. Although PLA [41] and PC [42]
presented higher tensile strength values for specimens printed parallel to the loads in other
studies, this was not observed in the present study. This discrepancy may occur likely due to
variations in printing speed and temperature, which can affect the adhesion between layers
and the consistency of the filament diameter and its quality, leading to differences in
mechanical performance [6,43]. The rapid cooling from the FDM process can leave behind
empty spaces due to a very rapid shrinkage of the material which leads to a deficiency in the

adhesion between material layers, leading to residual stresses in the material [30].

The strength-ductility of the materials produced can be more effectively analysed through
correlation studies of mechanical properties [44]. It is known that Young's modulus is defined
as the ability of a material to resist deformation [45]. The ultimate strength, used in this study
as tensile/flexural/compression strength, is the maximum value that an object can resist
without breaking [46], and strain at break is the point the material fractures [47]. Results of
correlation demonstrated that there is no association between tensile strain at break and
tensile strength. This means that the material’s ability to withstand stress in both printing
directions does not predict its elongation. As for tensile Young’s modulus and tensile strain at
break, there is a negative correlation. This means that materials with a higher Young’s
modulus (stiffer materials) are often more brittle. Tensile strength vs tensile Young’s modulus
presented a positive correlation, as both are related to the material’s ability to bear loads. For
flexural tests, the same conclusions can be drawn, as similar results were obtained. The only
difference was found in the H direction, where a negative correlation was found between
flexural strength and flexural strain at break. In this direction, not only does a stiffer disc lead
to a brittle material but so does its load-bearing capacity. Lastly, the failure mechanisms of
compressive loads led to differences when compared to the tensile and flexural tests: a
positive correlation was found between compressive strength and compressive strain at
break, meaning that the materials can withstand higher loads and also elongate more; and
negative correlation between compressive strength and compressive Young’s modulus, where

a material that can withstand more loads does not necessarily exhibit greater stiffness.
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Regarding Ankle-Foot orthosis manufacturing, Raj et al. highlighted the advantages of using
AM to produce ankle-foot orthosis compared to conventional manufacturing [48]. Overall PC,
PLA, and ULTEM™ 1010 demonstrated the most promising outcomes. Not only do they
present a higher superior mechanical properties, but also their consistent results in the
different printing directions, make them particularly advantageous for orthosis fabrication due
to a higher printing flexibility. Thus, their choice for the simulations. The simulation of the
Ankle-Foot orthosis designed in this study gives realistic results relative to its mechanical
performance under real-world conditions while allowing for reduction of the amount of
prototype iterations for validation. The results of static structural analysis give an insight into
the mechanical performance of the Ankle-Foot orthoses produced using three distinct
materials. The stress distribution patterns are comparable to each other allowing us to identify
the concentrated high-stress regions where potential failures can occur. The maximum
stresses for PC, PLA, and ULTEM™ 1010 are below their tensile yield strengths which ensures
that the material behaves predictably, within its safe operating limits. PC showed the highest
maximum elastic strain, which means that it is prone to deform more compared to ULTEM™
1010 and PLA. The total deformation results show that PC is prone to significant deformation
while PLA has a lower deformation, whereas ULTEM™ 1010 balances between them.
Regarding the safety factor, a value lower than 1 indicates potential failure. In the three cases,
the safety factor is higher than 1 which indicates that these materials are in the acceptable
range. The safety factors of PCand ULTEM™ 1010 are greater than 2, indicating that the model
can handle twice the force applied without failing. Based on the simulation results, it is clear
that the current orthoses design will experience high stress levels in specific areas, regardless
of the material used.

Conclusions

Through these tests, we can select materials that will optimize the performance of orthoses,
contributing to better patient outcomes and satisfaction. The present study led to a better
understanding of 9 polymeric materials under various mechanical conditions. The correlation
studies emphasized the importance of considering different mechanical properties for
evaluating material performance. Nylon12, PC, PLA, and ULTEM™ 1010 presented the most
interesting results because there are no differences in values between the print directions,
making them more advantageous for orthosis printing. This led to the choice of virtual ankle-

foot orthosis based on these three materials. The FEA of the Ankle-Foot orthosis gives insight
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into the mechanical behavior of an ankle-foot orthosis under static conditions. This result from
the static structural analysis can help in optimizing ankle-foot orthoses for better performance
under real loading conditions. Based on the numerical simulations, ULTEM™ 1010 exhibited

the best performance.
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X. Datasets

All kinematic, kinetic, and spatiotemporal data are presented for each of the patients, as well
as the global data. Additionally, the results of the mechanical tests performed on different
materials are also presented.

Patient Affected Limb

1 Left

2 Left

3 Left

q Right

5 Right

6 Left

7 Right

8 Left

9 Right

10 Right
GLOBAL Left / Right

Graphics Lines:
-CO

__-PO
- Normative Data Healthy Adult
Statistical Analyses Performed:
Kinematics - SPM Paired (Patient); SPM Unpaired (Global)
Kinetics - SPM Paired (Patient); SPM Unpaired (Global)

Spatiotemporal - Wilcoxon Test [Paired — Non-Parametric] (Patient); Mann-Whitney Test
[Unpaired-Non-Parametric] (Global)
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Graphic Name

Actual Name of the Joint / Moment

Kinematics
Pelvic Angles X Pelvic Anterior Tilt
Pelvic Angles Y Pelvic Up Obliquity
Pelvic Angles Z Pelvic Int. Rotation
Hip Angles X Hip Flexion
Hip Angles Y Hip Adduction
Hip Angles Z Hip Int. Rotation
Knee Angles X Knee Flexion
Knee Angles Y Knee Varus
Knee Angles Z Knee Int. Rotation
Ankle Angles X Ankle Dorsiflexion
Ankle Angles Y Ankle Inversion
Foot Pitch Angles X Foot Pitch
Foot Progression Z Foot Int. Progression
Kinetics

Hip Moment X

Int Hip Extensor Moment

Hip Moment Y

Int. Hip Valgus Moment

Knee Moment X

Int. Knee Extensor Moment

Knee Moment Y

Int. Knee Valgus Moment

Ankle Moment X

Int. Ankle Plantarflexor Moment

Ankle Moment Y

Int. Ankle Extensor Moment
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Right Knee Angles Z
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Right Foot Progression Z
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PO co
Step Length Step Length
REP Left Right 1S (50%) IS (0%) REP Left Right 15 (50%) IS (0%) Left Right
1 024646 013351 35137 59.4521 1 025432 015423 37.7506 48.9977 Step length PO 0.24 0.12
2 024257 013183 35211 59.156 2 025105 015345 37.9357 48.2571 Step lengthCO 0.25 0.15
3 024148 013149 352548 58.9806 3 024825 015276 38.0938 47.6247 SwingTime PO 0.44 033
4 023987 011642 32.6756 69.2975 4 024802 014221  36.4426 54.2296 SwingTime CO 0.45 0.30
5 023577 011545 32.8711 68.5155 5 024611 013707 357717 56.9132 Stance Time PO 0.92 1.05
6 023556 011106 32.0409 71.8366 6 024355 013062 34.9093 60.3629 Stance Time CO 0.97 113
Mean  0.240285 0.1232933 33.8651 64.5397 Mean  0.24855 0.1450567 36.8173 52.7309 - o 00%
SD 0003822 0.0091547 1.35961 543844 SD  0.0034367 0.009076 1199  4.79601
Step Length PO 0.12
PO co Step Length CO 0.15
Swing Time Swing Time
Swing Time PO 033
REP Left Right 1S (50%) IS (0%) REP Left Right  1S(50%) IS (0%)
1 047 035  42.6829 29.2683 1 047 032  40.5063 37.9747 SwingTimeCO 030
2 046 034 425 30 2 047 031 39.7436 41.0256
3 045 033 42.3077 307692 3 045 03 10 g0 StenceTimero | 08
4 043 033 43.4211 263158 4 045 028 383562 46.5753 |
Stance Time cO | 113
3 043 032  42.6667 29.3333 3 042 028 40 40 1
6 042 03 416667 333333 6 042 028 40 40 ]
Mean  0.443333 0.3283333 42.5408 29.8367 Mean 0.4466667 0295  39.7677 40.9293 =Left = Right
SO 0017951 0.0157233 052138 2.08551 SD  0.020548 00160728 0.67088 2.68352
PO co
Stance Time Stance Time
REP Left Right 1S (50%) IS (0%) REP Left Right  15(50%) IS (0%)
1 096 107 527094 10.8374 1 099 114 53.5211 14.0845
2 094 1.06 53 12 2 097 114 540284 16.1137
3 091 106  53.8071 152284 3 096 113 54.067 162679
1 091 104 533333 133333 1 096 113 54.067 162679
s 09 104 536082 14.433 s 096 111 536232 14.4928
6 0388 102 536842 147368 6 095 11 53.6585 14.6341
Mean 0916667 1.0483333 53357 13.4282 Mean  0.965 1125  53.8275 153102
SD 0026247 0.0167498 039163 1.56651 SD 00125831 0015 023067 0.92266
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PO co
Step Length Step Length
REP Left Right  1S(50%) 1S (0%) REP Left Right  1S(50%) 1S (0%) Left Right
1 028932 019744 40.5621 37.7517 1 026634 016644 38.4583 46.1666 StepLlength PO 0.28 0.18
2 028903 018466 38.9833 44.0668 2 02659 016046 37.6349 49.4605 StepLlength CO 0.26 0.15
3 027429 017494  38.9422 44.2312 3 02654 015718 37.1953 51.2187 SwingTime PO 0.41 035
4 027411 017328 38.7313 45.0748 4 025428 015158 37.3479 50.6086 SwingTime CO  0.38 032
s 026715 017300 39.3172 42.7312 5 024922 014200 363114 54.7545 stanceTime PO 1.02 1.18
6 026611 016854 38.776 44.8959 6 024880 013765 356108 57.5568 StanceTime CO 1.16 122
Mean  0.276668 0.1786583 39.2187 43.1253 Mean  0.2583383 0.1525667 37.0931 51.6276 o o 100
SD  0.009373 0.0097032 0.62978 2.51913 SD  0.0077455 0.0100772 0.91661 3.66644
Step Length PO 0.18
PO co Step Length CO 0.15
Swing Time Swing Time
Swing Time PO 035
REP Left Right  IS(50%) 1S (0%) REP Left Right  1S(50%) 1S (0%)
1 0.48 037  43.5294 25.8824 1 0.44 038  46.3415 14.6341 SwingTimeCO 032
2 0.41 036  46.7532 12987 2 0.38 034  47.2222 11.1111
3 041 036  46.7532 12.987 3 038 033 464789 140845 S=nceTmero T 12}
4 04 035  46.6667 13.3333 4 038 03 441176 235294 [
stance Time cO - | 12
5 039 034 465753 13.6986 5 038 029  43.2836 26.8657 T
6 037 03 447761 20.8955 6 033 029  46.7742 12.9032
Mean 0.41  0.3466667 458423 16.6306 Mean 0.3816667 0.3216667 45.703 17.188 | Left mfight
SD  0.034157 0.0228522 124918 4.99674 SD  0.0318416 0.0323608 1.46242 5.84968
PO co
Stance Time Stance Time
REP Left Right  1S(50%) 1S (0%) REP Left Right  15(50%) 1S (0%)
1 08 1.22 60.396 41.5842 1 135 125 480769 7.69231
2 103 121 540179 16.0714 2 1.21 124 506122 2.44898
3 117 118 502128 0.85106 3 118 123 51.0373 4.14938
4 116 115 497835 0.8658 4 115 123 51.6807 6.72269
5 09 115 56.0976 24.3902 5 1.05 119 53.125 125
6 107 115  51.8018 7.20721 6 1.02 118 53.6364 14.5455
Mean  1.021667 1.1766667 53.7183 15.1617 Mean 1.16 122 513614 8.0098
SD  0.133843 0.0292499 3.69204 14.4717 SD  0.1086278 0.0258199 1.8185 4.29068
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Mean: Right Ankle Angles X Right Ankle Angles X CO ve. Right Ankle Angles XPO.

Right Ankle Angles Y
1.6-7.5%, 12.9-20.4%, 25.0-31.4%, 78.4-87.7%, 90.8-92.4%, 95.0-97.6%

Mesn: Right Ankie Angles Y . Right Ankle Angles ¥ CO ve. Right Ankle Angles ¥ PO
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Left Ankle Angles X
0.8-6.8%, 7.1-9.2%, 57.2-63.0%

Mesn: Len Ankle Angles X N Left Ankle Angles X CO ve. LeR Ankle Angles X PO
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Right Foot Pitch Angles X

1 Foot Pitch Angles X Ristht Faat Pitch Angles X CO ve. Right Foot Pitch Angles X PO
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Right Foot Progression Z
7.0-17.9%, 37.8-48.8%

Mean: Right Foot Progression Z N Riglt Foot Progression Z CO va. Right Foot Progression 2 PO
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Left Foot Progression Z
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PO co
Step Length Step Length
REP Left Right 15(50%) 1S (0%) REP Left Right 15(50%) 15 (0%) Left Right
1 023779 032046 57.4044 29.6176 1 026941 034624 56.2397 24.959 Step Length PO 0.22 0.30
2 02305 031248 57.5491 30.1963 2 023522 033083 584454 33.7815 StepLlength CO 0.21 031
3 0223 030987 58.1511 32.6046 3 022539 031671 58.4228 33.6912 swingTime PO 0.51 0.92
4 022129 030089 57.6219 30.4876 4 019457 031518 61.8303 47.3212 swingTime CO 055 0.89
5 020541 020314 587985 35.1941 5 018601 030185 61.8723 47.489 Stance Time PO 2.30 179
6 0.2022 0.28858 58.8003 35.2011 6 0.17858 0.27418 60.5575 42.2299 Stance Time CO 1.60 2.19
Mean 0.220032 0.3042367 58.0542 32.2169 Mean 0.2148633 0.314165 59.5613 38.2453 0% 100%
SD  0.012696 0.0111232 0.57508 2.30033 SD  0.0317841 0.0225998 2.04351 8.17402 ' )
step Length PO 030
PO co step Length o | 031
Swing Time Swing Time I
swing Time PO | 092
REP Left Right 15(50%) 1S (0%) REP Left Right 15(50%) 15 (0%) I
1 055833 095  62.9836 51.9343 1 061667 096667 61.0526 44.2103 SwingTimeco |ININOSSI 0.89
2 054166 094167 63.4835 53.9341 2 058333 094167 61.7489 46.9954
3 0525 093333  63.9999 55.9997 3 054167 086667 61.5384 46.1536 “tncelmePO i
4 048333 091667 65.4764 61.9057 4 0525 086667 62.2755 49.1022
stance Time cO - | 219
5 048333 090833  65.2695 61.0781 5 050834 085833 62.8045 51.2179 T
6 0.46667 0.88333 65.4319 61.7274 6 0.50833 0.83334 62.1121 48.4486
Mean 0.50972 0.9222217 64.4408 57.7632 Mean  0.5472233 0.8888917 61.922 47.688 mlLeft mRight
SD 003382 0.0223965 0.99798 3.99193 SD  0.0401577 0.0480323 0.55871 2.23483
PO co
Stance Time Stance Time
REP Left Right  1S(50%) IS (0%) REP Left Right  1S(50%) IS (0%)
1 243333 21 463236 14.7057 1 179 2475 580305 32.1219
2 2375 185833  43.8976 24.4096 2 174 2.4 57.971 31.8841
3 2325 180833  43.75  25.0002 3 165 235 58.75 35
4 230833 178333 43.5845 25.662 4 163 2.01667 55.3017 21.2067
5 225 165 423077 30.7692 5 15 1.96667 56.7308 26.9232
6 2.13334 1.51667 41.5525 33.79 6 1.31 1.91667 59.4009 37.6035
Mean 2.304167 1.78611 43.5693 25.7228 Mean 1.6033333 2.1875017 57.6975 30.7899
SD  0.095103 0.1804476 1.49364 597457 SD  0.1597568 0.2256533 1.34594 5.38376
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PATIENT 5

Right Pelvic Angles X
0.5-85.0%, 92.2-100.0%

Right Pelvic Angles Y
14.6-22.6%, 58.7-71.6%

Mean: Right Pelvic Angles ¥ " Right Pelvic Angles ¥ CO ve. Right Pelvic Angles ¥ PO
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Right Pelvic Angles Z
15.5-23.1%, 49.1-89.6%, 94.6-95.8%, 99.9-100.0%

Mean: Right Pelvic Anghes 2 " Right Pelvic Angleu Z CO ve, Right Pelvic Angles Z PO

Left Pelvic Angles X
0.0-57.1%, 83.6-100.0%

Let Pelvic Angles X CO v, Left Pelvic Angles X PO
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Left Pelvic Angles Y
2.1-44.1%, 61.6-64.3%

Wesn: Left Pehvic Angles ¥ N Lek Pelvic Angles ¥ CO va. LeMt Pelvic Angles ¥ PO
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Left Pelvic Angles Z
88.8-100.0%

Mesn: LeR Peivic Angles 2 . Left Pelvic Anglew Z CO v, Left Pelvic Angles Z PO
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Right Hip Angles X
39.8-48.1%, 89.6-90.2%

Mean: Right Hip Angles X Right Hip Angles X CO ve. Right Hip Angles X PO

—_—i PET AT

Right Hip Angles Y
18.3-24.9%, 58.1-62.2%, 67.4-72.2%, 79.8-87.7%

Mean: Right Hip Angles ¥ Right Hip Angles Y CO ve. Right Hip Angles ¥ PO
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Right Hip Angles Z
0.0-8.4%, 11.5-27.2%, 29.7-89.5%, 92.2-94.7%, 95.2-100.0%

Mean: Right Hip Angles Z N Right Hip Angles 2 CO ve. Right Hip Angles 2 PO

Left Hip Angles X
35.7-54.3%, 82.5-84.3%
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Left Hip Angles Y
29.3-38.6%, 61.3-65.2%, 92.8-96.3%

Mean: LeH Hip Angles ¥ . Left Hig Angles ¥ CO ve. Lef Hip Angles ¥ PO

0

Left Hip Angles Z
36.1-40.5%, 56.4-59.3%, 63.9-65.7%, 93.7-94.5%

Miean: Len Hip Angles Z . LeR Hip Angles Z CO ve. Left Hip Angles Z PO
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Right Knee Angles X

Mean: Right Knee Angles X Right Knee Angles X CO va. Right Kaee Angles X PO

Right Knee Angles Y
68.6-74.6%, 78.1-80.8%, 81.7-94.9%, 96.7-97.3%

£
Gt Oyl 1)

298



Right Knee Angles Z
0.0-6.9%, 12.9-22.6%, 24.2-34.5%, 47.5-71.8%, 75.3-86.7%, 92.3-100.0%

Mean: Right Knee Angles 2 . Right Knee Angles Z CO ve. Right Knee Angles Z PO

Left Knee Angles X
6.8-9.1%, 20.9-22.9%, 37.0-42.5%, 80.4-83.9%

Mhean: Lem Kinee Anghes X . Left Knee Angles X CO va. Lelt Knee Angles X PO

m
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Left Knee Angles Y
19.9-20.0%, 29.0-31.5%, 52.5-61.6%, 83.9-84.1%, 93.4-95.3%

Mhean: Lkt Kinee Anghes ¥ . Lef Knee Angles ¥ CO va. Lelt Knee Angles Y PO

Left Knee Angles Z
0.0-89.6%, 93.8-100.0%

ean: Lef Knee Angles 2 . Len Knee Angles Z CO ve, Left Knee Angles Z PO
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Right Ankle Angles X
5.8-73.6%, 85.7-86.7%, 99.2-100.0%

Mean: Right Ankle Angles X " Right Ankle Angles X CO ve. Right Ankle Angles XPO.

Right Ankle Angles Y
8.9-29.1%, 31.2-44.5%, 72.0-77.6%

301



Left Ankle Angles X
13.2-16.9%, 18.2-25.2%, 48.8-62.7%, 80.6-82.6%

Mesn: Len Ankle Angles X . Left Ankle Angles X CO ve. LeR Ankle Angles X PO

Left Ankle Angles Y
0.0-0.8%, 11.9-86.8%, 89.5-97.9%

Mesn: Len Ankle Angles ¥ ; Left Ankle Angles Y CO ve. Len Ankie Angles Y PO
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Right Foot Pitch Angles X
0.0-2.5%, 68.1-73.8%

Mesn: Right Foot Pitch Angles X Ristht Faat Pitch Angles X CO ve. Right Foot Pitch Angles X PO

Left Foot Pitch Angles X
0.9-69.9%, 80.5-81.9%, 87.8-91.4%, 99.3-100.0%

N |
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Right Foot Progression Z
81.3-86.0%

Mean: Right Foot Progression Z Riglt Foot Progression Z CO va. Right Foot Progression 2 PO
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Left Foot Progression Z
2.4-75.9%, 80.5-81.7%

Mean: LeR Faat Pragression Z Lett Feot Progression Z CO ve. Left Foot Pragression Z PO
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Right Hip Moment X

it Hip Mement X

Right Hig Woment X CO va. Right Hip Moment X PO
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Left Hip Moment X

Mean: Lett Hip Moment X Left Hip Mesment X CO ve. LeRt Hip Mament X PO
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Left Hip Moment Y

Mear: Left Hip Moment Y Left Hip Wesment Y CO ve. LeR Hip Mament Y PO
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Right Knee Moment X

Mean: Right Knee Momeni X Right Knes Moment X CO va. Right Knee Moment X PO
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Right Knee Moment Y
66.2-73.1%

Mean: Right Knee Mament ¥
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Right Knee Moment Y CO va. Right Knee MomentY PO
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Left Knee Moment X

Meen: Leh Knee Moment X LeR Kree Moment X CO ve, Let Knee Memen X PO
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Right Ankle Moment X
67.8-70.4%

Mean: Right Ankle Mament X €O vu. Right Ankle Moment X PO

Right Ankle Mement X
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Right Ankle Moment Y

Mhasn: Right Ankie Mament ¥ Right Ankle Wement Y CO ve. Right Ankle Moment Y PO

Mt G

—r
.
&
o
4
o
o1k
o ' | | ' | ' . | | ' ' '
o 0 El n «© @ n E @ 100 a el 0 w & n B @ 109

Gan Oyl 1)

309



[

[

Left Ankle Moment X

Mhean: Left Ankle Moment X

Left Ankle Moment Y
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PO co
Step Length Step Length
REP Left Right  1S(50%) IS (0%) REP Left Right  1S(50%) 15 (0%) Left Right
1 018847 034753 648377 59.3507 1 024672 033783 57.7932 31.1727 Step Length PO 0.17 030
2 017991 032037 640381 56.1526 2 02434 033282 57.7592 31.0368 SteplengthCO 0.23 031
3 016919 03153 650787 60.315 3 023154 031685 57.7782 31.1129 SwingTime PO 0.35 0.58
4 0.16705 0.2889 63.3622 53.4488 4 0.22585 0.30573 57.5135 30.0538 Swing Time CO 0.39 0.62
5 0.16074 0.27091 62.7615 51.046 5 0.22385 0.30188 57.4211 29.6844 Stance Time PO 2.45 211
6 015034 025077  61.147 44.588 6 020896 020475 585158 34.0633 Stance Time CO 1.64 131
Mean  0.170783 0.2989633 635375 54.1502 Mean 02300533 0.3149767 57.7968 31.1873 o o oo
SO 0.010363 0.0323901 1.33316 533264 SD  0.0126438 0.0158656 0.35123 140493 |
Step Length PO N | 030
PO 0 step Length O | 031
Swing Time Swing Time |
swing Time PO | N 058
REP Left Right  1S(50%) IS (0%) REP Left Right  1S(50%) 15 (0%) [
1 0375 065833 637096 54.8382 1 045833 065833 589553 35.8211 SwingTimeco |G 0.62
2 035 061667 637932 551729 2 041667 065  60.9373 43.7492
3 035 050167  62.832 51328 3 0.39167 0625 614752 459008 Ctreelmefo 230
4 0.34167 0.575 62.727 50.9082 4 0.35833 061667 63.2482 52.9928
Stance Time CO 131
5 0.33333 0.54167 61.9051 47.6206 5 0.35 0.59167 62.832 51.328
6 033333 05 60.0002  40.001 6 034167 055833 62.0367 48.1467 ]
Média 0347222 0.5805567 62.4945 49.9781 Mean 03861117 0.6166667 615808 46.3231 HLeft mRight
DP  0.014165 0.0508409 1.2845 513802 SD  0.0412939 0.0340206 1.40666 562663
PO co
Stance Time Stance Time
REP Left Right  1S(50%) IS (0%) REP Left Right  1S(50%) 15 (0%)
1 269167 2425  47.3941 104236 1 173333 1475 459741 16.1037
2 25 214167 461401 15.4397 2 171667 133333 437157 25137
3 2.40833 2075  46.2826 14.8698 3 166667 131667 441341 23.4636
4 2375 2.05 46.3277 14.6893 4 16 126667 44.1861 23.2556
5 2375 1.99167 45.6107 17.5571 5 1.575 1.225 43.75 25
3 236667 1909167 456979 17.2084 6 155833 121667  43.844 24.6241
Mean  2.452778 2.1125017 462422 15.0313 Mean 16416667 1.3055567 442673 22.9307
SD  0.116038 0.1488956 0.58328 2.33311 SD  0.0680421 0.0870903 0.78405 3.13622
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PATIENT 6

Right Pelvic Angles X
18.0-20.5%, 76.7-83.5%, 86.3-87.1%

Mean: Right Palvic Angles X Right Pelvic Angles X CO ve. Right Pelvic Angles X PO

Right Pelvic Angles Y
2.5-32.9%, 56.5-87.7%

Mean: Right Pelvic Angles ¥ " Right Pelvic Angles ¥ CO ve. Right Pelvic Angles ¥ PO
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Right Pelvic Angles Z

Mean: Right Pelvic Anghes 2 . Right Pelvic Angleu Z CO ve, Right Pelvic Angles Z PO
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5.0-9.3%
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Wesn: Left Pehvic Angles ¥
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Mesn: LeR Peivic Angles 2
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Left Pelvic Angles Y
0.0-12.4%, 28.1-100.0%

Haratio (ks

sen )

SN

Lek Pelvic Angles ¥ CO va. LeMt Pelvic Angles ¥ PO

Left Pelvic Anglew Z CO v, Left Pelvic Angles Z PO
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Right Hip Angles X

Mean: Right Hip Angles X Right Hip Angles X CO ve. Right Hip Angles X PO
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Right Hip Angles Y

9.5-15.2%, 16.6-18.9%, 29.9-30.1%, 71.4-85.8%
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Right Hip Angles Z
39.4-42.6%, 47.7-48.2%, 68.5-70.9%, 72.3-81.6%, 86.8-89.2%, 96.7-97.3%

Mean: Right Hip Angles Z Right Hip Angles 2 CO ve. Right Hip Angles 2 PO

Left Hip Angles X
3.7-7.1%

Mean: Leh Hip Angles X Left i Angles X CO ve. Left Hip Angles X PO
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Left Hip Angles Y
0.0-12.8%, 15.2-16.8%, 38.3-97.4%, 99.4-100.0%

Mean: Lel Hig Angles ¥ " Left Hig Angles ¥ CO ve. Lef Hip Angles ¥ PO

Left Hip Angles Z
3.9-4.1%, 17.0-17.1%, 51.2-53.7%

Miean: Len Hip Angles Z . LeR Hip Angles Z CO ve. Left Hip Angles Z PO
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Right Knee Angles X

Right Knee Angles X CO v, Right Knee Angles X PO
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Mean: Right Knee Angles X
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Right Knee Angles Y
0.0-4.4%, 8.5-11.5%, 14.1-60.7%, 95.3-100.0%

Right Knee Angles ¥ GO v, Right Knee Angles T PO

Mean: Right Knes Angies ¥
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Right Knee Angles Z

Mean: Right Knes Angles 2 Right Knee Angles Z CO vs. Right Knee Angles Z PO
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Left Knee Angles Y
16.8-18.7%, 84.4-85.5%

Mhean: Lkt Kinee Anghes ¥ Lef Knee Angles ¥ CO va. Lelt Knee Angles Y PO
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Left Knee Angles Z
0.0-4.8%, 6.1-23.4%, 25.2-32.8%, 37.1-58.7%, 60.5-64.2%, 65.1-79.4%, 82.4-86.0%, 87.9-91.8%, 93.5-
100.0%

322



Right Ankle Angles X
0.7-64.0%, 70.2-86.0%, 94.4-100.0%

Mean: Right Ankle Angles X - Right Ankle Angles X CO ve. Right Ankle Angles XPO.
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PO co
Step Length Step Length
REP Left Right  I5(50%) 1S (0%) REP Left Right  IS(50%) 1S (0%) Left Right
1 030924 014224 315053 73.9789 1 031161 013966 30.9482 762071 Steplength PO 0.31 0.14
2 030822 014224 315766 73.6936 2 030958 013217 29.9196 803214 SteplengthCO  0.31 0.13
3 030767 014073 31.3849 74.4603 3 030818 012881 29.4766 82.0934 SwingTime PO 0.72 0.49
4 030307 014011 316147 73.5412 4 030728 012871 29.5213 819147 SwingTime O 0.78 0.50
5 030234 013005 315028 73.989 5 030353 012712 29.5182 819273 Stance Time PO 3.11 339
6 030197 013702 312126 75.1498 6 030185 012147 28.6946 852216 Stance Time CO 3.16 3.41
Mean 0305418 0.1402317 31.4661 74.1355 Mean  0.307005 0.1296567 29.6798 81.2809 % o 100%
SD 0003011 0.0018276 0.13419 0.53677 SD  0.0033651 0.0054993 0.67448 2.69791
Step Length PO 014
PO co Step Length CO 0.13
Swing Time Swing Time
Swing Time PO 0.49
REP Left Right  1S(50%) 1S (0%) REP Left Right  IS(50%) 1S (0%)
1 074167 05 402683 38.9266 1 080833 050833 38.6075 455699 SwingTimeCO 050
2 074167 05 402683 389266 2 079167 050833 39.1023 435908
3 071667 049167 406897 37.2412 3 078333 050833 303548 425809 StreeTmero [NSEI—— 39
4 070833 048333 405594 37.7624 4 0775 049167  38.816 44.7362 ) [
stance Time co | 341
5 070833 048333 405594 37.7624 5 0775 049167  38.816 44.7362 T
6 070833 0475  40.141 39.4362 6 075833 048333 38.9761 442955
Mean 0720833 0.4888883 40.4144 383426 Mean 0.7819433 0.49861 38.9371 44.2516 mLeft mRight
SO 0015026 0.0092137 0.19802 0.79208 SD  0.0155284 0.0101097 0.23799 0.95197
PO co
Stance Time Stance Time
REP Left Right  15(50%) 15 (0%) REP Left Right  IS(50%) 1S (0%)
1 315 3495 52.0913 8.36502 1 321667 346667 51.8703 7.48129
2 314167 341667 52.0966 8.38627 2 32 344167 51.8193 7.27739
3 313333 339167 51.9796 7.91847 3 315 343333 521519 8.6075
4 3125 330167 52.0461 8.18424 4 313333 3375  51.8566 7.42648
5 311667 3375  51.9897 7.95881 5 3125 3375 519231 7.69231
6 3 335833 528178 11.2712 6 311667 335833 51.8661 7.4644
Mean  3.111112 3.3930567 52.1702 8.68067 Mean  3.156945 3.4083333 51.9146 7.65823
SD  0.050842 0.0227808 029307 1.17229 SD  0.0380116 0.0405419 0.11039 0.44157
Speed Stride Width Stride Length
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PATIENT 7
Right Pelvic Angles X
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Right Hip Angles X
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Right Hip Angles Z
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Mean: Right Hip Angles Z Right Hip Angles 2 CO ve. Right Hip Angles 2 PO
=

. T
==
.
0
.
i
2
N
N
vl peavs
\ | i ' | ] “ | | ] ] | ]
o 0 £ 0 " 50 @ n E @ " o o 3 ® i ES @ n @ @ o
Gan Cycle 15
. Mean: Lot Hip Angles X Left Hip Angles X GO ve. Left Hip Angles X PO
T BT
—
o
©
.
=
T z
ol
\ | i ' | ] . . | ' ! \ !
o 0 £ 0 « B n B @ o o o 3 » " ES @ n kS @ "

Ed
Gan Oyl 1)

334



Left Hip Angles Y

et Hip Angles ¥ Left Hig Angles ¥ CO ve. Left Hip Angles ¥ PO

Haratio (ks

=
.
.
.
£ z
st m ot 13
=
.
)
.
£ z
.

Ed
Gan Oyl 1)

335



o 0 o
6
4
4 o
oL
L
‘o 0 £

Right Knee Angles X

Mean: Right Knee Angles X
Haratio (ks

—

sEnan)

E
Gan Oyl 1)

Right Knee Angles Y

Mean: Right Knes Angies ¥
Mt G

—r

SN

Ed
Gan Oyl 1)

Right Knee Angles X CO v, Right Knee Angles X PO

Right Knee Angles ¥ GO va. Right Knee Angles T PO

336



Right Knee Angles Z

==
.
H B
_ S O
==
.
o
Bl g

Gan Oyl 1)

337



Left Knee Angles Y

Mhean: Lkt Kinee Anghes ¥

Haratio (ks

Left Knee Angles Z

.
.
£
2
s
. . | . : | '
o 0 @ w0 « B . n @ @ "
Gencyde 5
Wesn: Lot Kige A 2
[r—
o
Bt
- | i ' | '
o 0 ™ © o n @ @ "

Ed
Gan Oyl 1)

sEnan)

SN

Lef Knee Angles ¥ CO va. Lelt Knee Angles ¥ PO

Len Knee Angles Z CO ve. Left Knee Angles Z PO

338



it Ankle Angles X

E
Gan Oyl 1)

Mesn: Right Ankie Angles Y

Ed
Gan Oyl 1)

Right Ankle Angles X

Right Ankle Angles X CO ve. Right Ankle Angles XPO.
Haratio (ks
—

sEnan)

Right Ankle Angles Y

Right Ankle Angles ¥ CO ve. Right Ankle Angles ¥ PO

Mt G

—r

SN

339



Left Ankle Angles X
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Right Foot Pitch Angles X
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PO co
Step Length Step Length
REP Left Right  15(50%) 1S (0%) REP Left Right 1S (50%) IS (0%) Left Right
1 01822 027826 60.4309 41.7235 1 019932 026812 57.3592 29.4369 Step Length PO 0.17 0.24
2 017713 025078 58.6058 34.4231 2 01726 026696 60.7335 429338 StepLengthCO 0.18 0.26
3 01692 015833 48.3406 6.63756 3 01704 026271 60.6566 42.6266 SwingTime PO 0.36 071
4 0164 024624  60.0234 40.0936 4 016090 026143 60.5976 42.3902 SwingTime CO 0.41 075
5 016291 028311 63.4747 53.8989 5 016979 025882 60.3859 41.5436 StanceTime PO 1.86 151
6 015525 024592 613007 45.2028 6 016814 025613 60.3696 41.4783 StanceTime CO 1.92 1.60
Mean  0.168448 0.2437733 58.696 36.9966 Mean 017504 0.2623617 60.0171 40.0683 0% o 100%
SD 0009034 0.0410225 4.85858 14.7945 SD  0.0109368 0.0042164 1.19608 4.78432 )
step Length po | 024
PO co step tength o 026
Swing Time Swing Time I
swingTime PO | NN 071
REP Left Right  1S(50%) 1S (0%) REP Left Right 1S (50%) IS (0%) [
1 038333 074167 659262 63.7049 1 043333 079167 64.6261 585045 SwingTimeCO |NNEIEEEGDEN 075
2 038333 073333 656717 62.6869 2 0425 0775 645833 58.3333
3 035833 071667 66.667 66.6679 3 041667 075 642855 57.1421 °SrEneelimefo o
4 035 070833 66929 67.7161 4 040833 073333  64.2337 56.9346 )
Stance Time CO 1.60
5 034167 069167 66.9354 67.7415 5 04 0725  64.4444 57.7778
6 0325 065833  66.949 67.7962 6 0375 071667 65649 62.5958
Mean 0356943 0.7083333 66.5131 66.0523 Mean 0.4097217 0.7486117 64637 58.548 HLeft mRight
SD 0021199 0.0276395 051919 2.07676 SD  0.0188905 0.0269679 0.4744 189761
PO co
Stance Time Stance Time
REP Left Right  15(50%) 1S (0%) REP Left Right 1S (50%) IS (0%)
1 1875 153333 44.9877 20.0491 1 194167 165 459396 16.2415
2 1.86667 1525 449631 20.1476 2 193333 165 460466 158138
3 186667 151667 44.8276 20.689% 3 1.925 164167 46.0281 15.8876
4 185833 15 446651 21.3398 4 1925 155 446043 21.5827
5 1.85 148333 44.4999 22.0002 5 190833 154167  44.6861 21.2557
6 1.84167 1475 444723 22.1107 6 189167 154167 449029 20.3883
Mean  1.859723 1.505555 44.736 21.0562 Mean 19208333 1.595835 453679 18.5283
SD 0011197 0.0213367 0.20559 0.82237 SD  0.0164919 0.0515381 0.64387 2.57549
Speed Stride Width Stride Length
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PATIENT 8
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1 Foot Pitch Angles X Ristht Faat Pitch Angles X CO ve. Right Foot Pitch Angles X PO

Haratio (ks

==
.
.
@
.
o
|
N
:
. | | ) ' | ] . | | ] ] | ]
s R S s m @ wmow a o wm ow ow  om m ow owm ®  om
e
. Lot Pt Pt s 1 Lo Faot i Angles X C0 v, Lot Foot Pk Anges 5 P2
JA—
==
.
@
.
.
B
|
5
. | | ) ' | ] . | | ] | ]
s s 0w ow w s P w wmow . ow s ow T T

Gan Oyl 1)

363



Mean: Right Foot Progression Z

Right Foot Progression Z

| | '
© E &0
Gan Oyl 1)

Mean: LeR Faat Pragression Z

Riglt Foot Progression Z CO va. Right Foot Progression 2 PO

.
.
Left Foot Progression Z
—5
.
)

364



[

[

one

ight Hip Mement X

E
Gan Oyl 1)

Mesn: Right Hip Moment ¥

Ed
Gan Oyl 1)

Right Hip Moment X

Haratio (ks

—

sEnan)

Right Hip Moment Y

Mt G

—r

SN

Right Hig Woment X CO va. Right Hip Moment X PO

Right Hip Wement ¥ CO v Right Hip Moment ¥ PO

365



[

Left Hip Moment X

Left Hip Mesment X CO ve. LeR Hia Mament X PO

Mean: Lett Hip Moment X
Haratio (ks 5
N ' | | ' | ' o ' 1 ' ' ' '
o o El n © E 0 n El e 09 o o El o ® El e n E @ 10
Gan Oyl 1)
| Mear: Left Hip Moment Y Left Hip Mesment Y CO ve. LeR Hip Mament Y PO
Mt G n
o
&
1
4
o
o
ant
ol
o
. | | ' | ' 1 ' ' ' '
n E @ 100 o el w El & n B @ 10

Ed
Gan Oyl 1)

366



[

Mean: Right Knee Momeni X

Mean: Right Knee Mament ¥

Ed
Gan Oyl 1)

Right Knee Moment X

Haratio (ks

—

sEnan)

Right Knee Moment Y

Mt G

—r

SN

Right Knes Moment X CO va. Right Knee Moment X PO

L 0gs, 7

Right Knee Moment Y CO va. Right Knee MomentY PO

367



[

Meen: Leh Knee Moment X

E
Gan Oyl 1)

Meen: Len Knee Moment Y

Ed
Gan Oyl 1)

Left Knee Moment X

Left Knee Moment Y

Haratio (ks
—

Mt G

—r

sEnan)

SN

LeR Kree Moment X CO ve, Left Knee Memen X PO

LeR Knee Woment Y CO ve, Left Knee Mement ¥ PO

368



[

[

Right Ankle Moment X

, Was: Riht Arke Moment X Right Al Moment X CO ve. Right nkle Moment & PO
Je——
—
1 PET T
.
1
.
1
'
. z
on
onl
02t
e | | i | | i N | | | i \ i
o 0 £ w0 * 50 o n £ @ " o o ES ® 0 ES @ n @ @ i
Gan Cycle 15
. hasn: Right Arkos Moment ¥ Rigint Arkle lpment Y CO vs. Rigit Ankle Moment Y PO
[——
—
“uie.
.
04
f
03
01
o | i | | i | | i \ i
o 0 B o n E @ - o ES i ES @ n @ @ "

Ed
Gan Oyl 1)

369



[

[

sk

nam

Mhean: Left Ankle Moment X

E
Gan Oyl 1)

Mhean: Left Ankie Moment ¥

Ed
Gan Oyl 1)

Left Ankle Moment X

Haratio (ks

—

sEnan)

Left Ankle Moment Y

Mt G

—r

SN

LeR Ankle Moment X CO vs, LeR Ankie Moment X PO

LeR Ankle Moment ¥ CO vs, LeR Ankie Moment Y PO

370



PO co
Step Length Step Length
REP Left Right 1S (50%) IS (0%) REP Left Right 1S (50%) IS (0%) Left Right
1 026721 029505 52.4757 9.90289 1 028193 028996 50.7021 2.80823 Step length PO 021 0.29
2 025223 029217 53.6683 14.673 2 02463 026926 52.2267 8.90682 Steplength CO 024 0.26
3 023018 028885 55.6519 226076 3 024598 026257 51.6331 6.53255 Swing Time PO 0.71 054
4 018555 028591 60.6435 425741 4 023858 025671 51.8302 7.32096 Swing Time CO 0.7 0.50
5 017779 028085 61.2354 449416 5 02211 024321 52.381 9.52381 Stance Time PO 2.12 215
6 017102 028027 62.1042 48.4168 6 021141 023212  52.3347 9.33871 Stance Time CO 1.96 2.01
Mean  0.213997 0.2871833 57.6298 305193 Mean 024088 0.2589717 51.8513 7.40518 o o5 100%
SD 0.037688 0.0054628 3.83566 153426 SD  0.0223804 0.0185006 0.58079 2.32316 |
step Length PO 0.29
PO co step tength o [ 026
Swing Time Swing Time
Swing Time PO 0.54
REP Left Right 1S (50%) IS (0%) REP Left Right 1S (50%) IS (0%)
1 079167 056667 41.7178 33.1287 1 084167 0525 384145 46.3418 SwingTimeCO 050
2 073333 055833 43.2258 27.0969 2 084167 0525  38.4145 46.3418
3 071667 054167 43.0464 27.8144 3 080833 050833 38.6075 455699 SenceTmero N 245
4 068333 054167 44218 23.1282 4 074167 049167 39.8649 40.5403 ) |
stanceTime O - | 201
5 068333 0525  43.4484 262064 5 070833 048333  40.5594 37.7624 1
6 064167 050833  44.2026 23.1896 6 068333 0475  41.0073 35.9708 ‘
Mean  0.708333 0.5402783 43.3098 26.7607 Mean 07708333 0.5013883 39.478 42.0878 uLeft mRight
SD 0047141 0.0194952 0.84181 3.36724 SD  0.0630551 0.019494 105495 4.21979
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REP Left Right 1S (50%) IS (0%) REP Left Right 1S (50%) IS (0%)
1 22 225833 50.6542 2.61667 1 2075 216667 510806 4.32235
2 219167 225833 50749 2.99596 2 204167 205833  50.2032 0.81268
3 2125 223333 512428 4.97117 3 1975 205 509317 3.72671
4 209167 216667 50.8806 3.5225 a 19 201667 51.4894 595761
5 2075 200833 49.1836 3.26547 5 188333 104167 50.7626 3.05046
6 201667 1075  49.478 2.08785 6 185833 185  49.8877 0.44926
Mean 2.116668 2.1499983 50.3647 3.24327 Mean 1955555 2.01389 50.7259 3.05318
SD 0.064549 0.1164674 0.75826 0.89934 SD  0.0814622 0.0989141 05367 1.92788
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PO co
Step Length Step Length
REP Left Right 1S (50%) IS (0%) REP Left Right  1S(50%) IS (0%) Left Right
1 018145 008184 31.0836 756656 1 018166 009898 35.2694 58.9225 Step length PO 0.18 0.06
2 017752 00733 292241 83.1034 2 017715 009773 355537 57.7852 Step lengthCO 0.17 0.08
3 017685 006363 26.4596 94.1617 3 016746 008638 34.0293 63.8828 Swing Time PO 0.27 0.44
4 017291 006209 26.4213 943149 4 016686 008542 33.8592 64.5632 Swing Time CO 0.32 0.46
5 01728 004869 21.9829 112.068 5 016399 00524  24.2155 103.138 Stance Time PO 2.42 2.34
3 016956 003742  18.079 127.684 6 01619 005006 23.611 105.556 StanceTime O 2.36 235
Mean  0.175182 0.0611617 25.5418 97.833 Mean 0.1698467 0.078495 31.0897 75.6413 o 0% 100%
SD 0003873 0.0147258 4.36359 17.4543 SD  0.0071182 0.0199551 511361 20.4544
Step Length PO 0.06
PO co Step Length CO 0.08
Swing Time Swing Time
swing Time PO | 041
REP Left Right 1S (50%) IS (0%) REP Left Right  15(50%) 15 (0%) [
1 028333 0475  62.6376 50.5506 1 035 05 58.8235 35.2941 swingTimeco [N 046
2 026667 046667 63.6362 54.545 2 033333 048333 59.1837 36.735
3 026667 045833 63.2179 52.8717 3 0325 0475 59375 375  OSwnceTmefO 25
4 026667 045 627904 51.1616 4 031667 045 586954 34.7816
Stance Time CO 2.35
5 025833 04 607598 43.0392 5 030833 044167 58.8893 35.5573
6 025833 036667 58.6672 34.6688 6 03 040833 57.6469 30.5874
Mean  0.266667 0.4361117 61.9515 47.8061 Mean 03222217 0.4597217 58769 35.0759 HLeft mRight
SD 0008333 0.0392828 172354 6.89416 SD  0.0164335 0.0302065 0.55096 220383
PO co
Stance Time Stance Time
REP Left Right 1S (50%) IS (0%) REP Left Right  1S(50%) IS (0%)
1 254167 2425 488255 4.69812 1 2 66667 255 488818 4.47297
2 251667 241667 48.9865 4.05405 2 243333 2425 499143 034292
3 245833 2375  49.138 3.44814 3 2375 234167 49.6467 141329
4 24 235833 49.5621 1.75145 4 2295 2325  51.0989 4.3956
5 2325 23 497297 1.08108 5 2225 226667 504639 1.85543
3 225833 218333  49.1557 3.37712 6 220833 219167  49.8107 0.75727
Mean  2.416667 2.343055 49.2329 3.06833 Mean  2.355555 2.3500017 49.9694 220625
SD 0100924 0.0824154 031542 1.26166 SD 016278 0.1142597 0.68746 164594
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Step Length Step Length
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SD 0018845 0.0102928 1.99183 7.96731 SD  0.0048044 0.0030687 0.5096 2.03839 |
step Length PO 024
PO co step tength co - | 022
Swing Time Swing Time |
swing Time PO | NS 082
REP Left Right  15(50%) 15 (0%) REP Left Right  15(50%) 15 (0%) [
1 0.33333 0.85833  72.0281 88.1124 1 0.34167 0.85 71.3285 85.3139 swingTimeco [N 0.79
2 033333 0383333 71.4287 85.7148 2 033333 084167 71.6315 86.526
3 0325 081667 715329 86.1317 3 0325 078333 70.6766 827064 “enceTimePO 108
4 0325 080833 71.3234 852938 4 031667 078333 71.2118 84.8473 )
Stance Time CO 1.06
5 0325 079167  70.8956 83.5824 5 0.30833 0775 715387 86.1547
6 031667 078333 71.2118 84.8473 6 0.30833 0725  70.1615 80.6461
Média 0326388 0.8152767 71.4034 85.6137 Mean 0.3222217 0.793055 71.0914 84.3657 HLeft mRight
DP  0.005724 0.0251912 0.34366 1.37464 SD  0.012424 0.0423335 0.51627 2.06507
PO co
Stance Time Stance Time
REP Left Right  15(50%) 15 (0%) REP Left Right S(50%) 1S (0%)
1 174167 1.1 387096 45.1615 1 16 1.09167  40.5573 37.7706
2 164167 104167 38.8199 44.7204 2 159167  1.08333  40.4983 38.0067
3 161667  1.04167  39.185 43.2601 3 156667  1.05833 40.3173 38.7307
4 16 103333  39.2404 43.0383 4 1.53333 105  40.6452 37.4191
5 155833  1.00833 39.2857 42.8573 5 15 105  41.1765 352941
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£1.3006855
47.524277
453317414
44 3481109
39.3564671
387646084
37.8958098
31.083596
29.2241448
26.4595808
26.4212766
21.9829338
18.0790415
58.3579718
60.4306381
61.9623152
£2.5756175
64.694814%
£4.6947363
54.61
13.43

IS [0%)
414571786
412042102
43.6244181
42 7764984
43.9886087
230546569
52.452062
59.1550829
58.9806151
£9.2974824
68.5154604
71.8365934
37.7516641
44 0667947
442312401
45.074767
42 7312375
44 8958932
29 6175549
30.196324
32.6045752
30.4875713
35.1840628
35.2011084
59.3507463
56.1525546
60.3149704
53.4488431
51.0459863
44 5880374
73.9780138
73.6935577
744603033
73.5412248
73.0889893
75.1497756
417234939
344231264
£.63755092
40.0936037
53.B089283
452027819
9.9028919
14 6730345
22 6075564
42 5741314
449415664
48 4167608
75.6656159
83.1034208
94 1616766
943148936
112 068265
127.683834
37.4318871
417225522
478772636
50.30247
527792506
58778945
52.20
2241

10

REP

[T=T RN I = T B S CE I X R

Mean
5D

Affected

0.26541
0.25442
0.22154
0.2093%
0.20912
0.18943
0.25432
0.25105
0.24825
0.24802
0.24611
0.24355
0.25634
0.2659
0.2654
0.25428
0.24522
0.24889
0.34524
0.33083
0.31671
0.31518
0.30185
027418
0.33783
0.33282
0.31685
0.30573
0.30188
0.25475
0.311861
0.30858
0.30818
0.30728
0.30353
0.30185
0.28812
0.26695
0.28271
0.25143
0.25882
0.25613
0.28193
0.2453
0.24596
0.23858
0221
0.21141
0.09858
0.08773
0.08638
0.08542
0.0524
0.05006
0.22391
0.22171
0.21579
0.21889
021754
0.21411
0.25
0.07

Cco

Step Length
Unaffecte

]
0.38947

0.35387
0.38821
0.38284
0.37891
0.34135
0.15423
0.15345
0.15276
0.14221
0.13707
0.13062
016544
0.16046
0.15718
0.15158
0.14208
0.13765
0.25941
0.23522
0.22535
0.19457
018501
0.17858
0.24572
0.2434
0.23154
0.22585
0.22385
0.20856
0.13966
013217
0.12881
0.12871
01272
012147
0.18932
0.1726
0.1704
0.16955
0.16979
0.16814
0.289596
0.26926
0.26257
0.25571
0.24321
0.23212
0.18166
017715
0.16748
0.16586
0.16359
0.16196
0.14837
0.141%8
0.13654
0.13591
013412
0.13228
0.20
0.07

IS {50%)
39.9185
401677
36.4525
35.3562
35.6842
35.6863
£2.2424
£2.0643
61.9062
£3.5574
£4.2283
£5.0807
£1.5417
£2.3651
£2.8047
62.6521
63.6286
f4.3892
56.2397
58.4454
584228
61.8303
61.8723
B0.5575
57.7932
57.7592
57.7782
57.5135
57.4211
585158
69.0518
70.0804
70.5234
70.4787
704818
71.3054

L BT ]

15 (0%)
40,3261
39.3282
54.19
58.5752
57.2633
57.2548
489977
482571
47 6247
54,2206
56.9132
£0.3629
45 1666
494605
51.2187
50.6086
54,7545
57.5568
24959
33.7815
33.6912
47.3212
47.489
42.2299
31.1727
31.0368
31.1129
30.0538
29.6844
34.0633
76.2071
20.3214
22.0034
21.9147
21.9273
85.2216

mm Ay

Area do Grafico

60.6566
60.5976
B0.3859
60.3696
492979
47.7733
4B 3669
4B 1658
47.61%
47 6653
35.26094
35.5537
34.0293
33.8592
24.2155
23.611
60.4705
60.9613
01.2689
61.6939
01.8934
61.811B
55.16
1197

42 6266
423802
41.5436
41.4783
2.80823
B.90682
6.53255
7.32096
952381
933871
589225
57.7852
63.8828
64.5632
105.138
105.556
41.8818
43 845
45.0757
46.7756
47.5736
47.2473
47.47
21.54
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10

REP

LE=T R R - R R

Mean
5D

Left

0.51
0.91
0.83
0.8
0.77
0.75
0.47
0.45
0.45
0.43
0.43
0.42
0.43
0.41
0.41
0.4
0.39
0.37
0.95
0.54167
0.93333
0.91867
0.5%0833
0.88333
0.65833
0.61667
0.58167
0.575
0.54167
0.5
0.74167
0.74167
0.71867
0.70833
0.70833
0.70833
0.74167
0.73333
0.71887
0.70833
0.69167
0.65833
0.79167
0.73333
0.71867
0.68333
0.68333
0.50833
0.475
0.46667
0.43833
0.45
0.4
0.36667
0.85833
0.83333
0.81867
0.20833
0.79167
0.78333
0.66
0.18

FO

Swing Time

Right
0.49
0.45
0.39
0.36
0.32
0.31
0.35
0.34
0.33
0.33
0.32

03
0.37
0.36
0.36
0.35
0.34

03

0.55833

0.54185

0.525

0.48333

0.48333

0.45857

0.375
0.35
0.35

0.34167

0.33333

0.33333

05

05

0.49167

0.48333

0.45333

0.475

0.38333

0.38333

0.35833
0.35

0.34187

0.325

0.58867

0.55833

0.54187

0.54187

0.525

0.64167

0.28333

026867

026867

0.26867

0.25833

0.25833

0.33333

0.33333

0.325
0.325
0.325

0.31887
0.39
0.09

15 {50%)
65
66.9117647
£8.0327869
£8.9655172
70.6422018
70.754717
57.3170732
575
57.6923077
56.5789474
57.3333333
52.3333333
56.4705882
53.2467532
53.2467532
53.3333333
53.4246575
55.2238806
£2.0835646
£3.4835134
63.9999177
65.4764286
£5.2685342
£5.4318519
637085604
£3.7932283
£2.83199
62.7270446
£1.9051429
60.00024
587316517
59.7316517
59.3102935
58.4406123
59.4406123
59.8590419
£5.0262222
£5.6717354
B6.6660767
66.0290207
66.9353746
66.9480405
58.2821679
56.7742285
56.8536055
55.7820408
56.5516043
442026087
62.637638
63.6362357
£3.217931
£2.7904056
B0.7588013
58.6672
72.0280953
71.4286939
71.5329288
71.3234451
70.8956093
71.2118182
62.11
5.75

15 (0%)
60
67.6470588
72.1311475
75.862069
82 5688073
83.0188679
29.2682927
30
30.7692308
26.3157895
28.3333333
33.3333333
25.8823529
12 987013
12 987013
13.3333333
13.6986301
20.8955224
51.83425B4
53.9340538
55.9996709
61.9057143
61.0781369
61.7274074
548382414
55.1729132
51.3279559
50.9081785
47.6205714
40.00096
38.9266069
38.9266069
37.2411738
37.762445
37.762449
39.4361674
63.704EEED
62 6869414
66.667007
67.7161188
67.7414584
67.796162
33.1286718
27.0865914
27.8144222
23.1281633
26.2064171
23.1895652
50.5505519
545448587
52.8717241
51.1616225
43.0392053
34.6688
BB.1123B1
B5.7147755
86.1317193
85.2937803
B3.5824371
B4 B472727
4923
21.30

10

REP

L=T - R R - RN I

Mean
sD

Left

0.85
0.79
077
0.74
0.62
0.55
0.47
0.47
0.43
0.45
0.42
0.42
0.44
0.38
0.38
0.38
0.38
0.33
0.61667
0.58333
0.54167
0.525
0.50834
0.50833
0.45833
0.41667
0.39167
0.35833
0.35
0.34167
0.80833
0.79167
0.78333
0.775
0773
0.753833
0.43333
0.425
0.41887
0.40833
0.4
0.375
0.84167
0.84167
0.80833
0.74167
0.70833
0.68333
0.35
0.33333
0.325
0.31667
0.30833
0.3
0.34167
0.33333
0.325
0.31867
0.30833
0.30833
0.51
0.18

co
Swing Time
Right
0.54
0.47
0.44
0.43
0.35
0.33
0.32
0.31
0.3
0.28
0.28
0.28
0.38
0.34
0.33
0.3
0.28
0.28
0.96867
0.94167
0.26667
0.26667
0.85833
0.83334
0.65833
0.65
0.625
0.61667
0.59167
0.55833
0.50833
0.50833
0.50833
0.49167
0.45167
0.48333
0.79167
0.775
0.75
0.73333
0.725
0.71867
0.525
0.525
0.50833
0.45167
0.48333
0.475
0.5
0.48333
0.475
0.45
044187
0.40833
0.85
0.234167
0.78333
0.78333
0.775
0.725
0.56
0.19

IS {50%)
61.4285
62.6984
63.6364
£3.2479
£3.2653
62.5
59.4937
60.2564
60
61.6438
)
)
53.6585
527778
53.5211
55.8824
56.7164
53.2258
38.9474
38.2511
38.4616
37.7245
37.1955
37.8879
41.0447
39.0627
38.5248
36.7518
37.168
37.9633
£1.3925
60.8977
60.6452
61.184
61.124
61.0739
35.3739
35.4167
35.7145
35.7663
35.5556
34.351
£1.5855
£1.5855
£1.3925
50.1351
59.4406
58.9927
411765
40.8163
40,625
413045
411107
423531
28.6715
28.3685
29.3234
28.7882
28.4613
29.8385
48.09
12.26

15 (0%)
45.7143
50.7937
545455
52.9915
53.0612

50

37.9747

41.0256
40
46.5753
40
40

14,6341
11.1111
14.0845
235254
26.8657
12.9032
44 2103
46.9554
46.1536
451022
51.2179
484486
35.8211
43.7482
455008
52.9928

51.328
48.1467
45 5658
43.5508
42 5809
44 7362
447362
44 2955
5B.5045
5B8.3333
57.1421
56.9346
57.7778
62.5958
46.3418
46.3418
45.5698
40.5403
37.7624
35.9708
35.2841

36.735

37.5

347816
35.5573
30.5874
B85.3139

B6.526
B2.7064
B4.8473
B6.1547
B0.6461

4676
16.63

438



Affected Limb 5D Unaffected Limb 5D
Step Length PO 0.24 0.07 0.19 0.06
Step Length CO 0.25 0.07 0.20 0.07
Swing Time PO 0.66 0.18 0.39 0.09
Swing Time CO 0.51 0.18 0.56 0.19
Etance Time PO 197 0.64 189 0.71
Stance Time CO 179 0.60 181 0.69
0% 505 100%
|
Step Length PO 024 ! | 0ag
Step Length OO 0.25 k | 0.20
swing Time PO 0.55 | D33
Swing Time Co 051 0.56
Stance Time PO 1.57 b i 1.89
Stance Time CO 179 I i 1E1
|
Affected Limb Unaffected Limb
Speed Stride Length Stride Width
0.3+ 0.0485 0.6 0.6824 0.3
] T ] 0.8681
£0.2- E04 =027 L
= ] P = ]
3 E, g
g 3 = ]
“ 0.1 0.2 0.1
0.0- 0.0 T 0.0-
PO co PO co PO (od0)
AFO AFO AFO
Double Limb Support Cycle Time
2.5 4-
0.5174 0.7586
2.0 3]
s | A
£ E2
F1.0 F
0.5 7
0.0 T 0 |
PO co PO co
AFO AFO
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ALimbStep Length

ALimbStep Time

ALimbStride Length

0.4 2.5 03307 0.6 0.3501
; 0.5379 - — T
0.3 T ' T _
E ] — E0.4
- ] 215 =t
- ] QD -
0.2 £ =]
s E = c
8 9 F1.0 &
] 0.2
DJE 0.5
0.0- . 0.0 . 0.0 .
PO co PO co PO Co
AFO AFO AFO
ALimbStance Time ALimbSwing Time ALimbCycle Time
34 1.0 4-
0.9718 0.7487 0.5927
0.8 T 2 T
X Toe 0)
o o o
E E E 27
F Fo4 F
1,
0.2 1
0- 0.0 T 0 T
PO co PO co PO co
AFO AFO AFO
ALimbSteps Minute ALimbStrides Minute
80 40—
] 0.3426 1 0-5207
1 = g
60 T 30- T
£ 407 =20
A n
20 104
0- 0-
PO co PO co
AFO AFO
ULimbStep Length ULimbStep Time ULimbStride Length
0.3 0.9677 1.5 0.6 0.7998
1 T 0.9677 T
] [ —
o2 210 | £o04
s Y £
=] 1 1S o)
S ] = §
0.1 0.5 0.2
0.0- 0.0 0.0 :
PO co PO Cco PO co
AFO AFO AFO
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ULimbStance Time

0.2801

i

PO co
AFO

ULimbSwing Time

o
i

Time (s)

0.2

0.0

0.5998
—

T

T
PO co

AFO

ULimbCycle Time

4_

0.4348
T
2_

1,
0 T
PO CO
AFO

Steps

10

=]
o

o D
o o

N
o

ULimbSteps Minute

0

L =]

0.5413

:

PO coO
AFO

ULimbStrides Minute

40

0.4582

!

PO co
AFO
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Material Testing

Compression Tests

ASA

180
160
140

120

——ASA_1

2 10 ——ASA_2
g —ASA_3
F a0 -
ASA_4
60 —ASAS
——ASA6
40
Compression Modulus 2420 MPa
20
ICompression Stress 188 MPa
o
Ref: Data Sheet 0 05 0.6 07 03
Max. C
Amostra Max Load (N) B
1 19110 153,095 1485,5
2 20000 160,224 1501,8
3 19840 159,448 1467,6
ASA
4 19810 158,201 1447,3 — e
5 19940 159,744 1474,3 , ! MPa
Yield Strangth
6 153,799 1081
GPa
[ media | 19626,667 | 157,316 | 1480,767 | Moduus
Nylon 12
800
700
600
——Nylon12_1
500
——Nylon12_2
400 ——Nylon12_3
Nylon12_4
300 ——Nylon12_5
——Nylon12_6
200
100
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09

Amostra  Max Load (N) Max. Compression Stress Compression Modulus

(MPa) (Mpa)
1 80650 637,986 1083,2
2 70870 565,0653 0934
Nylon 12 3 88780 711,239 1072,8
a4 85910 686,068 1092,9

5 90370 719,4052 1095,1 Compression Modulus 1070 - 6800
6 87250 698,98138 1094,7

| média | 83971667 | 669,791 | 1088,683 | Compression Stress 6-167

Ref: MatWeb
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PC PC

350

300
250
200 e—PC_1
o
2 —PC_2
&
150 —rC_3
pC_4
—pCS
202 ——PC6
Compression Modulus MPa.
ICompression Yield w0
Strenght 18-86 MPa
Ref: MatWeb 0
o 01 0.2 03 0.4 05 06 0.7
Extensdo
Max. C ion Stress  C i Jull
A ti N e T T
ostis. Rl 01 (MPa) (Mpa)
1 35730 286,2419 1455,2
2 36230 290,247511 1454,1
PC 3 58640 284,2892288 15238 ,
4 34390 275,5068149 1460,3
5 35350 283,6473 1453,4 “?‘“
6 34990 280,3136 1459,8 Yield Strength "_ = )
[weda | soz21667 | 2msa7a | wassess |
Modulus =
PC ABS PC-ABS
200
180

g
—d

140
120 —PC-ABS_1
2 ——PC-ABS_2

£ 100
2 ——PC-ABS_3
80 PC-ABS_4
——PC-ABS_5

60
e PC-ABS_6

40

20

0

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Extensdo

Amostra Max Load () M2X Compression Stress  Compression Modulus

(MPa) (Mpa)
1 23270 186,718 1287,2
2 23640 189,086 1302,7
PC-ABS 3 32810 is1s8d 2998
a4 23510 188,046 1287,7
ICompression Modulus
5 23450 187,566 1297,8
6

23330 185,429 1289,2

ICompression Stress

Ref: MatWeb Ref: MakeltForm
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PETG

PETG

800
700
600
o 500
3
2
G
= 400
300
200
100
PR —— E—
0 0.1 02 03 04 05 06 07 08
Extensio
Max. Compression Stress Compression Modulus
Amostra Max Load (N) (MPa) [ME?]WWWWWM
1 95770 763,5996 819,23
2 96640 770,5363239 1148,9
PETG 3 97470 771,0420527 1039,5
L 96290 765,3218605 1081,9
5 97470 769,8283 820,54
6 97020 767,4823017 850,05
[ mMeédia | 96776667 | 767,968 | 960,053 base/petg/
PLA e
700
600
500
400
8
£
fd
300
200
100
./ -
0 0.1 02 03 04 05 06 07
Max. Compression Stress Compression Modulus Extensgo
Amostra Max Load (N) (MPa) (Mpa
1 10050 78,376 25839
2 9740 76,565 2451,1
PLA 3 37480 300,738 23175
4 27650 217,355 25371 |Compression Modulus
5 27090 213,623 2402
6 75940 592,300 2587,4
Média 31325 246,659 2479,833

0.9

0.8

——PETG 1

09

PETG_2
PETG_3
PETG_4
PETG_S
PETG_6

—PLAl
——PLA2
——PLA3

PLA 4
——PLAS
——FPLAS
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TPU

400
350
300
250
—TPU_L
2 —TPU_2
2 200
ki ——TPU_3
TPU_4
150
—TPUS
4 —
100 4 TPU_G
50
0
[ 01 02 03 04 05 06 07 08 0s 1
Extensio
Max. Compression Stress Compression Modulus
Amostra Max Load (N} (MP3) ™ a‘l“””””””””““
1 45190 365,4982 1039,6
2 26500 214,3329 1113,3
U 3 g 271> sang7
4 14900 121,2836 1144,5
5 12050 96,68883 1066,5 Compression Modulys ~ 16.9
5 10600 8586992 926,62 Compression Stress 26
Média I 21848 176,734679 1058,104
Ref: data sheet
U LTEM 1010 ULTEM 1010
450
400
350
300
——ULTEM1010_1
g =0 ——ULTEM1010_2
E 00 ——ULTEM1010_3
ULTEM1010_4
150 ——ULTEM1010_5
——ULTEM1010_6
100
50
0
0 01 02 03 04 05 06 07

Extensdo

Amostra  Max Load (N) Max. Compression Stress Compression Modulus

(MP3) (Mpa)
1 50490 398,148 2098,2
2 52790 417,598 2123,9
ULTEM 3 409,938 2117,3 jion Modulus
1010 51740
4 50540 401,063 2140,3 o
5 53220 421,664 2120
6 50360 398,376 2110,5 Ficha Técnica
Média | 51523333 | 407,798 2118,367
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ULTEM 9085 ULTEm 9085

400

—— ULTEMS3085_1
—— ULTEMS3085_2

Tenso

—— ULTEMS085_3

ULTEMS085_4
= ULTEM3085_5
—— ULTEMS3085_6

] 01 02 03 04 05 06 07

Extensio

Amostra Max Load (N) M2 Gompression Stress  Compression Modulus

(MPa) (Mpa)
1 43850 352,970702 1736,6
2 45510 365,7512 1741,8
ULTEM 3 44130 352,9763 17333
9085
4 43530 350,9526 1744,3
5 43810 353,2100409 1767,4
s 843,4723 1760.3
Média | 43916667 | 353,222 [ 1747,283 ]

Compression Stress (MPa)
1000

800
600
400+

200

Tensdao a Compressao (MPa)
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Moédulo de Young (MPa)

Médulo de Young (MPa)
3000-

2000

o
|

1000 i
N

Break (%)

1
T N O O O %
v & < O;Yg’ qu‘ QY Q\Q QOP
g & &

447



Nylon12

PC-ABS

PETG

ULTEM 1010

ULTEM 9085

158.1+2.919

690.7 £32.07

283,2+5.627

187.4+1.381

768.8£2.394

280,7+191.4

176.7+117.0

405.0 + 8.506

355.245.984

ASA 90

Resisténcia & Compressdo (MPa)

Mddulo de Young (MPa)

1475+ 20.31

1088 £ 9.657

1457 + 3.255

1293+6.951

988.2+£145.3

2486+ 120.3

1058 + 83.98

2118+ 15.66

1745+ 13.41

Flexural Tests

ASA

Breal (%)

65.80+1.304

82.20+0.4472

65.60+0.5477

69.20+ 1.304

89.80+0.4472

62.00 £ 28.39

64.00 + 1.000

63.60 £0.5477

ASA 0°

Strain

Amostra  Max Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (Mpa) Amostra  Max Load (N) Max. Flexural Stress (MPa)  Flexural Modulus (Mpa)
1 95,0 60,103 1965,182 1 100,5 59,943 1921,942
ABS (100% 2 94,5 59,557 1924,884 ABS (100% 2 103 58,811 1817,621
Vertical - 90°) 3 94,5 59,794 1935,504 Horizontal - 0°) 3 101,5 57,913 1795,296
4 95,51 57,942 a 97,8 56,472
5 95,01 58,524 1875,910 5 99,5 57,353 1813,396
[ média | 101,1275 58,505 1837,064 [ média | 101,127 58,505 1837,064
Mean Flex.Modulus 1908,183 MPa Mean Flex. Stress 59,18 MPa Mean Flex.Modulus ~ 1837,06 MPa Mean Flex. Stress 5851 MPa
Dev. Padrao 44,81566 MPa Dev. Padrao 0,816459 MPa Dev. Padrao 49,71681 MPa Dey, Padrao 0,979729 MPa
Desvio padrdo % 2,348604 % Desvio padrdo % 1,379519 % Desvio padrio % 2,706319 % Desvio padrdo % 2,057496 %
Int. conf 95_% 39,28194 MPa Int. conf 95_% 0,715645 MPa Int. conf 95_% 43,57791 MPa Int. conf95_% 1,047773 MPa
Mean maxload 94,91 N Mean max load 101,13N
Dev. Padrao 0,374166 N K i 1720-1930 2600 MPa. Dev. Padrao 1,289872N
Desvio padrdo % 0,394232 % Desvio padrio % 1,27549%
Int. conf95_% 0,327965 N Int. conf 95_% 1,130602N
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Nylon 12 90° NvI 12
v yion Nylon 12 0°
80
70
70
60
60
50
50 ~——Nylon 12 902_1
2 = Nylon 12 02_1
£ Nylon 12 902 2 g
a g Nylon 12 02_2
JR— o &
30 Nylon 129003 “ 30 ~——Nylon 1202 3
20 Nylon 12.90°_4 20 ——Nylon1209_4
) ~—Nylon 12 902_5 Nylon120°_5
1 10
0
0 2 4 6 8 10 12 14 16 18 a
0 2 a 8 10 12 14 16 18
Strain (%) _
Strain (%)
Amostra  Max.Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (Mpa) Amostra  Max. Load (N) ~ Max. Flexural Stress (MPa)  Flexural Modulus (Mpa)
1 105,5 63,255 1260,505 1 104,5 60,938 1248,160
Nylon 12 2 106 68,795 1372,534 N(V"J" 12 2 105,5 59,685 1176,711
(100% 100% 3 - -
Vertical - 90°) 3 - 58,434 Horizontal - 0°)
4 104,5 59,008 1165,137 4 104,5 59,804 1203,935
5 106 65,482 1307,399 S 104,5 58,784 1204,125
[ media | 1059 64,139 1276394 o [meda | 104,79 59,80281909 1208233
Mean Flex.Modulus 1276,394 MPa Mean Flex. Stress 64,14 MPa Mean Flex.Modulus 1208,233 MPa Mean Flex. Stress 59,80 MPa
Dev. Padrao 75,55592 MPa Dev. Padrao 3,556107 MPa Dev. Padrao 33,45743 MPa Dev. Padrao 1,086554 MPa
Desvio padrdo % 5,919484 % Desvio padrdo % 5,544719 % Desvio padrdo % 2,769121 % Desvio padrdo % 1,816895 %
Int. conf 95_% 66,22647 MPa Int. conf 95_% 3,117008 MPa Int. conf 95_% 29,32619 MPa Int. conf 95_% 0,952389 MPa
Meanmaxiad 10550 N Meanmaxload 104,70 N
Dev. Padrao 0,612372 N Flexural Modulus ~ 190-9500 MPa Dev: Padiao 04 N
Desvio padrdo % 0,580448 % Flexural Stress 5,45-900 MPa Desvio padrio % 0,382044 %
Int.conf95_ % 0536758 N int.conf95 %  0,350609 N
Ref: MatWeb
PC90 P C * Necessdrio fazer mais um teste de PC Horizontal devido & amostra n5
100
%0 PCO®
20 100
70
&0 ——PCo0e 1
@
£ s ——PCo0e 2
“ w0 ——PC902 3 —PCoe 1
30 PCO02_4 —PCoe2
20 ——PCo0e 5 ——PCO23
PCOZ 4
10
0
] 2 4 6 8 10 12 14
0 2 [ 6 8 10 12 14 6 18
strain () Strain (5)
Amostra  Max. Load (N)  Max. Flexural stress (MPa)  Flexural Modulus (Mpa)
Amostra Max. Flexural Stress (MPa)  Flexural Modulus (Mpa]
1 1435 84,452 1880875 T
PC (100% 2 146,5 26,395 1943,206 L 143 81,309 1850,986
Vertical-90°) 3 147 91,338 2104,811 PC (100% 2 1515 85185 1852,545
4 145,5 83,376 1865,229 Horizontal - 0°) 3 157 87,062 1507,416
5 146 91,547 208,640 4 150 84,199 1861,512
— - - 5
[ media | 146,29 82,289 196,63 - E 2
[ media | 150,879 84,@ 1858, Bﬂ
Mean Flex.Modulus 1996,639 MPa Mean Flex. Stress 88,283  MPa
Dev. Padas 101766 MPa Dev. Padrao 3277405 MPa Mean Flex.Modulus 1858,970 MPa Mean Flex, Stress 84,44  MPa
Desvio padrio % 5,096864 % Desvio padrio %  3,712134 % B Vpad'-:"N . 21,37679 BL:.P.% Dev. Em![hzﬂm - 2,08 gﬁa
Int. conf 95 % 25,20017 MPa Int. conf 95_% 2,872719 MPa D= vioipatiao) 19825 Desvic padrdo 2462649

Mean max load
Dev. Padrao
Desvio padréo %
Int. conf95_%

146,250 mm
1,208305 MPa
0826191 %

1,059106 MPa

Flexural Modulys  1960-3100 2300-10000 MPa

Flexural Stress 72-103 92-160 MPa

: MatWeb MakeltForm

Int. conf 95_%

18,73724 MPa

Int. conf 95_%

Mean max load
Dev. Padrao
Desvio padrio %
Int. conf 95_%

1,822674 MPa
150,88 mm
4,28 MPa
2,835118 %
3,749312 MPa
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PC-ABS 0°

PC-ABS 90° PC-ABS
70
70
60
0
50 y
50 4
a0 ——PCABS 021
40 ——PC-ABS 902 1 7
w @ ——PC-ABS 022
o ——PC-AB5 9022 5 30
@ g ——PC-ABS 023
——PC-ABS 9023
PC-ABS02_4
PC-ABS 902 4 20
20 ——PCABS 025
——PC-ABS 9025
10
10
0
0 0 2 4 3 8 10 12 14
0 z 4 6 8 10
. Srain (%)
Strain
Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa) Amostra  Max. Load (N) Max. Flexural Stress (MPa)  Flexural Modulus (MPa)
1 - - - 1 106,5 58,442 1632,495
PC-ABS (100% 2 105,5 64,235 1884,769 PC-ABS (100% 2 106,5 58,245 1627,119
Vertical - 307) 3 106 63,031 1805,911 Horizontal - 0°) 3 107 58,341 1618,986
4 107 63,899 1807,732 4 108 60,281 1637,552
5 104 59,172 1662,967 5 .
[ média | 105,5 63,031 1812,130 [ media | 107 | 58,395 | 1645,929 |
Mean Flex Modulus  1790,345 MPa Mean Flex. Stress 62,584 MPa MPa Mean Flex. Stress 58,827 MPa
Dev. Padrao 80,13372 MPa Dev. Padrao 2,018208 MPa Dev. Padrao 6,879018 MPa Dev. Padrao 0,841988 MPa
Desviopadrio% 4475882 % Desviopadrio%  3,22479 % Desvio padrdo %  0,422274 % Desvio padrio%  1,431291 %
Int. conf95 % 70,23302 MPa Int. conf 95 % 1769005 MPa Int. conf 95_% 6,029614 MPa Int. conf95_% 0,738021 MPa
Meanmax load 107,000 mm
Flexural Modulus 1680 (ZX) 1900 (XZ] -
Mean max load 105,625 mm (zx) xz) Dev. Padrao 0,612372  MPa
- Padraclm 123341 | Flexural Stress 45 Desvio padrdo % 0,572311 %
Desvio padréo % 1,215796 % Int.confs5_%  0,536758 MPa
Int. conf 95_% 1,12932 MPa
PETG 90° PETG -
80 70
70 @
60
50
50 o
PETG 902_1 ——PETG02_1
@ 40
% 20 ——PETG 902 2 i PETG 02 2
w ——PETGS02 3 @ 30 ——PETG02_3
. PETG G024 2 ——PETG 02 4
——PETGS02 5 ——PETG02.5
10 10
o 0
0 2 4 6 8 10 12 14 16 o 10 20 30 40 50
Strain Strain
Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa) Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa]
1 116 69,783 1774,135 1 100,5 57,892 1575,465
PETG (100% 2 118 70,077 1911,612 2 26 35,454 1623,473
B o PETG (100%
Vertical -90°) 3 121,5 71,378 1859,678 Horizontal-07) 3 B4 51,953 1511523
4 118 73,438 1950,567 4 90,5 56,953 1543,399
| 5 T 114 65,054 — 1858,436 5 93,5 55,558 1551,081
Média 117.879 na 1895,07: wedia | 92,600 o =
Mean Flex.Modulus 1895,074 MPa Mean Flex. Stress 70,987 MPa =
Dev. Padrac 38,56239 MPa Dev. Padrao 1,637  MPa Mean Flex.Modulus 1573,355 MPa Mean Flex. Stress 56,464  MPa
Desvio padrio % 2,034876 % Desvio padrio % 2,306716 % Dev. Padrao 31,26403 MPa Dev. Padrao 1,015 MPa
Int. conf 95 % 33,8008 MPa Int. conf 95 _% 1,43527 MPa Desvio padrio % 1,987094 % Desvio padrdo % 1,797161 %
Int. conf 95_% 0,889457 MPa
Meanmaxload 117,875 mm Intoonfiysis 27,40363 MPa - R
Dev. Padrao 46,59387 MPa Mean max load 92,628 mm
g Flexural Modulus 11702760 2100
Desvio padrio % 39,5282 % I Dev. Padrao 36,54853 MPa
Int. conf 95_% 40,84057 MPa Flexural Stress 39,2-88,9 Desvio padrdo % 39,45754 %
Int. conf 95_% 32,03561 MPa

b
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PLA 900 PLA

PLA O°
120
120
100 100
— BD
80 T ——PLAD2 1
——PLADOZ 1 =
] < 60 PLAD® 2
@ 60 ——PLAS02 2 8
@ B ——PLAD23
——PLAS02 3 w4
40 ——FPLADS 4
PLA 502 4
20 —PLADE S
——PLADO® 5
20 o
0 1 2 3 4 5 6
o Strain (%)
] 1 2 3 4 5 6 7
Strain

Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa)

Amostra  Max. Load (N) Max. Flexural Stress (MPa)  Flexural Modulus

1 162 B6,629 2998,896 : e - e
PLA (100% 2 164,5 95,412 3415,204 PLA (lDIU% i 2 1555 88,907 3186,871
Vertical - 90°) 3 163,5 94,832 3316,004 Horizontal - 0°) i lf;’: ::’i:i z;:'zz';
: 1038 aes0t 3a55,264 5 156,5 35,087 385,126
5 162,5 97,360 3524,515 =D : | 2 1 e
p Média ﬁ
[ media | 163,50 96,19 3439,79 15687, 3341, 052
) Al | Mean Flex.Modulus 3355,254 MPa Mean Flex. Stress 93,411 MPa
Mean Fdex.Mn ulus 3439,747 MPa Mean F:x. Stress 96,127 MPa Dev. Padrao 114,877 MPa Dev. Padrac 2,829 MPa
:",Pa ':“M — 213;::: ;‘:Pa Dev. Padao. L035 MEa Desviopadrio%  3,423795 % Desviopadrfo %  3,028201 %
Svio pacran ’ He=vio/padioRu B BNAUA-1 G Int. conf35_% 100,6923 MPa Int. conf 95_% 2473392 MPa
Int. conf 95_% 71,29291 MPa Int. conf 95_% 0,910021 MPa
Mean max load 156,875 mm
el B 15500 M i Dev. Padrao 0,960142 MPa
EeviRadiao M 652103068 MEa Flexural Modulus 17813800 4000 MPa Desviopadrio % 0,612043 %
Desvio padrdo % 40,00187 % Int. conf 95 % 0.841587 Mpa
Int.conf95 %  57,32725 MPa Flexural Stress 0,170-159 20 -
b Ref:
* Load cell too high, no sensitivity for this material
*  Results inconclusive!
Amostra Pico Maximo (N)  Max. Flexural Stress (MPa)  Flexural Modulus Amostra Pico Maximo (N)  Max. Flexural Stress (MPa)  Flexural Modulus
1 45 2,830 1 a5 2,709
T o S =
‘ertical - orizontal -
L 55 3,523 b ] 1,840
4 5 3,189 4 35 2,100
5 4,5 2,865 5 4 2,270
5,125 3,260 4,000 2,391

25,6 (XY) 36,9 (XZ) - vertical
2,4 [XZ) - vertical
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ULTEM 1010 90° ULTEM 1010 ULTEM 1010 0°

160
140
140
120
120
100
N 100 ——ULTEM 1010902_1 . ——ULTEM 101002 1
§ s —— ULTEM 1010802 2 g —— ULTEM 101002_2
? © —— ULTEM 1010802 3 oo —— ULTEM 101002_3
ULTEM 1010902 _4 0 ULTEM 10100°_4
40 —— ULTEM 1010902 5 " —— ULTEM 101002 5
20
0
o 0 1 2 3 4 5 6 7 8
0 2 4 5 H 10 2 1 16
Strain Strain
Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa) Amostra  Max. Load [N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa)
1 - - - 1 193 112,523 2452,317
;’c"-;;"clg_ml 2 2235 138,182 2821,469 “LTEZ'U;;”O 2 191 109,111 2387,341
ertical
( o0°) 3 226 141,005 2920,950 Ho”:oml o 3 200 117,411 2489,934
4 2225 136,914 2806,491 4 198 115,429 2518,804
5 222 135,407 2753,356 5 202 115,745 2390,588
[Media | 223,500 137,877 2825,567 [ media | 198,29 115,29 245,51
Mean Flex.Modulus 2825,567 MPa Mean Mean Flex. Stress 115,280 MPa
Dev. Padrao 60,60741 Mpa MeanFlex. Stress 137,877 Flex.Modulus ~ 2462,911 MPa pev. Padrao 1,759 MPa
Desvio padriio % 2,144965 % Fa—— o 2910 (XZ) MPa Dev. Padrao 47,95081 MPa pasvio padrio % 1,526237 %
ev. Padrao X = o
Int. conf 95_% 53,12376 MPa o rooiee o Desvio padrio % 1,946916 % |nt. confas_% 154213 MPa
Desvio padrio % 1,491052 E al, 130 (XZ) Mea Int.confSs % 42,02996 MPa o Ty
e R ! o R lean max loal . mm
Do b Soa0ga g .G30095 3 tled Devpadso 7915661 b
- L 5 s 2.54 (ZX] 2.91 (%Z) - vertical a Desvio padrdo % 40,02845 %
Desvio padrao %  40,00475 % P [2 .
Int.conf95 %  78,37043 MPa F 77{ZX) ot 144 (XZ) - vertical 3 Int. conf95_%  69,55768 MPa

nttps://info stratasysdirect com/rs/626-5BR-192 images/ Data%205heet%20-%20%20EN%20ULTEM3%6201010.pdf
- https:/fwww.rnd-tech.com/media/fdm-pdfs/spec-sheetsfultem1010materialspecsheeten1014. pdf

ULTEM 9085 90° U I_TE M 9085 ULTEM 9085 0°

140 100
20
120
80
100 70
" N —— ULTEM 90859021 60 —— ULTEM 90850°_1
" . u
i \ —— ULTEM 90859022 g so —— ULTEM 908502 2
& e a
—— ULTEM 90859023 0 —— ULTEM 908502 3
40 ULTEM 90859024 30 ULTEM 308502 _4
" —— ULTEM 908590°5 20 —— ULTEM 908502 5
10
o 0
0 5 10 15 20 0 2 4 6 8 10 12
Strain Strain
Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa) Amostra  Max. Load (N)  Max. Flexural Stress (MPa)  Flexural Modulus (MPa]
1 186 115,451 2379,499 1 148 84,764 1878,670
ULTEM 5085 2 186 117,356 249,613 ULTEM 5085 2 162,5 92,974 2036,562
(100% Vertical (100%
“s0) 3 184 113,625 2394,764 Horizontal -9 152 85,141 1942,193
4 1855 115,003 2361012 4 [ ] 84,021 181,303
5 182 114,141 2396,448 5 145,5 83,648 1837,870
[wedia | 185,39 115,143 2400,083 [ media | 146 [ 84,764 I 1870,835 ]
Mean Flex. Modulus  2400,083 MPa Mean Flex. Stress 115,143 MPa Mean Flex. Modulus 188,620 MPa  Mean Flex. Stress 86,710 MPa
Dev. Padrag. 18,28648 MPa Dev. Padrag I VB Dev. Padrao 73,13057 MPa  Dev.Padrao 3,512 MPa
Desvio padrio % 0,76191 % Desvio padrdo %  1,251017 % Desvio padrio % 3,886576 % Desvio padrio %  4,050448 %
Flexural Modulus 2620 (X2) MPa £ . - .
Int. conf 95_% 16,02851 Mpa Int. conf 95 % 1,262555 MPa Int. conf 95_% 64,1005 MPa  Int.conf95_% 3,078456 MPa
Meanmaxload 184,750 mm Elexural Stress 100 (XZ) MPa Mean max load 150,800 mm
Dev. Padrao 1,299038 MPa

Ref: MatWeb Dev. Padrao 56,49164 MPa
62 (7X) 2.27 (2) - vertical Desvio padrio % 37,4613 %
90 (zX) 130 (X2) - vertical Int.conf95_% 49,5162 MPa

Desvio padrio % 0,703133 %
Int. conf 95_% 1,138636 MPa

Ref:
= https//www.stratasys.com/materials/search/ultem9085
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150

100
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o
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4000+

w
o
o
o
|

2000+

1000

Flexural Modulus (MPa)

Flexural Stress

Flexural Modulus
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Médulo a Flexao(MPa) Resisténcia a Flexao (MPa)

ABS Horizontal
ABS Vertical
Nylon12 Horizontal
Nylon 12 Vertical
PC Horizontal

PC Vertical
PC-ABS Horizontal
PC-ABS Vertical
PETG Horizontal
PETG Vertical

PLA Horizontal
PLA Vertical

ULTEM 1010 Horizontal

ULTEM 1010 Vertical

ULTEM 9085 Hori

o
S

=+
2

ULTEM 9085 Vertical
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Stress

Stress.

Tensile Tests

ABS

ABS Horizontal

——ABS 02 1
——ABS 02 2
——ABS 02 3

ABS02_4
——ABS 0°_5

——ABS 0°_6

0.000 0.020 0.040 0.060 0.080

0.100 0.120 0.140

Strain

Tensile Stress

Tensile
Strength, Yield

Ref Ref:
MatWeb MakeltForm

TPU

TPU Horizontal

7
[
5
—TPU0e 1
4 —TPUO2 2
3 ——TPUCe 3
TPU 02_4
2 ——TPUQLS
—TPUCLE
1
0
0.000 0500 1.000 1500 2,000 2500 3.000

Strain

Tensile
Modulus

Tensile Stress

Tensile
Strength, Yield

Ref:

Stress

Ref:

35

30

20

Stress

o
0.000

a
0.000

MatWeb MakeltForm

0.020

0.200

ABS Vertical

0.040

0.400

0.060

0.600

0.080

0.100

Strain

0.120

TPU Vertical

0.800

Strain

1.000

0.140

1.200

0.160

1.400

0.180

1.600

w—ABS 90°_1
—ABS 90°_2
—ABS 90°_3

ABS 902_4
——ABS 902_5
——ABS 90°_6

——TPUg0e 1
——TPUg02 2
——TPUg02 3

TPU S0 4
——TPUg02_S
——TPUg02 6
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Stress

Stress
&

20

10

0.000

35

0.020

0.010

0.020

0.040

PC Horizontal

0.060

Strain

0.080

PC-ABS Horizontal

Strain

0.040

0.050

0.100

0.060

0120

0.070

PC

PC Vertical
70
60
50
——PCO2_1
——pPCoe2 "
B
——PCOe3 ]
- ¥ 30
PCO2 4
——PCO25 2
——PCO26
10
0

0000 0010 0020 0030 0040 0050 0060 0070 0080 0080 0100

Strain

2300-
10000 MPa

66-160

MatWeb MakeltForm

PC-ABS

PC-ABS Vertical
45

—PC-AB502_1
——PC-AB50°_2

Stress

——PC-AB50°_3

PC-AB50°_ 4
——PCAB502_5
—PC-AB502_6

0.000 0.010 0.020 0.030 0.040 0.050 0.060

Strain

0.070

——PCo02_1
——PCS302_2
——FPC302 3

PC302 4
——PC3025
——PC02.6

—PC-ABS902_1
——PC-AB5902_2
———PC-AB590°_3

PC-AB590°_4
—PC-AB590°_5
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Stress

Stress

70

60

50

20

30

20

10

0.000

0.020

ULTEM 9085 Horizontal

0.040

Strain

0.060

0.080

ULTEM 1010 Horizontal

0.010

0020

0030

0.040

Strain

0.050

0.060

0070

ULTEM S085

ULTEM 9085 Vertical
80
70
&0 4
: '
——ULTEM 908502_1 © —— ULTEM 9085902 1
——ULTEM 508502 2 " ——ULTEM 5085502 2
g a0
——ULTEM 5085 02_3 =3 ——ULTEM 5085902 3

ULTEM 908502 4 30 ULTEM 908590°_4

——ULTEM 908502 5 20 —— ULTEM 9085 90°_5

——ULTEM 908502_6 = ULTEM 9085 502_6

10

o
0.100 0.000 0.020 0.040 0.060 0.080 0.100 0.120 0140
Strain

I Ref:
Matweb MakeltForm,

ULTEM 1010 Vertical

——ULTEM 101002_1

——ULTEM 101002_2 —— ULTEM 1010502_1

——ULTEM 101002_3 —— ULTEM 1010502_2

ULTEM 101002_4 —— ULTEM 1010590°_3

= ULTEM 101002_5 ULTEM 1010902 4

= ULTEM 101002_6 —— ULTEM 10105802_5

= ULTEM 1010502_6&

0.080

0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070
Strain

Strength, Yield

5 Ref:
MatWeb MakeltForm
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Stress

Stress

35

30

25

20

15

10

0.000

0020

0.010

0.040

0.020

Nylon 12 Horizontal

0.060

Strain

0.080

0.100

PLA Horizontal

0.030

Strain

0.040

0120

Nylon 12

——MNylon 1202 2

——Nylon 12 0°_3

——Nylon 12 02 4

Nylon 12 02_5

——Nylon 12 0°_6

Stress

45

40

0100

0.060

—PlAQeL
——PLADE 2
——PLACE 3

PLAOZ_4
—PLAC2S
——PLAC2 6

Stress

60

50

40

20

10

0
0.000

0.005

0200

0.010

0.300

0015

Nylon 12 Vertical

0400 0500 05600
Strain
PLA Vertical
0020 0025 0.030
Strain

0.700

0035

0.800

g

Nylon 12 902_1

——Nylon 12 902_2

——Nylon 12902_3

ndo guardou

0.040

0.045

Nylon 12902 _4
Nylon 12 902_5
Nylon 12 90°_6

——PLAG02 L
——PLAgee 2

PLAS02 4
——PLAS02 S
——PLAS02 6
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Stress

0.000 0010 0020 0030

Maximum Tensile (MPa)

PETG Horizontal

N

0.040

PETG

——PETGO2_1

——PETGO2.2

——PETGO2_3

PETG 024

——PETGOLS

——PETGO2 6

0050 0060 0070 0080 0.090

Strain

-

[=

o
|

2]
o
1

o
1

o
1

o
1

o
l

Maximum Tensile,

Stress

0.005

n=

0.010 0.015

PETG Vertical
0.020 0.025 0.030 0.035
Strain

m (°
1 90°

0.040

——PETGS02_1
——PETG 9022
——PETG 9023

PETG 90 4
——PETG 9025
——PETG 902 6
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3000+

1000 I
0_ I|
QCJ

Tensile Modulus (MPa)

Extension at Break (%)

Tensile Modulus, n=5

N
=
=
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1
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40
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Material

Horizontal (0°)

Orientacdo de Impressdo

Vertical (90°)

31,473+£0.224

32,3484 £0.220=0

ASA

Nylon 12 36,8856+ 0.196b:c 40,866+ 0.215¢4
PC 53,4924+ 0.516° 57,2626+ 0.5178f
PC-ABS 31,292+ 0.6372bs 36,9278+ 0.876budh
PETG 33,9414+ 2.2553bceh 28,0054 + 4.967208
PLA 54,4544 + 0.9308/A 53,1134 + 1.0978fij
ULTEM 1010 69,5086 + 0.999! 69,8332 + 6.744m
ULTEM 9085 56,6332+ 1.718efi) 73,3234+ 0.229'm
TPU 4,8136+ 0.646" 5,0946+0.271n

Material
Horizontal (0°)

Orientacdo de Impressio

Vertical (90°)

1519,22 + 44.171ak

ASA
1426,1+ 38.714°
Nylon 12
911,402 + 17.436 988,5966 + 22,532¢
PC
1469,32 + 64.2962b 1627,28 + 34.973bde
PC-ABS
1224,04 + 39.276f 1402,26+ 58.991a.bd fg
PETG
1239,88+ 53.280%&N 1363,28+ 30.2622bd fighi
PLA
2303,94+ 237.0731 2243,86+ 126.398
ULTEM 1010
1985,6 + 84.069k 1913,5+ 93.386k
ULTEM 9085 )
1522,82 + 41.036%bdegi 1722,16+ 59.410¢
TPU
20,008+ 0.942¢! 24,2536+ 0.604°!
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Material

Horizontal (0°)

Orientagdo de Impressao

Vertical (90°)

ASA
1426,1+ 38.7142 1519,22 + 44.1713k
Nylon 12
911,402+ 17.436 988,5966+ 22,532¢
PC
1469,32 + 64.2962b.4 1627,28 + 34.973b.de
PC-ABS
1224,04+ 39.276 1402,26+ 58.9912bd % e
PETG
1239,88 + 53.280%&h 1363,28 + 30.2623bd g i
PLA
2303,94+ 237.073/ 2243,86+ 126.398
ULTEM 1010
1985,6 + 84.069¢ 1913,5+ 93.386k
ULTEM 9085 )
1522,82 + 41.0365bdepi 1722,16+ 59.410¢
TPU

20,008 + 0.942¢!

24,2536+ 0.604%!
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