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Resumo

Milhdes de pessoas em todo o mundo vivem com amputacdo do membro inferior, maioritari-
amente causada por diabetes associada a doenca vascular periférica. As proéteses prescritas
para aumentar a mobilidade destes pacientes necessitam de ajustes frequentes, através de um
processo manual e iterativo que depende do feedback do paciente. Tecnologias de design assis-
tido por computador comecam a emergir como forma de tornar este processo mais eficiente,
fornecendo ao protésico modelos virtuais do encaixe.

O presente trabalho, desenvolvido na Adapttech, foca-se na criagdo de modelos generativos 3D
com base numa dataset de encaixes transtibiais e transfemorais, explorando ainda a sua aplicagéo
na criacdo, alinhamento e reconstrucéo de formas de enxaixes.

Embora modelos de forma 3D sejam cada vez mais alvo de estudo pela comunidade académica,
o seu potencial na drea da ortoprotesia ainda ndo foi explorado. Estes modelos podem con-
tribuir para melhorar a precisdo de sistemas de desenho e fabrico assistido por computador
(CAD/CAM) e de sistemas de aquisi¢do de forma 3D, o que por sua vez pode tornar o ajuste de
encaixes um processo mais eficiente para o paciente e protésico.

Foi criado um dataset com 51 point clouds de encaixes transtibiais e transfemorais, utilizando
o INSIGHT Scanner da Adapttech. Uma exploragdo destes dados permitiu confirmar que estes
representam a variabilidade de design e caracteristicas anatémicas necessaria a construgdo de
um modelo abrangente.

Uma primeira abordagem com base em Statistical Shape Modelling (SSM) resultou em dois
modelos (transtibial e transfemoral), cujos erros de generalizacdo foram respetivamente 6.8 mm
e 10.5 mm, e de especificidade 9.7 mm e 10.0 mm. Em ambos, uma andlise visual (confir-
mada por peritos) permitiu verificar que foram capturadas caracteristicas biomecanicamente rel-
evantes. Tanto para o modelo transtibial como transfemoral, as varia¢des mais relevantes ddo-se
no comprimento do membro residual e no seu perimetro (que varia ao longo do membro).

Numa segunda fase, utilizaram-se Adversarial Autoencoders (AAE) para o mesmo propdsito.
Foram testadas duas estratégias para colmatar o reduzido tamanho da dataset: data augmentation
com base no SSM, e transfer learning. O erro de reconstru¢do minimo foi de 0.00124 mm e foi
obtido para o modelo que combina estas duas abordagens. O uso de transfer learning permitiu
um treino correto, regularizando o espago latente e conferindo ao modelo capacidades gener-
ativas. O uso de augmentation melhorou também a fidelidade das formas geradas face a um
conjunto de teste.

As viérias aplicacdes destes modelos foram exploradas de acordo com as especificidades de
cada um. Foi criada uma ferramenta interativa que permite a um utilizador a geragdo de um
novo encaixe através da manipulagdo das caracteristicas definidas pelo SSM. Este modelo foi
ainda utilizado para criar um método de alinhamento automético de encaixes. Por fim, o AAE foi
testado para a reconstrugdo de encaixes, nomeadamente com o objetivo de remover artefactos de
aquisicdo, concluindo-se que um esquema de treino melhorado pode aumentar a sua eficiéncia
para este propdsito.

Os resultados obtidos provam a possibilidade de aplicar métodos de modelacdo 3D a en-
caixes transtibiais e transfemorais, e o seu vasto potencial de aplicagdo e melhoria no ramo da
ortoprotesia.
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Abstract

Lower limb amputation is an issue which affects millions of people worldwide, mainly caused by
diabetes together with peripheral vascular disease. Patients are often prescribed with lower limb
prostheses to aid their mobility, but these prostheses require frequent adjustments through an
iterative and manual process, which depends heavily on patient feedback and on the prosthetist’s
experience. New computer-aided design and manufacturing technologies have been emerging
as a way to improve the fitting process by creating virtual socket models.

This dissertation, focused on creating a 3D shape model of lower limb sockets, was developed
at Adapttech, a biomedical company working on the amputee market. The main goal behind this
work is to create generative models based on a dataset of 3D point clouds of lower limb sockets,
and to explore its applications in shape generation, reconstruction and automatic alignment.

Although 3D shape models have been receiving more attention, their application in the O&P
field has not yet been explored. These models can contribute to the accuracy of 3D scanners, as
well as design and manufacturing systems, which in turn can make socket adjustment a more
efficient process for both the patient and the orthoprostetist. In order to do this, a dataset of
51 transtibial and transfemoral sockets was collected using Adapttech’s INSIGHT laser stereo
Scanner. An exploration of the collected data gave confirmation that the variability of design
and anatomical features required for building an encompassing model is represented.

A first approach used Statistical Shape Modelling (SSM) to create two separate models
(transtibial and transfemoral). Their generalization errors were respectively 6.8 mm and 10.5
mm, and specificity errors were 9.7 mm and 10.0 mm. In both models a visual analysis (con-
firmed by an expert) showed that biomechanically relevant features were captured. In both
types of sockets, the largest variations were found in the length of the residual limb and in the
perimeter variation along the limb.

A second approach used Adversarial Autoencoders (AAE) to achieve the same goal, creat-
ing a single model able to describe both transtibial and transfemoral sockets. Two strategies
were tested to counteract the small size of the dataset: transfer learning and data augmentation
based on the previously built SSM. The minimum reconstruction error was 0.00124 mm and was
obtained for the model which combined these two approaches. It was shown that the use of
transfer learning allowed for a correct training and regularization of the latent space, confering
the model with generative abilities. Augmentation also increased the fidelity with which the
generated shapes represented a test set.

Several applications of these models were explored in accordance with the specificities of
each one. An interactive tool was created which allows a user to create a new socket through the
manipulation of the features learnt by the SSM. This model was also used to create an automatic
alignment tool. Using the AAE, the reconstruction and denoising of sockets was also tested,
aiming to remove scanning artifacts and acquisition noise.

The results obtained proved that 3D modelling methods can be applicable to transfemoral
and transtibial sockets, and that they have a wide range of applications in the orthoprosthetic
field.
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Chapter 1

Introduction

Lower limb loss has been de ned as a complete loss in the transverse anatomical plane of any
part of the lower limb for any reason [1]. The incidence of limb loss is daunting, and expected
to increase in the coming years. In 2005, 1.6 million people were estimated to be living with
limb loss in the USA, in 2050, that number is expected to increase to 3.6 million [2]. In Portugal,
between 2000 and 2015, a total of 84,187 lower limb amputations were performed [3]. This is
equivalent to a prevalence of 24.2 major amputations per 100,000 citizens , a similar value to
other European countries such as United Kingdom, France and Germany [4, 5, 6]. This problem
is not exclusive to developed countries; Pakistan, a developing economy, has also suffered from
an increasing number of amputees [7, 8]. Amputation is a globally observed issue, with serious
health repercussions for the patient and nancial consequences for both the patient and the
healthcare system. All this considered, it seems important to take a step back and understand
not only the underlying causes of such a condition, but also what steps can be taken to improve
the living conditions of the many individuals who are af icted by it.

Looking again at the de nition of limb loss, we can discern two distinctive features worthy
of scrutiny: the transverse plane on which it happens, meaning the level of amputation, and the
reason that caused it. As for level of amputation, the most common levels are transtibial (TT)
(below the knee) and transfemoral (TF) (above the knee), as depicted in Figure 1.1. Choosing
the level is a matter of clinical judgment but the guidelines indicate that amputation should
be performed on the most distal point that still has adequate skin perfusion, guaranteeing vi-
able wound healing [9]. This decision heavily impacts the patient's outcomes, since mobility is
favored by distal amputations.
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Figure 1.1: Typical levels of lower limb amputation, reproduced from [10]

As for what leads to amputations, there are several causes:

» Dysvascular causes: diabetes mellitus, commonly known as diabetes, and peripheral arte-
rial disease are the most relevant causes appointed for developed countries [11]. Diabetes
is a chronic disease that occurs either when the pancreas does not produce enough in-
sulin or when the body cannot effectively use that insulin, leading to uncontrolled levels
of sugar in the blood [12]. One common complication is foot ulcers, often also in the pres-
ence of peripheral vascular disease (narrowing of the blood vessels). This comorbidity is
the most common cause of non-traumatic lower limb amputation. In fact, patients with
diabetes have an approximately 10 times higher risk of amputation when compared with
individuals without diabetes [1, 2]. Diabetes' prevalence is increasing, mostly due to three
factors: population aging, higher at-risk minority populations, and sedentary behaviour
coupled with obesity [13, 14]. In 2050, 1 in each 3 to 5 individuals in the USA will have
diabetes (while in 2014, only 1 in each 10 suffered from the condition) [15]. Even though
the incidence of diabetes is increasing, the rate of diabetes-related amputations has been
decreasing, mostly due to better healthcare [2].

» Trauma: trauma also accounts for a big share of lower limb amputations, but occurs at
around one-eight of the frequency as dysvascular amputations [2]. In developing countries,
however, it is the leading cause of amputations, accounting for 80% of all cases, especially
in countries who have recent history of war or terrorist incidents [16].

» Cancer: some types of cancer might also lead to amputation, but this type of cases repre-
sents a small percentage (one to one hundredth the rate of dysvascular causes).
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» Congenital de ciencies : amputation may be caused by congenital de ciencies in which
there are malformations or total absence of limb [2].

Whatever the cause may be, amputation can have a devastating effect on a patient's physical
and mental health. The overall 5-year mortality rate for patients who suffered major amputations
ranges from 52% to 80%, and the 30-days mortality rate from 5.5% to 13.3% [17].

Quality of life, a metric that is harder to assess, is affected in numerous ways. Patients
who undergo lower limb amputation report more social and emotional problems than non-
amputees of the same age and gender [18]. However, the long term effects of amputation are
inter-related, and this must be taken into account for targeting therapies. Mobility, for example,
is a limiting factor with a signi cant social impact. A study shows that, of a cohort of 188
lower-limb amputees, 24% of them were unable to leave their house, even with a prescribed
prosthesis [18]. Mobility has been shown to be the main aspect of amputees satisfaction with
life, and that other factors such as emotional and social isolation are actually not signi cantly
different between amputees and non-amputees when the former reports good mobility [18, 19].
This indicates that, if efforts are focused on improving mobility, the overall quality of life of
amputees might increase signi cantly.

Improving mobility as an end goal implies a long and tortuous process, in which the rst
step is tting a prosthesis to the residual limb. By doing this, patients are expected to regain
autonomous mobility, but this process is more dif cult than it may seem. After an amputation,
the progress to a de nitive prosthesis will typically have four stages, each of them associated to
a different prosthesis [20]:

« Postoperative Prosthesis: provided within 24 hours of the amputation. This type of pros-
thesis is most often prescribed to younger, healthier individuals, and is not recommended
for older patients or dysvascular amputations.

« Initial Prosthesis : provided as soon as the sutures are removed, during the acute phase of
healing. It can be worn from 1 to 4 weeks after amputation.

» Preparatory Prosthesis: worn in the rst few months to ease the transition to a de nitive
prosthesis. It accelerates the recovery since it allows ambulation even before the residual
limb is fully matured (volume has stabilized). When residual limb atrophy is stabilized,
the next step of the tting process can take place.

« De nitive Prosthesis : the nal prosthesis design, based on the information the clinical
team gathered in the preparatory stage.

On the de nitive prosthesis, further work is done to make sure it is properly aligned. This is
done in three stages: bench alignment, static alignment and dynamic alignment . Bench align-
ment is performed through the correct assembly of the components, while static and dynamic
alignment are performed with the prosthesis already in place. The dynamic stage is done during
walking, typically in parallel bars [9].

There are several components to a prosthesis: the socket itself, the suspension type, the knee
(in the case of transfemoral prostheses) and the foot. While it is important to assure that all
these parts are working well with each other, the most prolonged, iterative process is the one of
adjusting the socket shape to the residual limb, which will be henceforth referred to as  tting .
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Fitting is a manual and iterative process. Therefore it heavily depends not only on the skill
and experience of the prosthetist, but also on patient feedback, which can sometimes be unreli-
able, with no quantitative information involved [21]. This results in a long, expensive and tiring
adjustment where, on average, nine ttings are required in the rst year after amputation [22].
Even after all this, a de nitive prosthesis does not last forever: the average lifetime of a prosthe-
sis is from 3 to 5 years [20]. Either due to physical alterations such as weight loss or gain, or
from the normal wear, subsequent ttings are needed to renew the prosthetic design.

1.1 Motivation

To assure mobility, one important aspect of this tting process is to make sure the patient is as
comfortable as possible. Even though comfort is a subjective notion, it is mainly related to the
pressure between the residual limb and the socket [23]. The pressure can be affected by the type
of suspension, prosthesis alignment, the socket's overall design and by the socket-stump t, the
unique inner shape pro le which prosthetists manually craft and adjust. This adjustment (or
tting) is an imperfect, manual procedure, on which the comfort of the patient depends.

There have been several attempts, both in industry and academia, to improve this process
by applying digital technologies to both the manufacture and design of the socket. Computer-
aided design and manufacturing (CAD/CAM) systems allow for corrections on the socket to be
made on a 3D model, with more accuracy and precision [24]. In comparison with the traditional
process, this is a faster, cheaper method of socket adjustment. Most importantly, this method
provides a signi cant improvement in the quality of life of amputees compared to traditional
tting techniques [25].

The visual representations which prosthetists analyse and manipulate in CAD/CAM systems
can represent either the stump or the socket shape. Typical imaging methods such as magnetic
resonance imaging (MRI) or computed tomography (CT) can be used to describe stump shape,
but are expensive, time-consuming technologies and not commonly available [26]. Laser scan-
ning systems to model either the stump or the external shape of the socket are gaining popularity,
since they are able to reduce tting errors and fabrication time [27, 28, 29]. However, few sys-
tems are able to model the actual socket inner surface. Modelling this inner surface is a bigger
but more interesting challenge, since it is where the prosthetist performs the shape adjustments.
Although some contact methods exist for interior modelling, further developments are required
to add internal geometrical information into the current design systems [30]. Despite promising
results, none of these virtual modelling technologies has been widely accepted in the orthotics
and prosthetics (O&P) eld.

In order to directly impact the main cause of discomfort, which is pressure, sensoring tech-
nology is being developed as a complement to the virtual representation of sockets and residual
limbs. There are two ways to measure the pressure at the interface between residual limb and
socket: direct measurements, performed at the interface, or indirect measurements, based on ex-
ternal properties of the socket. Hydraulic sensors, load cells, piezoelectric and resistive materials
have all been used to obtain pressure pro les in the inner wall [31, 32, 33]. These sensors can
be used in either static or dynamic assessments, which can provide a valuable information for
prosthetists to better plan their interventions on the socket [34].
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Adapttech is a biomedical company that brings new smart technologies to the market which
improve the quality of life of people with physical limitations . Its agship product, INSIGHT,
targets the inef cacy in lower limb prosthetic tting by combining pressure sensing with virtual
representations of sockets. It helps the prosthetist in identifying pressure points and therefore
determining the best adjustments to be made. This product is comprised of four different com-
ponents:

¢ INSIGHT Scanner : Laser scanning system which creates a 3D model of the inner surface
of a prosthetic socket.

» INSIGHT Sensors : Sensorized strips that are applied to the interior of the socket and
record the pressure at several points.

* INSIGHT Wearable : System that collects information from the pressure sensors and uses
an IMU to record inertial data which allows for the identi cation of the patient's gait
phases.

* INSIGHT App : Software that monitors, controls and receives data from every device,
housing patient history and displaying the relevant information for the clinician.

(a) Scanner (b) Wearable

(c) Sensors (d) App

Figure 1.2: Components of INSIGHT *

The INSIGHT Scanner lIs a gap in both industry and academia by allowing for socket inner
surface modelling. Pressure measurements can be projected onto the modelled surface for the

1From https://adapttech.eu/
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clinician to analyse critical points. For this purpose, it is important that the 3D representation

is as accurate as possible, so that the prosthetist can rely on the pressure map to plan the shape
adjustments. To improve 3D representation, a prior knowledge of the socket shape can be taken
into account, as transfemoral and transtibial sockets are usually based on a small set of base
designs. This implies that shape variability is limited and there are limits to what can be consid-
ered as a valid shape. However, 3D scanners used in the prosthetic eld nowadays are blind to
this prior knowledge, that could be used to detect and eliminate unrealistic scanning artifacts.

Due to the specic shape characteristics of sockets, it is potentially possible to capture the
variability between shapes in a dataset and create a model which represents them in a generic
way. From this model, it is possible to t new examples and adjust them to the universe of
known shapes. Building a model from a set of socket shapes would allow for more accurate 3D
representations of new examples, and therefore for more accurate manual or digital alterations
by the clinician. This model can have several other purposes, such as creating new arti cial but
valid shapes. With a wide dataset of such shapes, residual limb scans can be matched to the
best socket, which can then be adjusted and manufactured [34]. This effectively cuts out the rst
step of creating a plaster mold from the limb. Such a model can also be used to generate and
augment data for Machine Learning (ML) and Deep Learning (DL) algorithms in the O&P eld,
such as the automatic detection of landmarks on sockets [35]. The model can also be helpful in
automatic socket alignment, one common challenge when dealing with 3D shapes.

Overall, the construction of a 3D shape model of lower limb sockets can have several advan-
tages and applications for both the scienti ¢ and healthcare community. This work was devel-
oped at Adapttech, which bene ts by obtaining more accurate 3D models, therefore increasing
INSIGHT value and standing within the O&P community.

1.2 Goals

The main goal of this work is to develop 3D generative models of the two main types of lower-
limb sockets (transtibial and transfemoral). For that purpose, algorithms that are able to generate
a shape model from a dataset of socket point clouds were developed. The models were assessed
using the relevant performance criteria, related to reconstruction and generative abilities, and
different approaches were compared. The dataset used consisted of 3D point clouds obtained
using Adapttech's INSIGHT scanner. The generative model is meant to be integrated in the
shape processing pipeline of Adapttech's scanner and used in complementary research and
development efforts.

This work also explores potential applications of the model in 3D reconstruction of shapes
and denoising, arti cial data generation and automatic 3D alignment of sockets.

1.3 Contributions

The main contributions of this work are:

» Data collection and characterization of 51 3D point clouds obtained from scans of trans-
femoral and transtibial sockets

» Algorithm for 3D point cloud registration through selective sampling



1.4 Document Structure 7

Statistical Shape Models of transfemoral and transtibial sockets

Adversarial Autoencoder netuned to transfemoral and transtibial sockets using a transfer
learning approach

Interactive tool to generate valid socket shapes based on Statistical Shape Models

Algorithm to perform automatic socket alignment based on Statistical Shape Models

Denoising model for socket's point clouds based on Adversarial Autoencoders

1.4 Document Structure

This document is divided as follows: in Chapter 2, the main designs of transfemoral and transtib-
ial sockets are described, as well as the scanning technologies applied in the O&P eld to digitize
sockets or residual limbs. Chapter 3 provides a literature review on 3D statistical shape models
and deep generative models, with particular emphasis on shapes represented as point clouds.
Chapter 4 outlines the technical and methodological approach to dataset acquisition and also an
exploratory analysis of such dataset. In Chapter 5, the methods employed to build a Statistical
Shape model are described, as well as the results obtained. Chapter 6 then presents the deep
learning approach, namely through the use of an Adversarial Autoencoder. Chapter 7 expands

on the applications of both previous models, and lastly, Chapter 8 provides some concluding
remarks on the developed work.
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Chapter 2

Background

The shapes of lower limb sockets vary greatly between them, due not only to anatomical dif-
ferences between the patients, but also due to design trends which change with time and tech-
nological advances. Understanding this variability is important not only to build and correctly
interpret a shape model, but to gain insight into how socket shapes can and should be generated
or adjusted.

There are several methods that can be employed to create 3D virtual models of shapes, but
only a limited subset of these is present in the O&P eld. Each method has a particular mode of
operation, which limits its applications and in uences both the acquisition process and result.

2.1 Socket Design

The socket is the most important prosthesis component to assure comfort and function. As
mentioned in Chapter 1, the two most common amputation levels are TT and TF, respectively
below and above the knee. Some common design principles, ensuring support and stabilization
of the limb, apply to all socket designs [36]:

1. Adaptability to function : muscle contours are dynamic throughout their function, and
therefore sockets must be properly contoured and relieved for this dynamic environment.

2. Stabilization : forces for stabilization must be applied where no functioning muscle can
provide it (e.g. the lateral aspect of the femur, where no musculature provides the needed
support).

3. Muscle Stretching : muscles are more ef cient if they are prestreched, making for an eas-
ier recruitment. This can be achieved by forcing the socket to exert some exion on the
muscles.

4. Pressure Distribution : pressure is tolerated by neurovascular structures as long as it is
well distributed.

5. Force Distribution : force is best tolerated if distributed over a large area.

Suspension is how the socket is immobilized on the limb during gait. A good suspension
increases energy transfer, control over the prosthesis and decreases discomfort and skin lesions.
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There are several available options for suspension, which can be divided into the following
types [21]:

» Harness Suspension

These methods use a belt or strap in order to keep the socket in place. The rst suspension
method used was the Pelvic Belt and Hip Joint . This belt is usually recommended for
short limbs coupled with lateral instability or lack of rotational control, but has several
disadvantages. It provides limited motion, is heavy and uncomfortable, dif cult to clean
and can create vertical displacement between the socket and the limb [37]. There are
belts still in use today, such as the Silesian Belt or the Total Elastic Suspension Belt ,
commonly used on temporary prosthesis when the limb cannot handle subatmospheric
suspensions. These belts encircle the healthy side of the pelvis with a wide band, making
for a more comfortable option. They can also be used in de nitive prosthesis, isolated or
to complement suction [37].

e Subatmospheric Suspension

Suspension is achieved by regulating negative pressures within the socket.

— Skin- t suction

This method provides suspension through negative pressure, muscle contraction and
surface tension. The negative pressure is maintained through a one-way expulsion
valve. It is a more comfortable method, since it lacks the weight of a waist belt and
does not require the use of prosthetic socks. It also gives patients the best proprio-
ception, which is why it is a widely used method. However, for patients with general
weakness, putting on the socket may be dif cult, and it is also the most likely to de-
velop skin problems. This sort of suspension is only indicated for patients with steady
body weight and limb size, with good, unscarred skin and no heart conditions [37, 21].

— Roll-on liners

Subatmospheric suspensions can use roll on liners such as silicone or urethane liners.
They are useful when suction proves too dif cult for the patient to use. Liners allow
for limb volume uctuation through the addition of prosthetic socks, making it ideal

for less active, older patients [37]. Silicone lasts longer than previously used liners
made of foams, and provides more cushioning as well as increased comfort [38]. As
for disadvantages comparing to skin- t suction, they can increase perspiration, mak-
ing it a less hygienic option [21]. These liners can have suction associated, either with
a unidirectional valve or with a vacuum assisted system, which form subatmospheric
environments through electrical or mechanical activation [39].

As for socket designs, they can be categorized based on several criteria. The summary of
these categories is described in Figure 2.1 and will be further explained in the following sections.
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Figure 2.1: Socket design categorization (SSB = Speci ¢ Surface Bearing; TSB = Total Surface
Bearing; ICS = Ischial Containment Socket; PTB = Patellar Tendon Bearing; SC = Supra-Condylar;
SCSP = SupraCondylar SupraPatellar; PTK = Patellar Tendon Kegel; KBM = Kondylen-Bein-
Muenster; NSNA = Normal Shape-Normal Alignement; ML = Medio-lateral; CAT-CAM = Con-
toured Adducted Trochanteric-Controlled Alignment Method; MAS = Marlo Anatomical Socket;
QUAD = quadrilateral; VAS = Vacuum Assisted Socket). Reproduced from [21]

2.1.1 Transtibial Prostheses

Historically, the most common transtibial socket until the 1950's was the joint-and-corset model,
where the loads were distributed between the socket and a thigh corset [40]. The Patellar Tendon
Bearing (PTB) socket became generally accepted after that. This type of socket focuses loads on
regions apt to deal with such forces - pressure tolerant regions - and reduces them in weaker
regions. They are referred to as Speci ¢ Surface Bearing (SSB) sockets, as shown in Figure
2.1. There are some small variations between these designs: they can have an anterior wall
which covers the patella (supracondylar/suprapatellar PTB-SCSP) or higher proximal medial-
lateral walls (patellar tendon kegel, PTK) [21]. All these changes are re ected in the shape of the
sockets (Figure 4.2).

The Total Surface Bearing (TSB) sockets take a different approach by distributing the pres-
sure evenly throughout the surface [40]. As can be seen in Figure 2.2a, they have a reduced
volume. This allows for a better proprioception, higher comfort and avoids local stresses [21].
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They have been shown to decrease tting times and increase the activity level of patients [40].
Most sockets include elements from both of these designs [23].

(a) TSB socket (b) SSB - PTB socket (c) SSB - PTB Supracondylar
Suprapatellar

Figure 2.2: Transtibial socket designs'

2.1.2 Transfemoral Prostheses

Before World War Il, transfemoral sockets were triangular-shaped, made of rigid materials such
as wood or aluminium. They were suspended rstly by shoulder straps and then hip joints or
pelvic belts. These systems were calledplug t prostheses. Their main problem was the vertical
displacement, or pistoning, which made for an inef cient and unnatural gait pattern. This design
did not account for variable pressures over rm and soft tissues, and caused abrasion in the
abductor muscles and chronic distal edema [37].

The large number of amputees brought on by the war provided the demand for new and
improved sockets, and investment in this research area was drastically increased. New exible
materials were experimented with, most commonly a rigid frame with a thermoplastic inner
liner. These new exible sockets were shown to improve sitting comfort, proprioception, heat
dissipation, muscle activity and suction suspension [41].

Nowadays there are two predominantly used types of transfemoral sockets: sub-ischial and
ischial containment . The most common design of sub-ischial sockets is thequadrilateral socket .
A transverse plane of this socket can be seen in Figure 2.3. In this design each wall has a
speci ¢ function. The ischial and gluteal portions are the main weight-bearers [42]. The Scarpa
Bulge contour, where the femoral artery, vein and nerve are located, is important in maintaining

1From https://www.physio-pedia.com/Lower_Limb_Prosthetic_Sockets_and_Suspension_Systems
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Figure 2.3: Transverse plane of quadrilateral transfemoral socket, reproduced from [37]

ischium stability, but as long as the pressure is well distributed these vascular structures are not
damaged [37].

The main advantages of this design when compared with previous attempts are the lateral
stabilization and gluteal support. Lateral stabilization in particular is fundamental for a proper
gait pattern. The quadrilateral design was later improved through tweaks on the lateral wall
angle and the medial-lateral distance [37].

Some debate exists on the anatomical and biomechanical grounds for this socket design,
mainly regarding adduction. Lately, improvements on this design have been made, leading to
the sub-ischial Northwestern and the Hi-Fi socket . The rst increases stability with the use of a
vacuum-assisted system, while the second uses compression through a longitudinal rigid frame
to reduce relative motion [43, 44].

The most adopted designs nowadays are the ischial ramal containment sockets [39]. The main
difference this new style brought is that the ischium is located to some extent within the socket.
There can be several degrees of enclosure, which can further divide these sockets into ischial
or ramal containment (as shown in Figure 2.4). They are also narrower (smaller lateral-medial
distance), focusing forces on the lateral aspect of the femur [37].
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(@) Sub-ischial quadrilateral (b) Ischial containment socket (c) Ramal containment socket
socket

Figure 2.4: Transfemoral socket designs, reproduced from [39]

This design is intended to provide more comfort in the perineum region, as well as improved
control of pelvis and trunk. It provides a better femur-prosthetic alignment by extending the
medial-lateral proximal line [21]. Studies have shown that this design does in fact improve
trunk lean, gait deviations and reduces oxygen consumption, making for less energy expenditure
during normal walk [37]. MAS, or Marlo Anatomical Socket , is one common variation of ischial
containment sockets. It has a lower posterior, which directs the force to the lateral and frontal
sides [20].

These designs serve as basis principles for prosthetists to adjust sockets to each individual
patient. As can be seen in Figures 2.4 and 4.2, there is a wide range of variability within each
type of socket, which is added to by the manual adjustments of the clinician.

2.2 Devices for 3D Scanning in the O&P Field

To obtain a digital representation of socket shape, a 3D scanning system is required. There
are several methods currently used for the 3D scanning of surfaces. The main distinguishing
factor between them is their active or passive character. Active approaches interact with the
object through physical contact or projection of energy, and evaluate that interaction in order
to model shape. Passive approaches also project energy onto the surface, however their results
are based on the opticalappearance of the object under that energy [45]. While several scanning
technologies exist for both active and passive approaches, not all are currently applied to the
O&P eld, and therefore only those that will be discussed. An overview of 3D scanning methods
can be seen in Figure 2.5.
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