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Abstract

Orthoses are medical devices or, more generally, orthopaedic systems, which
are applied externally to the human body in order to influence the structural and
functional characteristics of the neuromuscular and skeletal system, supporting
the patient in performing a function. Ankle-Foot Orthosis (AFO) are applied
on the ankle and provide support to the joint particularly during walking. Foot
Drop (FD) syndrome is certainly one of the most common gait abnormalities
treated with ankle-foot orthoses. This neuromuscular disorder is characterized
by the partial or total inability to raise the foot from the ankle (dorsiflexion).
During walking, this is reflected in the dragging on the ground of the toes during
the swing phase of the limb, and in the irregular forefoot impact that precedes the
usual ground impact of the heel. The use of orthotics can improve the impaired
walking mechanics.
Nowadays, thanks to the diffusion and availability of advanced systems for de-
sign and production, orthopaedic centres are increasingly adopting the practice
of producing custom orthoses on the patient’s needs. The present work is focused
on this research area, and aims to present functional gait analysis methodologies
that can provide support and improve current custom orthosis design and man-
ufacturing processes.
Specifically, a platform has been developed which enables the integration of data
from a 3D motion capture system into a customized biomechanical model for the
study of lower limb kinematics and dynamics. Anthropometric and biomechan-
ical parameters have been identified that are computed and exported from the
platform, and allow, first, the more in-depth customisation of the orthosis on the
basis of the functional assessment, and also, the validation of the structure of
the device through numerical Finite Element Analysis (FEA), before its actual
production. This represents an incremental innovation with respect to the state
of the art where the customisation process is only based on morphological infor-
mation of the body district.

Keywords: Gait Analysis, Ankle-Foot Orthosis, Biomechanical Mod-
elling, Gait Kinematics, Foot Drop.



Sintesi in lingua italiana

Le ortesi sono dispositivi medici o, più in generale, apparecchiature ortope-
diche, che vengono applicate esternamente al corpo umano al fine di modificare
le caratteristiche strutturali o funzionali dell’apparato neuro-muscolo-scheletrico,
con conseguente supporto al paziente nell’esecuzione di una funzione. Le ortesi
caviglia-piede (Ankle-Foot Orthosis (AFO)) agiscono sulla caviglia e forniscono
supporto all’articolazione in particolare durante la deambulazione. Tra i deficit
del cammino più comunemente trattati con ortesi caviglia-piede vi è certamente
la sindrome del piede cadente (Foot Drop (FD)). Tale disordine neuromuscolare
si caratterizza dall’impossibilità, parziale o totale, di flettere dorsalmente il piede.
Nella deambulazione ciò si riflette nel trascinamento al suolo della punta del piede
durante la fase di oscillazione dell’arto, e nell’irregolare appoggio dell’avampiede
che precede l’usuale impatto del tallone al suolo. L’utilizzo dell’ortesi può miglio-
rare la meccanica del cammino alterata.
Oggi, grazie alla diffusione e disponibilità di sistemi avanzati per la progettazione
e produzione, le officine ortopediche adottano sempre di più la pratica di realiz-
zare ortesi personalizzate sulle necessità del paziente. Questo lavoro si colloca in
questo ambito di ricerca, ed ha l’obietttivo di presentare metodologie di analisi
funzionali del cammino che possano fornire supporto e migliorare gli attuali pro-
cessi di progettazione e produzione di ortesi personalizzate.
In particolare è stata sviluppata una piattaforma che consente l’integrazione di
dati provenienti da un sistema di 3D motion capture in un modello biomecca-
nico personalizzato per lo studio della cinematica e dinamica dell’arto inferiore.
Sono stati individuati dei parametri antropometrici e biomeccanici che, esportati
dalla piattaforma, consentono da un lato la più approfondita personalizzazione
dell’ortesi in base al deficit funzionale, e dall’altro la validazione della struttura
del dispositivo tramite analisi numerica agli elementi finiti (Finite Element Anal-
ysis (FEA)), precedentemente la sua realizzazione effettiva. Ciò si configura come
un’innovazione incrementale rispetto allo stato dell’arte che vede il processo di
personalizzazione basato sulla sola informazione morfologica del distretto cor-
poreo.

Parole chiave: Analisi del Cammino, Ortesi Caviglia-Piede, Model-
lazione Biomeccanica, Cinematica del Cammino, Piede Cadente.



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

Sintesi in lingua italiana . . . . . . . . . . . . . . . . . . . . . . . ii

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . v

List of Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

1 Lower Limb Orthoses 1

1.1 Ankle Foot Orthosis for Foot Drop . . . . . . . . . . . . . . 2

1.1.1 The Codivilla Spring Ankle-Foot Orthosis (AFO) . . 4

1.2 Values and Future Directions of Custom Orthotics . . . . . 6

2 Biomechanical Modelling of Human Gait 9

2.1 Gait Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Basis of Human Gait Analysis . . . . . . . . . . . . . 11

2.1.2 Systems for Gait Analysis . . . . . . . . . . . . . . . 17

2.2 Biomechanical Modelling of Gait . . . . . . . . . . . . . . . 28

2.2.1 OpenSim Platform . . . . . . . . . . . . . . . . . . . 28

2.2.2 Biomechanical Models . . . . . . . . . . . . . . . . . 30

2.2.3 Basics of Biomechanical Modelling of Gait . . . . . . 36

iii



3 A Novel Platform for the Analysis of Gait Biomechanics 41
3.1 Integrated Development Environment . . . . . . . . . . . . . 42

3.1.1 MATLAB App Designer . . . . . . . . . . . . . . . . 42
3.1.2 OpenSim API . . . . . . . . . . . . . . . . . . . . . . 45

3.2 External Resources . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.1 Biomechanical Model . . . . . . . . . . . . . . . . . . 47
3.2.2 Anthropometric Measures . . . . . . . . . . . . . . . 48
3.2.3 Experimental Marker Data . . . . . . . . . . . . . . 51
3.2.4 Setup Scale File . . . . . . . . . . . . . . . . . . . . . 53

3.3 Platform Implementation . . . . . . . . . . . . . . . . . . . 55
3.3.1 Database . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3.2 Selection of Database and Patient . . . . . . . . . . 59
3.3.3 Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3.4 Inverse Kinematics . . . . . . . . . . . . . . . . . . . 65
3.3.5 Inverse Dynamics . . . . . . . . . . . . . . . . . . . . 69
3.3.6 Export Tool . . . . . . . . . . . . . . . . . . . . . . . 71

3.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.4.1 Support to Ankle-Foot-Orthosis Design . . . . . . . 78

3.5 Other Applications in Gait Analysis . . . . . . . . . . . . . 84
3.5.1 Background . . . . . . . . . . . . . . . . . . . . . . . 84
3.5.2 Methods and Materials . . . . . . . . . . . . . . . . . 86
3.5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . 91

4 Conclusions 95

A User Manual Biomechanical Platform 99

Bibliography 109

Author’s Publications 117

iv



Acknowledgements

The author’s work has been carried out in the framework of the Eu-
ropean Union project of the Horizon program 2014-2020 “APTIS — Ad-
vanced Personalized Three-dimensional printed SensorIzed orthosiS”, funded
by the Italian Ministry of Economic Development. Leading companies:
ICS Maugeri SPA SB (Pavia, Italy), Officine Ortopediche Tombolini (Taranto,
Italy).

v





List of Acronyms

The following acronyms are used throughout the thesis.

FO Foot Orthosis

AFO Ankle-Foot Orthosis

KAFO Knee-Ankle-Foot Orthosis

KO Knee Orthosis

HKAFO Hip-Knee-Ankle-Foot Orthosis

THKAFO Trunk-Hip-Knee-Ankle-Foot Orthosis

FD Foot Drop

AM Additive Manufacturing

FDM Fused Deposition Modelling

SLS Selective Laser Sintering

CAD Computer Aided Design

OTC Over-The-Counter

EMG Electromyography

vii



IR Infrared

ASIS Anterior Superior Iliac Spine

GUI Graphical User Interface

UI User Interface

API Application Programming Interface

COP Center of Pressure

FEA Finite Element Analysis

HS Heel Strike

RoM Range of Motion

viii



List of Figures

1.1 Example of AFOs: a. passive AFO; b. semi-active AFO
with magnetorheologic fluid brake [24]; c. active AFO with
the shank and the foot brace [1] . . . . . . . . . . . . . . . . 4

2.1 Anatomical planes of human body. . . . . . . . . . . . . . . 12

2.2 Schematic representation of gait cycle phases. . . . . . . . . 13

2.3 Distinction between step and stride. . . . . . . . . . . . . . 14

2.4 Schematic representation of SMART-DX system for motion
analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5 Infrared (IR) cameras of the SMART-DX system by BTS
Bioengineering. . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.6 a. Reflective passive markers; b. elastic belt to attach mark-
ers on body; c. example of marker positioning on the foot. . 22

2.7 Video cameras used to record the walking trial, in order to
support the clinical investigation. . . . . . . . . . . . . . . . 23

2.8 The SMART Tracker tool is needed to assign the correct
label to the markers. . . . . . . . . . . . . . . . . . . . . . . 24

2.9 Placement of the markers following the Davis heel protocol
(Figure from [17]). . . . . . . . . . . . . . . . . . . . . . . . 27

2.10 Models Gait2392 (left) and Gait 2354 (right) in OpenSim. . 33

ix



2.11 Placement of the body segments reference frames (Figure
from [19]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.12 Geometry of knee joint in the sagittal plane (Figure from
[19]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.13 The three revolute joints of the foot model: ankle (ANK),
subtalar (ST), and metatarphalangeal (MTP) joints (Figure
from [19]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.14 Experimental markers (on the left in blue) and virtual mark-
ers placed on the model (on the right in red). . . . . . . . . 38

3.1 User Interface (UI) Component Library in MATLAB App
Designer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2 The hierarchical structure of OpenSim Application Program-
ming Interface (API) classes: each class is built on the com-
ponents underneath. . . . . . . . . . . . . . . . . . . . . . . 46

3.3 The starting model Gait2392 equipped with the set of vir-
tual markers represented as pink dots. On the left, the list
of markers is reported. . . . . . . . . . . . . . . . . . . . . . 50

3.4 The standard file used to store the anthropometric measure-
ments collected on a subject before the experimental session.
The standard structure allows the automatic import of data
in the platform. . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5 The .trc file used to store the markers traces exported from
BTS tracking system. . . . . . . . . . . . . . . . . . . . . . . 53

3.6 The .xml file used to store all the properties needed to per-
form the scaling of the biomechanical model. . . . . . . . . . 54

3.7 Design diagram of the Biomechanical Platform. . . . . . . . 55

3.8 Nested structure of the folders in the database. . . . . . . . 56

3.9 Organization of data contained in the folder related to a
single experimental session. . . . . . . . . . . . . . . . . . . 57

x



3.10 Files organization in the raw data folder. . . . . . . . . . . . 58

3.11 Design of the opening interface. . . . . . . . . . . . . . . . . 59

3.12 Design of the inverse kinematics tab. . . . . . . . . . . . . . 66

3.13 Design of the plot tool for Inverse Kinematics results. . . . . 68

3.14 Design of the inverse dynamics tab. . . . . . . . . . . . . . . 69

3.15 Design of the export tool. . . . . . . . . . . . . . . . . . . . 72

3.16 Output file of the export tool reporting the parameters used
to support the design of custom AFO. . . . . . . . . . . . . 77

3.17 Schematic process diagram showing the relationships be-
tween the tools used to design and develop a custom AFO. . 78

3.18 Morphological and functional data to support AFO design:
a. 3D model of the internal foot structure; b. plantar pres-
sure map and Center of Pressure (COP) evolution in or-
thostatic trial; c. integration of data in Computer Aided
Design (CAD) environment for AFO design. . . . . . . . . . 79

3.19 Position of the markers used to calculate the forward dis-
placement of the knee with respect to the heel in walking
trials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.20 Position of the markers used to calculate the vertical dis-
placement of the heel with respect to the metatarsal bones
in walking trials. . . . . . . . . . . . . . . . . . . . . . . . . 82

3.21 The three areas defined to apply the constraints in Finite
Element Analysis (FEA). . . . . . . . . . . . . . . . . . . . 83

3.22 Grid generated on the model to perform FEA. . . . . . . . . 83

3.23 An example of the results of FEA simulation, obtained with
displacement constraints gathered from the biomechanical
analysis. Results are shown in terms of Von-Mises stress. . . 84

3.24 Markers position according to Davis protocol. . . . . . . . . 88

xi



3.25 Evolution of the joint angles during a gait cycle. Signals
were obtained as average of all subjects data. The shaded
areas represent the variability around the mean, covering
two standard deviations. The dashed vertical lines show
the average Toe-Off time during Gait Cycle, for both condi-
tions a. Ankle angle of the foot wearing the AFO (positive
values dorsiflexion, negative values plantar flexion). b. An-
kle angle of the contralateral foot. c. Subtalar angle of the
foot wearing the AFO (positive values inversion, negative
values eversion). d. Subtalar angle of the contralateral foot. 91

A.1 Opening interface of the biomechanical platform. . . . . . . 99
A.2 Drop-down menu for the selection of the patient. . . . . . . 100
A.3 Drop-down menu for the selection of the walking condition. 101
A.4 Drop-down menu for the selection of the session date. . . . . 101
A.5 Setup of the platform based on the data available for the

selected experimental session. . . . . . . . . . . . . . . . . . 102
A.6 Start of a new analysis for a patient with unprocessed data. 103
A.7 Model Scaling and visualization. . . . . . . . . . . . . . . . 104
A.8 Inverse Kinematic Tool. . . . . . . . . . . . . . . . . . . . . 104
A.9 Inverse Kinematic Tool with the processing results. . . . . . 105
A.10 Plot of the results of Inverse Kinematics. . . . . . . . . . . . 106
A.11 Inverse Dynamic Tool. . . . . . . . . . . . . . . . . . . . . . 106
A.12 Plot of the results of Inverse Dynamics. . . . . . . . . . . . 107
A.13 Export Tool Window. . . . . . . . . . . . . . . . . . . . . . 108

xii



List of Tables

2.1 Marker Set in Davis Protocol. . . . . . . . . . . . . . . . . . 26
2.2 Masses and inertial parameters for the body segments of the

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1 Properties of the markers added to the model. . . . . . . . . 49
3.2 Anamnestic data of the study population. . . . . . . . . . . 87
3.3 Data statistics. . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.4 Results of the statistical ANOVA test. . . . . . . . . . . . . 92

xiii





Chapter 1
Lower Limb Orthoses

Lower limb orthoses are devices used to improve functions in lower body
segments by controlling motion, support foot and leg in correct position
during gait, correcting the progression of deformities and reducing pain.
One of the proposed classifications for lower limb orthoses is based on the
body segments affected by the action of the device [28]:

• Shoes - are the conceptual forefathers of the orthosis, their parts can
be customized to correctly redistribute weight and reduce excessive
pressures in localized areas.

• Foot Orthosis (FO) - it is a sole or a device acting on foot in order
to reach a better foot support phase during gait and static trials.

• Ankle-Foot Orthosis (AFO) - this device extends its action to the
ankle, in order to stabilize the joint and restore a more normalized
lower limb biomechanics.

• Knee-Ankle-Foot Orthosis (KAFO) - it supports the proper align-
ment of knee, ankle and foot, and it is often prescribed when quadri-
ceps weakness or dysfunction causes an abnormal walking pattern.

• Knee Orthosis (KO) - a knee orthosis only supplies control of the
knee joint but not of the rest of lower limb. KOs can be designed to
provide joint support in the sagittal or frontal plane, or to control
the axial rotation.
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• Hip-Knee-Ankle-Foot Orthosis (HKAFO) - it consists of a KAFO
with the addition of a support for hip joint and a pelvic band. This
kind of orthotic controls the biomechanics of the entire lower limb.

• Trunk-Hip-Knee-Ankle-Foot Orthosis (THKAFO) - it is a complex
system with a spinal orthosis added to a KAFO. A THKAFO is
indicated for patients with paraplegia, supporting the static standing
and the dynamic ambulation.

The orthotic devices for lower limbs are used in several pathological
conditions affecting the normal functionalities of the legs and feet. The
prescription of the appropriate device for a patient requires consideration
of several factors including diagnosis of disability, Range of Motion (RoM),
strength, tone, cognition, dexterity, compliance, sensation, edema, gait
pattern, and pain [28].

In the present work the focus is on the common orthopaedic syndrome
named Foot Drop (FD). This pathological condition mainly affects the
biomechanics of the ankle joints, therefore it is usually treated with AFOs.

1.1 Ankle Foot Orthosis for Foot Drop

Foot Drop (FD), also called drop foot, is a general term indicating the
difficulty in performing foot dorsiflexion, causing the front part of the foot
to drag along the ground while walking, altering the physiologic biome-
chanics of the whole body. The abnormal gait pattern is characterised
by two major complications: at Heel Strike (HS), the forefoot generally
impacts to the ground in an uncontrolled and rapid manner, producing a
distinctive slapping noise (foot slap); during foot swing, the inability to
lift the front part of the foot causes the toes to drag on the ground with
consequent high risk of stumbling and falling (toe drag) [6]. This deficit is
caused by partial or complete paralysis of the muscles innervated by the
peroneal nerve, which controls active ankle dorsiflexion [48]. The dorsi-
flexors of the foot and ankle are muscles that help the body to clear the
foot during swing phase and control plantar flexion of the foot during HS.
The weakness of plantar flexor muscles results in the reduction of push-off
power, with consequent increase of energy cost as most of the power during
gait is generated during ankle push-off. Dorsal muscles weakness induces
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an insufficient foot dorsiflexion for lifting the foot adequately in midswing;
it results in toe-dragging, lower walking speed, shorter step length, increase
in walking metabolism, and high risk of tripping [3]. FD is not properly
a disease, rather it is the presentation of lumbar degenerative diseases,
with varied aetiology, which can be divided into three broad categories
including neurological, muscular or anatomical [46, 5, 9, 48, 35]. In most
cases FD is the effect of lesions or disorders affecting directly the peroneal
nerve and/or its origins (anterior horn cells, L4 or L5 spinal nerve roots,
lumbosacral plexus and sciatic nerve). Nerve conduction examination and
Electromyography (EMG), eventually supported by imaging, are effective
studies to localise the site of injury, establishing the degree of damage and
predicting the degree of recovery. In many other cases, when the diagnosis
is less obvious, a peroneal neuropathy remains the likely diagnosis. It can
be induced by various causes, including prolonged external compressions,
direct traumas, traction injuries, masses and tumours, entrapment, vas-
culities, diabetes or even leprosy [48].

Regardless of the origin of the motor deficit, patients with FD greatly
benefit from the use of a brace to support the foot, aid walking and pre-
vent tripping. Lightweight AFOs are the most adequate solutions [48].
They are applied externally to patient’s lower leg and foot in order to
support and maintain the foot and ankle in the proper position during
movement and to improve the gait pattern. Semi active and Active AFOs
contain onboard power source to supply electronic elements such as sen-
sors, actuators and/or control systems. Passive AFOs contain mechanical
elements (dampers or springs) to control relative motion between foot and
shank, without using electronic components. Passive AFOs are more com-
pact in size and lightweight with respect to active AFOs, which are bulky
in size, often uncomfortable to wear and require external power supply.
Therefore, passive AFOs are usually preferred by patients for everyday
use. Figure 1.1 shows examples of passive, semi-active and active AFOs
taken from literature. Another classification of AFOs can be based on rel-
ative motion between foot and shank parts of the orthosis: non-articulated
(or fixed) AFOs are devices made of a single piece in thermoformable ma-
terial like polypropylene; articulated AFOs are two-piece (foot part and
shank part) devices connected by joints with functional purposes (such as
hinges, springs, dampers or flexion stops) [34].
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Figure 1.1. Example of AFOs: a. passive AFO; b. semi-active AFO with
magnetorheologic fluid brake [24]; c. active AFO with the shank and the foot
brace [1]

In the literature review proposed by Kubasad et al., authors underline
the lack of a compact, lightweight, untethered, and efficient AFO that
could fit for daily life usage. The challenge to deal with in future research
is to merge the compactness, ease of use and comfortness of passive AFOs
with the effectiveness in rehabilitation provided by the active and semi-
active orthoses [34].

1.1.1 The Codivilla Spring AFO

The Codivilla spring was one of the first AFOs developed in history and
used to support ambulation in patients with FD. The Codivilla spring is a
forerunner of modern AFOs, and some modern versions of the device, with
the same structural principles, retain the original name. This orthotic de-
vice was firstly conceived at the Rizzoli Orthopaedic Institute in Bologna,
Italy. As reported by the historical revision provided by Bardelli et al. [8],
the orthosis was named after the Professor Alessandro Codivilla, although
he never mentioned the spring as we know in his scripts. However, he was
a pioneer of the Orthopaedic Italian discipline and developed the Codivilla
Rotary spring, which inspired the current model of the orthotics. It was
the Professor Francesco Delitala, one of his pupil at the Istituto Rizzoli, to
write about an ankle-foot support called “Istituto Rizzoli instrument for
sciatic palsy” for the first time in his monography “Gli apparecchi ortope-
dici” edited in 1921 [18]. Delitala did not hesitate to give rightful credits
to his former mentor, prof. Codivilla, whose studies were crucial to the
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development of lower limb orthoses.
The original version of the Codivilla spring was composed of a steel

flat bar covered in leather, which was placed behind the leg, and a sole
supporting the foot in the correct position [8]. The structure was able to
act as a spring, returning elastically the flexion forces imparted during the
terminal stance phase loading of the ankle. Thus, it was conceived to sup-
port the foot during the swing phases for patients with dorsiflexion deficit
of the foot, caused by neurological or orthopaedic diseases.
Subsequent evolutions in Codivilla spring mainly concerned the materi-
als used, thanks to the introduction in the second half of the last cen-
tury of thermoplastics materials (in particular polypropylene). The new
materials were cheaper and allowed the development of molded orthoses
with high level of customization. The plastic spring orthoses, which nowa-
days are still being produced and used, are usually obtained from a single
polypropylene sheet modeled on the morphological and functional needs
of patients. The amount of material and its distribution can calibrate the
features of the orthosis, in particular providing a certain degree of resis-
tance and rigidity to the structure.

The latest innovations in materials and manufacturing techniques open
further new frontiers in customizing the functionalities of passive orthoses.
An example is represented by the modern Additive Manufacturing (AM)
techniques, which enable the production of very accurate devices, also
thanks to the support of digital processing and modelling.

Given the new possibilities in design and production, it would be inap-
propriate considering the Codivilla spring as a standard universal orthosis.
Instead, it should be considered that there are considerable opportunities
for customization in order to achieve useful user-specific functionalities.
The desirable approach is to tailor a custom AFO with specific mechan-
ical and morphological features, that should compensate the specific me-
chanical deficiencies of the neuromusculoskeletal function observed in the
patient, with the aim to correct or improve static and dynamic function of
ankle-foot complex.

Thus the choice of the right orthosis for the right patient, is a key aspect
for the professional expertise of orthotists and physiatrists. However, the
introduction of computerized gait analysis systems for the biomechanical
characterization of gait can revolutionize the process of prescription and
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design of orthoses. The kinematic and kinetic analysis of the ankle during
gait is useful in defining the deficit the orthosis should limit.
The objective of the project carried out, of which this thesis represents
the final summary, was to develop a semi-automated system, based on the
biomechanical analysis of gait, to support the design of 3D printed passive
orthosis on the model of the Codivilla spring.

1.2 Values and Future Directions of Custom Or-
thotics

In 2012, in a roundtable about Foot Orthoses [31], the Professor Kevin
A. Kirby and other colleagues analysed the advantages and disadvantages
of custom orthoses with respect to Over-The-Counter (OTC) devices. The
podiatry Simon K. Spooner underlined that OTC orthoses are relatively
cheaper and can be dispensed instantly whereas there is usually a time
delay between prescription and dispensation of custom devices. These
disadvantages can be partially overcome with modern materials and man-
ufacturing technologies. However, as suggested by Kirby, custom orthoses,
typically made of polypropylene or other plastics, usually have greater
durability (5-15 years) versus the average OTC orthosis (3-9 months).
Thermoplastic custom orthoses also experience less alteration in shape
over time, thus maintaining relatively constant the prescribed shape and
stiffness when compared with OTC orthoses. Moreover, being based on
a 3D model, custom orthoses are able to effectively reproduce all of the
geometric parameters that constitute the interindividual variation within
the plantar surface topography of the human foot, effectively reducing the
magnitudes of pressures acting on the plantar foot [37].

Research on effectiveness of orthotics clearly shows that foot orthoses
effectively change the kinetics and kinematics of gait. In addition, inverse
dynamics studies underline that these devices alter the magnitudes and
temporal loading patterns on the internal structural components of the foot
and lower extremity, which supports the idea that foot orthoses produce
much of their therapeutic effects by altering the forces and moments on
internal structures of the foot and lower extremity [31]. This suggests that
the design of custom orthoses cannot ignore the study of gait biomechanics
in its altered functions, in order to plan the right prescription and achieve
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corrections through the optimal design of the orthopaedic device.

With regard to the future directions for foot orthosis technologies,
Kirby indicated 3D printing or AM technique as the most interesting new
technology being developed to produce viable FO products. He also showed
confidence in miniature electronic components, which will allow foot or-
thoses to monitor the condition and the effects of the device, giving instant
wireless feedback to the clinician and/or patient. Ten years later, we can
affirm that the two technologies can indeed have an impact on orthotic
manufacturing.

The former is already gaining success: among the various application
fields of AM in medicine, orthopaedics appears to be the sector that bene-
fits the most from this technology. A recent literature review article shows
that 53% of the papers published in the scientific literature in recent years
refer to the orthopaedic field [50]. It is possible to associate AM with a se-
ries of advantages over traditional orthotic manufacturing techniques, such
as flexibility in the design phase even with devices of high geometric/func-
tional complexity, differentiation of internal topology and thicknesses, and
the possibility of obtaining multi-material and multi-part objects. All this
translates into the possibility of guaranteeing the patient a much higher
degree of compliance, shorter delivery times while ensuring the provider
company reduced waste and lower costs for complex devices (complexity
for free).
AM technologies mainly used for prototypes design and fabrication in the
medical field (e.g., orthotics) are based on extrusion of thermoplastic poly-
mer filaments Fused Deposition Modelling (FDM) or Selective Laser Sin-
tering (SLS) of thermoplastic powders. FDM technology generates 3D
prototypes by heating and extruding a filament of plastic material that is
deposed on the printing platform in X and Y directions following a con-
trolled scheme, while SLS technology enables 3D generation of an object
by selectively sintering (i.e., forming a solid mass of material by heating it
avoiding liquefaction) successive layers of powder, placed on a powder bed.
SLS machines are capable of producing higher resolution objects and are
more accurate than their FDM counterparts, since the resolution is mainly
determined by the size of the laser’s optical dot, but at the same time they
are more costly and there is a need for more attention by operators work-
ing with powders.
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Another promising tool identified as potentially relevant in the process
of design of custom orthoses is the finite element modelling and analysis.
With such modelling the orthoses superior surface geometry, the load/de-
formation characteristics and the frictional characteristics can be manipu-
lated. Within the safety of the virtual environment the analysis can assess
the influence of various orthoses designs and the effect that these designs
have on the “virtual” tissue stress and strain. Through this approach a
better knowledge on the most effective design variables in providing the
best effects on the target tissue can be achieved [31].

The aim of the work is to explore the biomechanics of gait of FD pa-
tients, in order to develop a semi-automated system supporting the func-
tional design of custom AFOs. Chapter 2 presents the study of gait biome-
chanics, with an overview of principles and systems for gait analysis and
a focus on biomechanical modelling and simulation of gait. In Chapter 3
the novel process of design and production of custom AFO is shown, un-
derlining the innovative methods developed in a user-interface platform.
Chapter 4 summarizes the achievements of this product, analyzing the in-
novative elements but also the limitations found in this scientific research
and technology transfer work.



Chapter 2
Biomechanical Modelling of
Human Gait

This chapter introduces the basic concepts of the biomechanical mod-
elling, investigating its use for the study of human gait, aimed at support-
ing the custom fabrication of orthoses for lower limbs. An introduction
on the history, general principles and system for gait analysis opens the
chapter. Then a discussion about the biomechanical modelling of gait is
provided, with specific focuses on the gait models and on the methods
(hardware, software platform, etc) exploited to achieve the purposes of
this work.

2.1 Gait Analysis

Gait Analysis represents nowadays a tool of great interest in the clini-
cal practice for the quantitative study of locomotion. Clinical gait analysis
refers to the assessment of gait disorder or gait abnormalities, using clin-
ical approach and techniques. Most of the physical problems are caused
by an abnormal gait, i.e. back pain, joint pain at the lower limbs, muscle
strain, etc.[51]. Since gait and, in general, movement are the results of the
interaction of three main physiological systems: nervous, musculoskeletal
and sensory, gait analysis can provide information not only on the patient’s
level of functional limitation resulting from pathology, but also useful infor-
mation regarding the pathologies of the aforementioned systems allowing
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the planning of possible medical, surgical or rehabilitation therapies to be
adopted as appropriate.

In the past, gait was recorded by camera systems providing qualitative
measures of subject’s locomotion, which was interpreted very subjectively
by the clinician. Very often this type of detection, which is qualitative,
proved to be incomplete and susceptible to errors of interpretation; in
fact, video analysis does not provide information related to the exchange
of forces to the ground (dynamics) and muscle activity (EMG) during
the analyzed movement. These limitations can be overcome through the
use of modern gait analysis, which allows two-dimensional qualitative as-
sessments to be combined with three-dimensional quantitative assessments
related to both kinematics and dynamics of movement and muscle activa-
tion.
Movement analysis represents a computerized, multifactorial, three dimen-
sional gait assessment method that aims to collect quantitative information
related to the mechanics of the musculoskeletal system during the execu-
tion of a motor act, with the aim of objectively characterizing it. The
clinical gait analysis is aimed to study the loads distribution over body
structures in quiet standing and symmetry of motion pattern, cadence,
and forces sharing during walking or dynamic tasks [55].
In particular, systems for gait analysis process the following information:

• the absolute motion of the center of mass of the whole body or a
portion of it;

• the absolute motion of bones or body segments;

• the relative motion between adjacent body segments (joint kinemat-
ics);

• the forces and torques exchanged with the environment;

• the resultant loads transmitted through sections of body segments
or carried through joints (inter-segmental loads);

• the forces and torques transmitted by internal structures (muscles,
tendons, ligaments, bones);

• changes in energy of body segments, muscle work and power.
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As a great advantage, gait analysis is a non-invasive technique, and there-
fore usable even in minimally cooperative patients or those with peculiar
gait. It is also easily repeatable making it possible to easily and effectively
monitor the patient over time.

2.1.1 Basis of Human Gait Analysis

Gait is characterized by a cyclic pattern of motor activity of the lower
limbs and trunk to transfer body weight onto the supporting limb and
to advance the contralateral limb forward. Since each motor sequence is
characterized by the interaction between the two lower limbs and the en-
tire body mass, the identification of the events that occur, during such se-
quences, requires the observation and analysis of gait from different points
of view. To this end, it is essential to describe and divide the gait cycle,
which is the functional reference unit in gait analysis, into a series of basic
phases.

Gait Cycle

The movement of the human body can be described along three main
planes: sagittal, frontal and transverse Figure 2.1:

• the sagittal plane divides the human body into two symmetrical
parts: right and left;

• the frontal plane divides the body into two asymmetrical parts: an-
terior and posterior;

• the transverse plane divides the body into two asymmetrical parts:
upper and lower.

The movements of the human body occur along an axis perpendicular
to each of the planes and are:

• Flexion and extension movements along an axis perpendicular to the
sagittal plane;

• Movements of abduction and adduction around a sagittal axis per-
pendicular to the frontal plane;
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Figure 2.1. Anatomical planes of human body.

• Intra- and extra-rotational movements along a vertical axis perpen-
dicular to the transverse plane.

Through the loss of balance and its subsequent recovery, a cyclic se-
quence of movement can be enacted that involves phases of support and
swinging of the lower limb. As the body moves forward, one limb acts
as a moving support on the ground while the other moves forward to the
next stance; subsequently, the limbs switch their roles and both feet are in
contact with the ground during the transfer of body weight from one limb
to the other. This sequence of events is repeated by each limb at recipro-
cal times, and a single sequence of these functions, per limb, is called gait
cycle.

The gait cycle represents the functional unit in gait analysis: it is the
interval between two successive analogous gait events of the same foot. By
convention, the gait cycle begins with a HS of a foot on the ground and ends
when the same heel hits again on the ground, starting the foot support.
The schematic representation of the phases of gait cycle is reported in
Figure 2.2.

The gait cycle can be distinguished into two complementary periods:

• Stance phase: identifies the entire period during which the foot is in
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Figure 2.2. Schematic representation of gait cycle phases.

contact with the ground;

• Swing phase: refers to the time during which the foot is elevated
from the ground for the progression of the limb.

The duration of the two phases varies from subject to subject: in a
normal gait, the stance phase comprises about 60 percent of the gait cycle,
while the swing phase accounts for about 40 percent. The stance phase
begins with the initial contact of heel with the ground and ends with the
toe-off, namely, the separation from the ground of the same foot. Simul-
taneously, the swing phase of the contralateral limb occurs, which is the
interval within which the limb is elevated from the ground. It begins with
toe-off and ends with initial contact.
The stance phase is divided into three separate sub-phases:

• initial double support: both feet are in contact with the ground;

• single support: during which a foot is in contact with the ground
and the contralateral foot is swinging;

• terminal double support: in which both feet are again in contact with
the ground, following the end of the swing phase of the contralateral
foot.

Two basic concepts should also be distinguished (Figure 2.3):
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• Stride: it is the equivalent of the gait cycle. It is defined as the
interval between two successive initial contacts of the same foot and
represents the time reference in which all other biomechanical events
and muscle activity are described;

• Step: it is the interval between the HS of a foot and the strike of the
same part of the contralateral foot.

The basic spatio-temporal parameters characterising the gait cycle are
the following:

• Stride length: the sum of foot length and the distance covered during
the swing phase;

• Step width: the distance, in the frontal plane, between the heel and
the line of progression;

• Cadence: the number of steps in the unit of time (second or minute);

• Mean walking speed.

Figure 2.3. Distinction between step and stride.

Walking Phases

The gait cycle is divided into eight functional phases. The combination
of the phases allows the limb to perform three basic tasks:
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• Load acceptance, that characterises the beginning of the stance pe-
riod and uses the first two phases of the stride (initial contact and
load response);

• Single stance, includes the next two phases (intermediate stance and
terminal stance);

• Advancement of the limb, begins in the final phase of stance (pre-
swing) and continues through the three phases of swing (initial swing,
mid-swing and terminal swing).

The single phases are here deeper detailed (Figure 2.2).

1. Initial Contact
Range: 0-2 % of the gait cycle. This phase includes the initial con-
tact of heel with the ground. During the initial contact, the hip is
flexed, the knee is extended, the foot is dorsiflexed, and the tibia
is positioned at 90° (neutral position). In terms of muscle activ-
ity, both the quadriceps and the pretibial and ischiocrural muscles
(i.e., semimembranosus, semitendinosus, and long head of the biceps
femoris) are active in this phase.

2. Load Response
Range: 2%-10% of the gait cycle. This phase is the beginning of the
double support, starting with initial ground contact and continuing
until the other foot is lifted for the swing. During the load response
phase, body weight is transferred to the advancing limb. The heel
is used as a fulcrum, while the knee is flexed to absorb the contact
shock. The flexion of the tibia limits the rolling of the heel by forefoot
contact with the ground. The contralateral limb is in the pre-swing
phase. The end of this phase is determined by the lifting of the
contralateral limb from the ground. During this interval, the gluteus
and quadriceps muscles are active.

3. Mid-Stance
Range: 10-30% of the gait cycle. This phase begins at contralateral
toe-off and continues until the weight of the body is aligned on the
forefoot; with simultaneous progression on the supporting foot. In
the first half of the single support phase, the limb advances beyond
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the foot, resulting in dorsiflexion of the ankle while the knee and hip
extend. The contralateral limb is approaching the swing phase. In
this phase the soleus and gastrocnemius are the only active plantar-
flexor muscles.

4. Terminal Stance (Heel Off)
Range: 30-50% of the gait cycle. In this phase the body passes over
the supporting foot. The terminal stance begins when the heel is
lifted from ground (heel off) and continues until the contralateral
limb touches the ground. During this phase, body weight is trans-
ferred beyond the forefoot, the heel lifts and the limb advances. The
knee continues to extend and then flexes slightly. Increased hip ten-
sion causes the limb to move forward, transferring the weight to the
forefoot. The contralateral limb is in the terminal swing phase.

5. Pre-Swing (Toe-Off)
Range: 50-60% of the gait cycle. This phase, also called weight
transfer or weight release, is the terminal phase of the double support
period of the gait cycle. This phase ranges from the initial contact of
the contralateral limb to the ipsilateral toe-off. The limb reacts with
an increase in plantar flexion of the foot, an increase in knee flexion,
and a decrease in hip extension. The opposite limb is in the load
response phase. In terms of muscle activity, the adductor longus and
rectus femoris act. There is weight transfer from the limb of interest
to the contralateral limb.

6. Initial Swing
Range: 60-73% of the gait cycle. This phase begins with the toe-off
and ends with the foot swinging over the contralateral limb. The foot
is lifted and the limb advances by hip flexion and knee flexion. The
ankle is in partial dorsi-flexion. The opposite limb is in the initial
phase of mid-stance.

7. Mid-Swing
Range: 73-87% of the gait cycle. This phase begins when the swing-
ing limb passes over the opposite supporting limb, and ends when
the swinging limb advances and the tibia is vertical. The advancing
of the limb let the weight of the body move forward for hip flexion.
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The knee may extend as a response to gravity while the ankle re-
duces the dorsiflexion to neutral angle. The contralateral limb is in
the terminal phase of the mid-stance. The hip flexors and the dorsal
tibial flexors muscles are active during this phase.

8. Late Swing
Range: 87-100% of the gait cycle. This is the final phase of the
swing, that ends when the foot hits the ground (HS). The knee
is in extension, while the hip maintains its initial flexion and the
ankle returns to neutral angle. The other limb is in the terminal
stance phase. The pretibial, ischiocrural (i.e., semimembranosus,
semitendinosus and long head of the biceps femoris) and quadriceps
muscles are active.

2.1.2 Systems for Gait Analysis

There are two macro-categories in which the gait analysis can be di-
vided: qualitative (visual analysis and video-recorded analysis) and quan-
titative (instrumented analysis). In visual analysis, movement is assessed
by direct observation by a clinician: this technique requires knowledge of
the correct dynamics of the movement being analyzed, perfect anatom-
ical and physiological knowledge to register any changes from normality
[45, 44, 63, 36]. The advantage is that it is a simple and inexpensive tech-
nique, requiring no special technological nor expensive equipment. How-
ever, this analysis is biased and conditioned by the experience of the clin-
ician who performs the observation [39]. The assessment is global and
limited to macro-movements, since the human eye perceives only some
movements, omitting the particulars. The impossibility of reviewing the
movement and comparing it with other movements or different subjects
makes this technique hardly objective and verifiable, with consequent ex-
cessive inter- and intra-subject variability.

In video-recorded analysis, motion is recorded with video tools and it
is later analyzed. This technique allows assessment of movement in the
three planes (sagittal-frontal-transverse) and the possibility of reviewing
the movement for further analysis. The advantage is the possibility of a
retrospective study: data can be analyzed and compared with other data
taken at different times, to evaluate, for example, the achievements carried
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out in a rehabilitation treatment [39]. However, this technique is still a
qualitative assessment, especially if it is done with a single video shot from
a single angle that limits the view of the gesture. The assessment, there-
fore, remains global and generic, being limited to the macro-movements.

In contrast to this background, in recent years the progress and ad-
vances in new technologies in the field of electronics, optoelectronics and
computing, have given fresh impetus to the development of devices and
techniques for the objective analysis of gait. The amount of gait analysis
instrumentation that has been developed is extensive, allowing the evalua-
tion of different gait parameters [2]. This current evolution results in more
efficient measurement, providing clinicians with more informative and re-
liable information on patients’ gait. This reduces the inaccuracy caused
by subjective techniques [41].

The instrumented gait analysis provides quantitative information on
body kinematics (accelerations, velocities, and displacements) and on spatio-
temporal evaluation of walking. Some integrated gait analysis systems also
combine these information with studies of kinetic (i.e., forces and moments
that cause or restrict movements), muscle activity (EMG, i.e., electrical
signals of muscle activation measured with electrodes), and other informa-
tion such as balance and plantar pressures [2, 39].

The instrumented analysis can be performed by means of different
technological devices, which can be classified according to two different
approaches: those based on non-wearable sensors or on wearable sensors
[21, 10, 41]. Non-wearable sensors are located in dedicated laboratories,
and capture data on the gait while the subject walks on a clearly marked
walkway. In contrast, systems based on wearable sensors allow to capture
data outside the laboratory and analyse human gait also during everyday
activities. There are also hybrid systems based on a combination of both
sensors.

A large part of instrumented gait analysis systems are based on op-
tical principles. A set of cameras captures the field where the subject
moves, the movement of the body’s segments are recognized thanks to
the use of passive or active markers positioned on specific landmarks of
body [26, 32]. Passive markers react to external sources (i.e. Infrared (IR)
cameras), while active markers are the source of signal themselves. There
are also systems which recognize movements without the use of markers.
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Marker-less systems automatically recognize the different body segments
in the acquired images, and then calculate their position and orientation
in three-dimensional space. Other systems recognize the entire figure of
the subject acquired by the cameras, and calculate the volume occupied
by the subject in space at each instant of time. Several technologies can be
applied in marker-less system, such as camera triangulation (stereoscopic
vision), laser range scanner [43], and Time-of-Flight methods [29], struc-
tured light [25, 16], and IR thermography [57].

Non-optical systems include systems based on floor sensors and sys-
tems based on wearable devices. Floor sensors include force platforms or
instrumented walkways where spatio-temporal and kinetic gait data are
extracted by the analysis of pressure or force signals, collected when the
subject walks on them.

Gait analysis using wearable sensors is now widely used in the clinical
field, with the advantage that it is often easier to perform without the
need for a fully equipped laboratory. In these applications motion sensors
are worn or attached to various parts of the patient’s body, such as the
foot, waist, trunk or arms, in order to measure various characteristics of
the human gait. The most used wearable sensors for gait analysis are ac-
celerometers, gyroscopes, and magnetoresistive sensors, which can be also
embedded within a single inertial measurement unit. The miniaturization
of inertial sensors allows to simply attach them on different body parts,
to directly collect kinematic information about movements, such as linear
and angular velocities, accelerations and orientations in the space. The
pressure and force sensors can also be used as wearable device to collect
useful information about gait. These sensors are usually integrated into
instrumented shoes or insoles [7, 47, 22], detecting the foot contacts with
the ground and assessing the distribution of plantar pressures. EMG al-
lows the study of muscles activation and has relevance in the study of gait.
The EMG signal can be non-invasively measured on the subject with sur-
face electrodes, therefore wearable devices have been developed to add this
kind of assessment in gait analysis.

Other wearable solution in the field of gait analysis are represented by
flexible goniometer, electromagnetic tracking system, sensing fabric, and
ultrasonic sensors. Based on these technologies, a single device or a com-
bined sensors system may be used for various gait analysis applications.
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The number and categories of wearable sensors for gait analysis will cer-
tainly increase in the future, thanks to evolution of micro-electronics and
motion-sensing technology [52].

Many companies have developed integrated systems for gait analysis
exploiting one or more of the above mentioned technologies. In the fol-
lowing section it is described the gait analysis laboratory SMART-DX by
BTS Bioengineering (Garbagnate Milanese, Milan, Italy). The focus on
this opto-electronic system is provided since it was used to collect data
regarding patient’s gait, that were then exploited to support the custom
design of the orthotic devices.

The Opto-Electronic System SMART-DX

SMART-DX is an opto-electronic motion capture system for gait anal-
ysis developed by BTS Bioengineering1. It is based on the SMART tech-
nology, that combines the use of a set of digital cameras equipped with IR
illuminators and passive markers which are identified with high accuracy
in the three-dimensional space. Attaching the markers on specific refer-
ence points of the body, specified on the basis of the selected protocol, the
software is able to reconstruct the movement of the person and analyse
the kinematics and kinetics of gait. The combination of these elements
ensures a very accurate and relatively non-invasive analysis. The SMART
System, as all optoelectronic systems, needs to be calibrated before the
use in order to capture accurate information. This procedure allows the
system to correctly combine the two-dimensional data captured by each
camera, in order to reconstruct the three-dimensional sequence of points,
referred to a single point in space, identified as the origin of the labora-
tory reference system. In Figure 2.4 the organization of a gait analysis
laboratory using SMART-DX is proposed: the IR cameras surround the
laboratory to have the stereoscopic vision of the walkway where the gait
trials are performed; other normal video-cameras can be used to visually
record the test execution; all the electronic components are connected to
a workstation where specific software controls and analyses the collected
data.

The system can also integrate signals from EMG probes and force plat-

1https://www.btsbioengineering.com/products/smart-dx-motion-capture/

https://www.btsbioengineering.com/products/smart-dx-motion-capture/
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Figure 2.4. Schematic representation of SMART-DX system for motion anal-
ysis.

forms in order to provide more specific analysis. In the scenario of the work
presented these tools were not used, as the interest was limited to the col-
lection of the 3D trajectories of the markers, in order to perform the digital
modelling of gait. Following, the hardware and software tools exploited in
this study are further detailed.

Hardware
The hardware parts making up the system are: IR cameras, passive

markers and video cameras.
The IR cameras (Figure 2.5) allow the detection of the 3D position of

the markers during the test. The system is equipped with eight IR cameras,
positioned within the laboratory in order to cover the entire acquisition
volume and ensure visibility of each marker. The cameras generate IR
illumination and then collect the reflected signal returned by the passive
markers positioned on the body of the subject. The signal is transduced
and sent to the workstation for digital processing. IR cameras record
the IR signals above a certain intensity and a two-dimensional image of
the marker. It is sufficient, therefore, that at least two cameras have
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the marker in their field of view to determine its 3D coordinates (x, y, z).
The IR cameras of the system used (SMART DX-700) have the following
technical characteristics: resolution of 1.5 Mpixel, acquisition frequency
at maximum resolution 250 fps, maximum acquisition frequency 1000 fps,
accuracy lower than 0.1 mm on a 4x3x3 m acquisition volume.

Figure 2.5. IR cameras of the SMART-DX system by BTS Bioengineering.

Passive markers are small spheres with a diameter ranging from 3 to
20 mm covered with a film of reflective material (aluminum powder) and
supported by plastic supports (Figure 2.6a). Their spherical geometry
allows the complete and correct visualization, as they produce an isotropic
reflection of the IR rays emitted by camera illuminators. These markers are
placed on the bare surface of the subject’s body, by means of double-sided
tape or elastic belts (Figure 2.6b), at points that coincide with anatomical
landmarks detectable by palpation (Figure 2.6c). The detection of passive
markers requires a pre-processing stage by a human expert, in order to
verify the correct identification and to classify the marker relating to its
body position.

Figure 2.6. a. Reflective passive markers; b. elastic belt to attach markers
on body; c. example of marker positioning on the foot.

The system is also equipped with a video recording system consisting of
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two video cameras (Figure 2.7) synchronized to the optoelectronic system.
The cameras record movements during the test in the frontal and sagittal
directions, providing qualitative information to support the clinical inves-
tigation and the interpretation of data.

Figure 2.7. Video cameras used to record the walking trial, in order to
support the clinical investigation.

Software
The software used by Smart System is the SMART-SUITE package.

This package consists of three tools:

• SMART Capture;

• SMART Tracker;

• SMART Analyzer.

The SMART Capture component is a tool used to perform system
calibration and acquire kinematic data. It enables complete control of the
capture system, real-time display of acquired data, identification of marker
position in 2D images, and control of camera sensitivity via software. The
rendering of the markers’ positions identified in the 3D volume of acqui-
sition is performed by combining the two-dimensional data acquired from
the cameras during the trial, and those obtained during calibration.

The SMART Tracker component is an interactive graphical environ-
ment that allows the identification of markers in order to obtain a three-
dimensional image of the movement and path of each marker with the
creation of the "stick figure" (Figure 2.8). The stick figure approximates
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the skeleton of the test subject and it is realized by assigning a label to
each marker (labeling), on the basis of its position on subject’s body. The
algorithm connects contiguous markers to reproduce the stick figure. The
tracking operation is the first stage of data processing: it represents the
logical linking of two successive frames in order to identify the time course
of each marker. This is a very complex operation that requires high accu-
racy in order to avoid errors that would later compromise data processing.
At this point of processing, the markers trajectories over time can be ex-
ported and used for the biomechanical modelling. To be torough the last
software tool is also described, although it was not used in the workflow
presented in this work.

Figure 2.8. The SMART Tracker tool is needed to assign the correct label
to the markers.

The SMART Analyzer tool is an interactive graphical environment de-
signed to process data acquired from BTS SMART system. Starting from
the spatio-temporal data acquired by the opto-electronic components, the
SMART Analyzer uses biomechanical resources to calculate a set of kine-
matic and kinetic parameter regarding the dynamic trial under analysis.
Moreover, this tool enables for the creation of new analysis protocols; im-
port and export of raw and processed data acquired with other systems
or software ; visualization of the displacements of each marker along the



2.1. Gait Analysis 25

three dimensions of the laboratory reference system and creation of cus-
tom clinical reports, in which all the processed data are summarised with
graphs and tables.

Davis Heel Protocol
A protocol is the scheme that controls the acquisition and processing of
the kinematic gait data using a given marker-set and mathematical con-
ventions. It also ensures that the acquisition method is standardized and
the measurement is repeatable. In general, a gait analysis protocol for op-
tical systems includes the placement of markers according to a predefined
pattern, the set of anthropometric measurements to be taken on the sub-
ject, as well as the algorithm that allows the calculation of various spatial,
temporal, kinematic and kinetic parameters.

The Davis protocol [17] was developed by Davis Roy B. III at New-
ington Children’s Hospital in New York and is the most widely used gait
analysis protocol. It represents a gold standard, particularly in applica-
tions related to infant cerebral palsy.
The first phase of the protocol involves physical assessment of the subject
and measurement of some anthropometric variables including body weight,
height, leg length, femur length, knee and ankle widths, distance between
right and left pelvic Anterior Superior Iliac Spine (ASIS) and vertical dis-
tance in the sagittal plane between the ASIS and the greater trochanter.
The next phase regards the application of the passive reflective markers
on subject’s body. The marker-set consists of 22 markers summarized in
Table 2.1. Markers are positioned in specific landmarks indicated in Fig-
ure 2.9. Part of the markers are applied directly on the skin using tape,
while others are spaced from the body using little wands, ranging in length
from 5 to 10 cm. Specifically, one wand is placed on the central part of
each femur (Femur wand) and one on the central part of each leg (Fibula
wand).

As shown in the Table 2.1 and Figure 2.9, markers placement can be
summarized as follows:

• Trunk: two markers placed on the right and left acromioclavicular
joints and one at the same height at the level of the spinous process;

• Pelvis: two markers placed at the level of the right and left ASIS,
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Table 2.1. Marker Set in Davis Protocol.

Body Segment Marker Acronym Marker Name

Trunk
RS Right acromioclavicular joint
LS Left acromioclavicular joint
N Spinous process C7

Pelvis
R Right ASIS
B Left ASIS
H Sacrum

Thigh
RH (LH) Right Greater trochanter (Left)
RF (LF) Right femur wand (Left)
RK (LK) Lateral epicondyle of the right fe-

mur (Left)

Shank
RP (LP) Head of the right fibula (Left)
RB (LB) Right fibula wand (Left)
RA (LA) Right lateral malleolus (Left)

Foot RT (LT) Fifth metatarsal head of right foot
(Left)

RQ (LQ) Right heel (Left)

and one at the level of the sacrum so that the three points are in the
same plane containing the ASIS and posterior superior iliac spines;

• Thigh: a marker placed on the greater trochanter, one on the lateral
epicondyle of the femur and one on a wand placed at 1/3 of the
length of the thigh so that the plane containing the three markers is
parallel to the frontal plane;

• Shank: a marker placed on the lateral malleolus, one on the head of
the fibula and another on a wand placed at 1/3 of the length of the
leg;

• Foot: a marker on the heel and one on the lateral aspect of the foot
at the fifth metatarsal head. The heel-toe marker vector is parallel
to the sole of the foot.

The described marker placement scheme ensures visibility, because all
markers are placed on the external sides of the body segments.
The protocol then requires a static acquisition of the subject, which con-
sists of acquiring, for a few seconds, the subject in a standing position.
During this acquisition the motion camera system collects marker data in
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Figure 2.9. Placement of the markers following the Davis heel protocol
(Figure from [17]).

order to establish the location(s) of each joint center, with reference to the
associated segment-fixed coordinate system.

After the static acquisition, the subject is asked to walk, at comfort-
able speed on the walkway placed in the field of view of IR cameras. The
session includes at least three walking trials. In the consequent processing
phase, the two-dimensional coordinates of the centroid of each marker is
identified in each frame of camera data. Three dimensional marker co-
ordinates are then computed stereometrically from the two dimensional
cameras data. Basing on markers coordinates, an embedded reference sys-
tem for each body segment is determined. The location of joints centers
are calculated relative to the associated embedded coordinate system ori-
gin. This is done for hip, knee and ankle, which represent the joints around
which the segments rotate. Starting from this, it is possible to calculate
the joint rotation angles (trunk and pelvic obliquity tilt and rotation, hip
ad/abduction flexion/extension and rotation, knee flexion/extension, ankle
plantar/dorsiflexion, and foot rotation). The angular initial offset values
are computed from the standing data collected prior to the motion test.

For the kinetic analysis, in the first phase the segments masses and mo-
ments of inertia are obtained from anthropometric measurements. Then
the net 3D joint moments are computed via Newtonian mechanics through
the application of Newton’s Second Law and Euler’s equations of motion,
exploiting the kinematic data previously described.
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As mentioned before, the kinematic and kinetic assessment has been treated
just for sake of completeness. However the proposed workflow exploits just
data relating the 3D coordinates of markers, that can be exported from
the SMART Tracker software and used for further custom analysis.

2.2 Biomechanical Modelling of Gait

One of the principal aims of this work is to provide a novel custom and
user-friendly tool able to perform the biomechanical modelling of subject’s
gait in order to deeply analyse some fundamental aspects of walking, which
can represent useful information to support and improve the mechanical
design of an orthosis. The platform will be described in Chapter 3, however
it is useful to provide a general description of the biomechanical modelling,
with particular reference to the study of human gait. This section does
not provide a broad didactic presentation of the topic, while the basic
concepts required for the intended purpose are described. To support and
facilitate the dissertation, the software platform OpenSim (Copyright (c)
2005-2012 Stanford University and the Authors), where the biomechanical
models and simulations were initially developed, is also presented. The
user platform was then developed in MATLAB exploiting OpenSim API.

2.2.1 OpenSim Platform

Thanks to the rapid development in software engineering of the recent
years, it has been possible to create an open-source simulation environ-
ment, called OpenSim, which allows researchers to share and integrate
multiple different dynamic simulations. The following section will describe
the software, its capabilities, the types of data it accepts as input, and the
various tools, which will then exploited for advanced gait analysis.

In the early 1990s, Delp and Loan, at the National Center for Simula-
tion in Rehabilitation Research (NCSRR Stanford University), introduced
a musculoskeletal modelling software, called SIMM (Software for Interac-
tive Muskuloskeletal Modelling), which allows users to create, modify, and
evaluate models of various structures of the musculoskeletal system. In
these years many reasearchers, using SIMM, have developed lower and up-
per limb models with which it has been possible to simulate many human
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movements, to examine the biomechanical consequences of surgical inter-
ventions such as osteotomies and joint replacement grafting, to estimate
the length of the muscle-tendon complex, the moment arms of individual
muscles with respect to a joint, to calculate the velocity and accelera-
tions induced and the forces present on the joints during a movement, and
many other applications. All these studies have underlined the utility of
biomechanical modelling and simulation. However SIMM platform do not
provide tools to compute and analyse the muscle excitation and the results
of dynamic simulations.

In 2007 Delp with other co-workers presented OpenSim, as a develop-
ment of SIMM platform, that complements and augments the functional-
ities of SIMM by providing advanced simulation and control capabilities
[20]. OpenSim is an open-source platform (https://opensim.stanford.
edu/) hosted on Simtk.org by a group of researchers and is used for mod-
elling, simulation and analysis of the neuromusculoskeletal system. It in-
cludes a Java-based Graphical User Interface (GUI) to run the key func-
tionalities of the main application, that invokes low-level computational
tools. The GUI allows users to extend functionality by developing their
own biomechanical models, controllers and analysis. The open source na-
ture has been chosen to encourage users to accelerate the development and
share their simulation, allowing other rersearchers to reproduce results pro-
duced by other laboratories, make improvements and adapt code to meet
their needs.

An OpenSim model constitutes the basis of simulation, and represents
a system of rigid bodies and joints on which forces act to produce motion.
The .osim file, which describes the model in OpenSim, consists of bodies
connected by joints and exchanging mutual forces. Also muscles can be
added in a model, they extend over joints and generate forces and motion.
Most of the properties of an OpenSim model can be defined and modified
in the GUI. Once the musculoskeletal model is created, OpenSim allows
users to study the effects of musculoskeletal geometry, joint kinematics, and
muscle-tendon properties on the joint forces and moments that muscles can
produce. The analysis can be run using the several tools offered by the
software, such as inverse kinematic and dynamic, direct dynamic, muscle
control and others.

The principal tools offered by OpenSim are the following:

https://opensim.stanford.edu/
https://opensim.stanford.edu/
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• Resizing the dimensions of the muscoloskeletal model;

• Performing Inverse Kinematics analysis to calculate joint angles from
marker positions;

• Performing Inverse Dynamics analysis to calculate joint moments,
using both joint angles and external forces;

• Solve a Direct Dynamics problem and generate simulations of the
motion;

• Analyze and plot the results;

• Create videos or take snapshots of model motion.

The software tools allow biomechanical simulation of the musculoskele-
tal system during motion, followed by the accurate analysis of the results,
also made through the comparison with experimental data, in order to val-
idate the developed model. The major application of the software involves
the analysis of experimental data from a Motion Capture system; these
data usually include marker trajectories, generalized coordinate values ob-
tained from the laboratory acquisition system (joint angles), supports re-
action forces, centers of pressure, and EMG measurements.

In the following subsection examples of biomechanical models available
in OpenSim repository are described. They have been specifically devel-
oped to study the lower limbs mechanics during gait tasks, and they have
been used as the basis for the development of the custom model used in
this study, which will be described in Chapter 3.

2.2.2 Biomechanical Models

A model has several components:

• Reference frames, to which the positions of bodies and markers are
referred;

• Bodies, the rigid segments representing the bones (e.g., femur, pelvis);

• Joints, express the relationship between the rigid bodies they connect
(e.g., hip joint);
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• Forces, can be passive (springs, contact forces) or active when subject
to external control (from the user or actuators or muscles);

• Constraints, determine the movements allowed by the model;

• Contact geometries, define the interaction with external systems
(ground or other objects);

• Markers, define a set of reference points placed on the model, which
can be matched with real markers placed on subject’s body;

• Controllers, can be used to control an active force.

Bodies are the major components of a model, they are interconnected
by joints, which define the allowed mutual movements between parent and
child bodies. A constraint can also be applied to limit the motion of
bodies. The muscles are force elements connected to rigid bodies, that act
at the insertion point. The structure of the muscle fibers and tendon in the
model, the rate of stretch of the fiber, and the level of muscle activation
determine the force of a muscle.

The body is the primary building block of the model, and the system
dynamics is based on the structure of the body set. Each body is connected
to a parent body through a joint. The relative motion is controlled by the
coordinates and kinematic transforms defined by the modeled joint. The
single body is defined through its name, a geometry and a set of mass
properties (mass, mass center and inertia). In OpenSim the geometry can
be specified using .vtp, .stl or .obj files. Alternatively a set of common
analytical shapes are available in the repository (brick, sphere, cylinder,
cone, ellipsoid).

The kinematic relationship between two bodies is defined by a joint.
The parent body defines the fixed reference frame, while the child body
is a moving reference frame. In each body a joint frame is also defined.
The typical joints are: weld joint (no kinematic, fused bodies), pin joint,
slider joint (one translational coordinate), ball joint (three rotational co-
ordinates), ellipsoid joint (three rotational coordinates with coupled trans-
lations), free joint (six degrees of freedom). It is also possible to define a
custom joint to model more complex biomechanical joints. To define the
behavior of a custom joint the spatial transform matrix must be modeled.
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It comprises six transform axes (three rotations and three translations),
that define the spatial position of the child body with reference to te par-
ent body frame reference, as a function of coordinates. Each transform
axis enables a function of joint coordinates to operate about or along its
axis.

The motion of a rigid body can be limited through a constraint, which
are useful elements to reproduce the limitation of human body joints (e.g.
hyperextensions). Three types of constraints are avalable in OpenSim mod-
els: point constraint (no relative translations), weld constraint (no transla-
tions nor rotations), and coordinate coupler constraint (user function that
controls the coordinate of a given joint basing on any other coordinates in
the model).

The force set defines the applied forces that actuate the model. Forces
and torques act between bodies, while generalized forces are custom ap-
plications that can be applied along the axis of a generalized coordinate.
Passive forces are related to element such as springs, dampers or contact
geometries. Active forces are controlled by an input supplied by the user or
by a controller. Active forces are called actuators, and the major actuators
in a human body model are the muscles. The muscle is defined through a
geometry, muscle points and properties. The set of muscle points indicate
where the muscle is connected to bones (bodies), defining the force appli-
cation point. Muscle properties, e.g. fiber lengths or activation rate, are
used to determine muscle activation and contraction dynamics.

Markers are elements specifically introduced to integrate the experi-
mental information collected using motion capture systems. Through the
definition of a set of virtual markers that matches the positions of the ex-
perimental markers, an inverse kinematics can be performed to reproduce
the motion of the subject studied in gait analysis laboratory.

Gait Models

As can be argued, the definition of the appropriate model is the first
step to perform an accurate study of motion, as required in this work.
OpenSim software offers several pre-developed musculoskeletal models.
They can be used as the starting point for the development of a cus-
tom model. The choice of which model to use should be made based on
what the users want to study in their project. Among them, there are two
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models specifically developed to describe in full detail the lower limbs of
the human body: the Gait2392 and Gait2354.

The names of the two models are related to the number of degrees-of-
freedom and muscle-tendon actuators. Both models present 23 degrees-
of-freedom. In Gait2392 model, 92 muscle-tendon actuators are used to
model the activity of 76 muscles in the lower limbs and torso. In Gait2354
model, the number of muscles was reduced to improve simulation speed.
In Figure 2.10 the models are shown in OpenSim visualizer window.

Figure 2.10. Models Gait2392 (left) and Gait 2354 (right) in OpenSim.

The models were developed by Darryl Thelen, Ajay Seth, Frank C. An-
derson, and Scott L. Delp, exploiting the lower extremity joint definitions
proposed by Delp et al. [19], low back joint and anthropometry adopted
from Anderson and Pandy [4], and a planar knee model adopted from Ya-
maguchi and Zajac [58].

The geometry of bodies is defined with meshes of polygons describ-
ing the surfaces of the bones. They are created basing on data provided
by Stredney et al. [49]. Seven rigid bodies compose the lower extremity:
pelvis, femur, patella, tibia/fibula, talus, foot (which includes the calca-
neus, navicular, cuboid, cuneiforms, metatarsals), and toes. Reference
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frames are fixed in each segment, they are shown in Figure 2.11.

Figure 2.11. Placement of the body segments reference frames (Figure from
[19]).

The relative motions between the bodies are defined by the following
joints: hip, knee, ankle, subtalar, and metatarsophalangeal. The hip joint
connects pelvis (parent body) and femur (child body). It is modeled as a
ball joint, allowing the rotations around the three axes of the space, fixed
in the femoral head.

The complexity of knee joint is represented using the simplified model
proposed by Delp [19], represented in Figure 2.12. The joint model presents
a single degree-of-freedom: the femur condyles, represented as ellipses,
remain in contact with the tibial plateau, represented as a line segment,
through the entire RoM. The contact points are specified basing on data
provided by Nisell et al. [42], as function of the knee angle.

The foot model comprises three joints: ankle, subtalar and metatarpha-
langeal. They are modeled as frictionless revolute joints, with the axis
oriented as shown in Figure 2.13.

Muscles and tendons are represented as line segments in the model.
Their geometry and insertion points are defined basing on anatomy. Muscle
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Figure 2.12. Geometry of knee joint in the sagittal plane (Figure from [19]).

forces are actuated at the insertion points, where the muscle is connected
to bodies. The number of activated points depends on the type of muscle
and on the position, with reference to anatomical concepts. The muscle
physiological cross-sectional area, which controls the peak isometric force,
is calculated as a combination of values provided by Friederich et al. [23]
and Wickiewicz [54]. Fiber lengths and pennation angles are taken from
Wickiewicz et al. [54].

To completely define the body set, masses and inertial properties have
to be associated to the bodies. These properties are gathered from the
model proposed by Frank C. Anderson and Marcus G. Pandy [4], based
on averaged anthropometric data obtained from a cohort of five subjects,
and then scaled by a factor of 1.05626, to reach a total mass of about 75
kg. The scale factor is uniformly applied to all bodies, thus not affecting
the relative distribution of masses and the general anthropometry of the
model. Body segments’ geometry and lengths are taken from the Delp
model [19]. The masses and moments of inertia for each body segment in
the Gait 2392 Model are summarized in Table 2.2. These quantities are
referred to a model representing a subject with height 1.80 m and a mass
of 75.16 kg.
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Figure 2.13. The three revolute joints of the foot model: ankle (ANK),
subtalar (ST), and metatarphalangeal (MTP) joints (Figure from [19]).

2.2.3 Basics of Biomechanical Modelling of Gait

Starting from a muscolo-skeletal model, a dynamic simulation of gait
can be obtained exploiting data gathered with motion capture system in
gait analysis laboratory. The steps needed are the following:

1. The first step is to scale the model basing on subject’s anthropomet-
ric measurements.

2. In the next step, the coordinate values of the experimental markers
are exploited to solve an inverse kinematics problem. The output
describes the kinematics of the body segments during gait.

3. In the third step, using the kinematics results, an inverse dynamics
problem is solved to determine the forces and torques acting on a
system.

In the following the three phases are detailed.

Scaling

The scaling procedure alters the anthropometry of the model to match
the characteristics of the subject. The procedure is based on the compar-
ison of the experimental markers data and virtual markers placed on the
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Table 2.2. Masses and inertial parameters for the body segments of the
model.

Body segment Mass (kg) Moments of Inertia
xx yy zz

Torso 34.2366 1.4745 0.7555 1.4314
Pelvis 11.777 0.1028 0.0871 0.0579
Right femur 9.3014 0.1339 0.0351 0.1412
Right tibia 3.7075 0.0504 0.0051 0.0511
Right patella 0.0862 0.00000287 0.00001311 0.00001311
Right talus 0.1000 0.0010 0.0010 0.0010
Right calcaneus 1.250 0.0014 0.0039 0.0041
Right toe 0.2166 0.0001 0.0002 0.0010
Left femur 9.3014 0.1339 0.0351 0.1412
Left tibia 3.7075 0.0504 0.0051 0.0511
Left patella 0.0862 0.00000287 0.00001311 0.00001311
Left talus 0.1000 0.0010 0.0010 0.0010
Left calcaneus 1.250 0.0014 0.0039 0.0041
Left toe 0.2166 0.0001 0.0002 0.0010

model. A static trial can be used to collect the trajectories of experimen-
tal markers to be used in scaling procedure. In the static trial the subject
must stand in a static pose for several seconds. The virtual markers are
placed on the model in positions that reflect the experimental positions
of the markers. It is therefore recommended to place markers in specific
body landmarks, easy to identify and replicate. In Figure 2.14 it is shown
an example of correspondence.

The first task in scaling is the determination of the scale factors for each
body segments. The scale factor for a segment is computed by comparing
the experimental and virtual distances between two markers that identify
the segment dimension. With reference to Figure 2.14, e1 represents the
distance between the markers at the two ends of the femur, while m1 the
correspondent length in the virtual model. Therefore the scaling factor for
the femur is defined as the ratio between the experimental and the virtual
lengths. The overall scale factor is then the average of the scale factors
computed on the two femurs.

After the scale factors are computed for all bodies, the model’s ge-
ometry is scaled accordingly. In particular, in this phase, the joint frame
locations, mass center location, force application points and muscle attach-
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Figure 2.14. Experimental markers (on the left in blue) and virtual markers
placed on the model (on the right in red).

ment points are rearranged.

Then new segments’ masses are calculated. If the mass distribution of
the initial model has to be preserved, then each body mass is scaled by its
own scale factor. Moreover, if an input target mass is specified (the mass
of the subject experimentally measured), then each body segment is scaled
by the ratio of the target mass to the mass of the entire model.

In the following task all the remaining component are scaled. As an
example, in this phase, ligaments and muscles are updated according the
new dimensions of the segments they are connected to.

Finally the markers placement is also updated in order to match the
experimental positions, obtained as the average of the markers coordinates
over the several frames composing the static acquisition.
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Inverse Kinematics

The Inverse Kinematics procedure is intended to simulate the motion
of the body according to the experimental data collected in gait analysis
laboratory. It is still based on the coordinates of the experimental markers,
and their evolution through the volume of acquisition. In particular, the
inverse kinematics tool tries to set the virtual model in a pose that best
matches the experimental markers coordinates, for each time frame of the
acquisition. It is accomplished by minimizing the sum of squared errors
between experimental and virtual markers’ coordinates. The change in
the virtual markers’ position over time leads to the variations of the joints
angles, that represent the kinematic output of the procedure.

From a mathematical point of view it is configured as a least squares
problem, that aims to minimize two types of errors: marker errors and
coordinate errors. The first one represents the spatial distance between the
analogous experimental and virtual markers. A weight can be associated
to each marker to specify how strongly that marker’s error term should
affect the minimization procedure.

The latter is the error between experimental kinematic values and those
computed by the inverse kinematics. The experimental data can be repre-
sented by joint angles gathered from the motion capture system, or with
other systems (e.g. goniometers, inertial units) or exploiting specific algo-
rithms. If the kinematic data of a certain coordinate are experimentally
computed with high confidence, then it will not be considered in the in-
verse kinematic problem and will not be changed. Usually the coordinate
error is not considered because of the lack of experimental data, and the
inverse kinematics is only based on marker errors.

Therefore, for each frame obtained from motion capture, the quantity
to be minimized is the sum of squared errors shown in the following equa-
tion:

error =
∑

i∈markers

wi∥xexpi − xi(q)∥2 +
∑

j∈coordinates
wj(q

exp
j − qj)

2

Where xexpi is the experimental position of marker i, xi(q) is the posi-
tion of the corresponding model marker (which depends on the coordinate
values), qexpj is the experimental value for coordinate j. The weights wi
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and wj determine the impact of the specific marker/coordinate error on
the solution of the problem.

The problem solved by the inverse kinematics tool is the definition of
the coordinates vector q that minimizes this quantity. The problem is
defined as follows:

min
q

[
∑

i∈markers

wi∥xexpi − xi(q)∥2 +
∑

j∈coordinates
wj(q

exp
j − qj)

2]

Where q is the vector of generalized coordinates being solved for, and
represents the output of the procedure.

Inverse Dynamics

Given the motions determined with the kinematic analysis, an inverse
dynamics problem can be solved to establish the generalized forces (net
forces and torques) acting on the joint and responsible for movement.

The procedure is based on the classical mechanics expression that links
kinematics and dynamics F = ma. Expanding the relation in three dimen-
sions and adding all the relevant forces, the equation of motions may be
written as follows:

M(q)q̈ + C(q, q̇) +G(q) = τ

where (said N the degrees of freedom):

• q, q̇, q̈ ∈ RN are the vectors of positions, velocities and accelerations
respectively, that are computed in the inverse kinematics problem;

• M(q) ∈ RN×N is the system mass matrix;

• C(q, q̇) ∈ RN is the vector of Coriolis centrifugal forces;

• G(q) ∈ RN is the vector of gravitational forces;

• τ ∈ RN is the unknown vector of generalized forces.

All the terms on the left side of the equations are known. The inverse
dynamics tool solves these equations, in the inverse dynamics sense, to
yield the net forces and torques at each joint which produce the movement.



Chapter 3
A Novel Platform for the
Analysis of Gait Biomechanics

This chapter shows the development of the platform for the biome-
chanical analysis of human gait, with the general aim to offer the users all
the features to perform a custom analysis of kinematics and dynamics of
movement. The platform also provides a specific tool for the extraction
of selected parameters which can improve the process of design of cus-
tom AFOs. This Biomechanical platform was developed in the MATLAB
development environment and involved the implementation of algorithms
to perform the biomechanical modelling and simulation tasks explored in
the previous Chapter. In order to develop a practical user interface the
MATLAB App Designer was used, since the platform is intended to be
used also by a non-expert user. The open source OpenSim Application
Programming Interface (API) was exploited for the implementation of the
major functionalities, regarding biomechanical modelling and simulation.

This chapter opens with the description of the development environ-
ment. Then the external resources required for the correct use of the
platform are presented. The main section describes the implementation of
the algorithms, while the last section shows the main application in the
field of orthopaedics, but also the general use for the biomechanical anal-
ysis of gait. The user manual is reported in Appendix A.



42 Chapter 3. A Novel Platform for the Analysis of Gait Biomechanics

3.1 Integrated Development Environment

MATLAB was selected as the environment for the development of the
platform. MATLAB provides the App designer tool in order to develop
interactive GUIs, which represent a convenient solution when a user appli-
cation has to be deployed. Unlike other GUI development tools, MATLAB
has the advantage of combining the app designer with the well-known com-
puting and processing capabilities, based on matrices and linear algebra,
in the area of numerical analysis, for data processing, image processing,
and model development. In this regard, MATLAB allowed the integration
of biomechanical modelling and analysis procedures into the user platform,
also exploiting libraries distributed by OpenSim, which can be easily inte-
grated in the development environment.

3.1.1 MATLAB App Designer

The Biomechanical platform was developed in the form of an applica-
tion, using, for the graphical design of the interface, the App designer tool,
a MATLAB development environment dedicated to the implementation of
interactive applications. App Designer enables the combined visualization
of the application layout and of the associated code, assisting the developer
in the coherent editing of both features. Graphical interfaces are a useful
tool for developing applications for less experienced users, as they guide
the user through the process, thus reducing errors.

Application development in MATLAB app designer is based on event
and object-oriented programming. Objects are represented by the graph-
ical elements (User Interface (UI) components) added to the interface, or
by other elements directly defined by the developer. Events are typically
associated with objects, they are triggered by user actions, and activate
the set of commands associated with them by the developer. The De-
sign VieW workspace is available for building the graphical interface of
the application. Here the developer can add elements from the extended
UI components library, so that various interactive functionalities can be
created. The changes made in Design View are automatically reflected in
the code section, referred to as Code View. In this way, many aspects of
the application can be configured without writing any code. Conversely,
the properties and functionalities of UI components can also be modified
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by code.
Figure 3.1 shows the UI components library available in MATLAB App

Designer (ver. R2022a). Components are divided in four macro-categories:
common, containers, figure tools e instrumentation. The following list
provides a brief description of the principal components; part of them
have been used in the development of the application.

Figure 3.1. UI Component Library in MATLAB App Designer.

The common components are the basic elements, depending on the
type they have a different use:

• Axes: a section where a plot, a chart, a diagram or a figure can be
visualized;

• Button: element generating an event when pushed;

• Check Box: a graphical widget that allows the user to make a binary
choice (ticked or not);

• Drop Down Menu: allows the selection of a single option from a list;

• Edit Field (Text/Numeric): a field where the user can add text/num-
bers;

• HTML: display simple markup or embedded HTML file;

• Hyperlink: open a webpage or execute MATLAB code;

• Image: used to add a static image;
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• Slider: horizontal or vertical track bar;

• Label: non-editable text;

• List Box: a list of items where the user can select one or more options;

• Radio Button Group: allows the selection of only one option of the
group;

• Spinner: enter numeric data and adjust value with increment or
decrement buttons;

• State Button: toggle button with two states (pushed or not);

• Table: shows tabular data;

• Text Area: used to enter multi-line text;

• Toggle Button Group: allows the selection of a single toggle button
in the group;

• Tree: displays hierarchical list of items;

• Check Box Tree: hierarchical list of items with the opportunity to
check one or more options.

The containers components are elements that can handle the simulta-
neous use of multiple common elements:

• Grid: arranges components in grid with specified resizing behaviour;

• Panel: groups many components in a single panel container;

• Tab Group: groups and manages components in different tabs.

Figure tools are aimed at managing the application tools and the search
for their properties:

• Context Menu: displays context menu when the associated compo-
nent is right-clicked;

• Menu Bar: groups and displays application commands and options
by functionalities;
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• Toolbar: groups and displays tools at the top of the application.

Instrumentation components enable a more elaborate and pleasing vi-
sualization of variables and data:

• 90 Degree Gauge: displays values on 90 degree radial scale;

• Discrete Knob: adjusts value to one of several distinct states;

• Gauge (Semicircular Gauge): displays value on complete (180 degree)
radial scale;

• Knob: adjusts value within a specified range;

• Lamp: illuminates to indicate status;

• Linear Gauge: displays value on linear scale;

• Switch (Rocker/Toggle Switch): toggles between two exclusive states.

Other UI components can be included, by adding new toolboxes to the
MATLAB environment.

The components added to the interface can be organized, resized,
aligned, grouped and customized throw the definition of their properties,
directly in the Design View workplace. Component properties can be also
modified by code, especially when the change has to occur during the use
of the application.

The code editor presents editable and uneditable sections. The lat-
ter are managed by App Designer for the execution of the application.
The editable sections allow the developer to define custom properties and
elements and implement functions associated with objects and events, ex-
ploiting all MATLAB functionalities.

3.1.2 OpenSim API

In order to implement the biomechanical modelling functionalities de-
scribed in Chapter 2, the API provided by SimTK OpenSim was exploited.
The API can be used in MATLAB or Python: it allows the usage of al-
ready embedded components, properties or models, but it is also opened
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for customization and extension of the libraries, for example, writing plu-
gins or creating new Components. OpenSim libraries are written using
object-oriented programming, consisting of a large set of classes that are
divided into subclasses: as an example, the Model class contains all the
components of a model such as Body, Joint, and Force classes. The or-
ganization of classes is hierarchical. The major classes are organized with
the structure shown in Figure 3.2. Each class of OpenSim API is built on
top of (i.e., requires) the components underneath.

The development of the biomechanical platform required operation on
the Model Components class and on higher level classes (dynamics en-
gine, manager, optmizer, analyzer). The specific use of classes and related
properties are discussed in Section 3.3, where the implementation of the
platform is deeply discussed.

Figure 3.2. The hierarchical structure of OpenSim API classes: each class is
built on the components underneath.

3.2 External Resources

The biomechanical platform is structured as a standalone application,
in order to give the opportunity to be used by heterogeneous users. How-
ever a set of external resources are required to achieve the proper func-
tioning. In particular the following resources are required:

• Biomechanical Model: it is the starting model on which the process-
ing is executed. This model has to be customized to be properly
processed and reach the intended goals of the analysis.
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• Anthropometric Measures: these are the metrics characterizing the
subject, and used for the scaling of the model. They are collected in
the experimental phase by an expert clinical technician, so they have
to be imported in the platform using a semi-automatic method.

• Experimental Marker Data: these represent the 3D trajectories of
the markers placed on the subject, gathered during the static and
dynamic trials. They are collected using other external systems, so
they have to be imported in the platform as an external resource.

• Setup Scale File: this file contains all the useful information to run
the scaling procedure, including the path of the other external re-
sources.

The following sections analyze individually the external resources re-
quired, showing how they are prepared to be imported in the platform.

3.2.1 Biomechanical Model

The models presented in Section 2.2.2 represent the basic models on
which a customized analysis can be run for each patient under study. Their
importance is in providing an already complete set of body segments and
joints connecting them, which are the basis of the biomechanical analysis.
However, in order to scale the model and track the subject posture and
movements, the starting model needs to be equipped with a set of virtual
markers that are then used to match the trajectories of the experimental
markers. Therefore, it is convenient to develop a general model equipped
with a set of virtual markers, placed at specific landmarks in the model,
corresponding to the anatomical points where the experimental markers
are applied during the acquisitions on the study subjects.

The first step is to select a model on which the markers will be placed:
the Gait2392 model was selected because it is the most complete in de-
scribing the kinematics and kinetics of the lower limbs during walking. A
new marker added to the model is defined through its properties. The
main identifying properties are the following:

• Marker Label: it represents the name identifying the marker. For
convenience and to automate subsequent processing steps, it is con-
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venient to use the same name used by the 3D tracking system to
indicate the experimental markers placed on patient’s body.

• Parent Frame: it represents the virtual body of the model the marker
is associated to. It also identifies the reference point in the space for
the definition of the relative coordinates of the marker. Another
important aspect is the ’fixed’ parameter. It is a Boolean parameter
that indicates whether the marker should be fixed with respect to
its reference point during the scaling procedures. When it is set
as false, the marker can be translated with respect to its reference
during the scaling operation in order to reach a better match with
its experimental counterpart.

• Location: it is expressed with the 3 coordinates of the space with
reference to the parent frame.

In the experimental procedures examined in this work, the markers
are placed on the subject following the Davis protocol (see Section 2.1.2).
This protocol includes the use of 22 markers placed in specific landmarks
of the body. Therefore, the corresponding 22 virtual markers were added
to the Gait2392 model, generating the starting biomechanical model for
the study of gait through the novel application.

Table 3.1 defines the properties of the 22 markers added. In addition,
the physical landmark on body, indicated by the Davis protocol to guide
the proper placement, is also specified.

Figure 3.3 shows the developed model, with the 22 virtual markers rep-
resented as pink dots in the Visualizer Window and listed in the Navigator
window on the left side of the figure.

3.2.2 Anthropometric Measures

The anthropometric measures are a set of quantitative metrics regard-
ing the body of the subject under test. They are collected by a clinician
before the starting of the experimental procedures of walking trials. These
metrics are relevant as they support the development of the specific biome-
chanical model of the subject. In particular the anthropometric measures
are used during the scaling of the model, leading to a more accurate scal-
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Table 3.1. Properties of the markers added to the model.

Marker
Label

Parent Frame Relative Loca-
tion (x,y,z)

Body Landmark

c7 Torso (−0.08, 0.44, 0) Spinous Process c7

r.should Torso (0.03, 0.44, 0.15) Right acromioclavicular joint

l.should Torso (−0.03, 0.44,−0.15) Left acromioclavicular joint

r.asis Pelvis (0.02, 0.03, 0.128) Right ASIS

l.asis Pelvis (0.02, 0.03,−0.128) Left ASIS

sacrum Pelvis (0.16, 0.04, 0) Second sacral vertebra

r.thigh Right Femur (fe-
mur_r)

(0.02,−0.024, 0.09) Right greater trochanter

r.bar1 Right Femur (fe-
mur_r)

(0.008,−0.21, 0.13) Femur wand between markers
r.thigh and r.knee1

r.knee1 Right Femur (fe-
mur_r)

(0,−0.404, 0.05) Lateral epicondyle of the right fe-
mur

r.knee2 Right Tibia
(tibia_r)

(0.005,−0.065, 0.05) Head of the right fibula

r.bar2 Right Tibia
(tibia_r)

(0.0003,−0.25, 0.09) Fibula wand between markers
r.knee2 and r.mall

r.mall Right Tibia
(tibia_r)

(0.005,−0.41, 0.053) Lateral malleolus right

r.heel Right Calcaneus
(calcn_r)

(0.02, 0.02, 0) Fifth metatarsal head on right
foot

r.met Right Calcaneus
(calcn_r)

(0.14, 0.026, 0.036) Right heel

l.thigh Left Femur (fe-
mur_l)

(0.02,−0.024,−0.09) Left greater trochanter

l.bar1 Left Femur (fe-
mur_l)

(0.008,−0.21,−0.13) Femur wand between markers
l.thigh and l.knee1

l.knee1 Left Femur (fe-
mur_l)

(0,−0.404,−0.05) Lateral epicondyle of the left fe-
mur

l.knee2 Left Tibia
(tibia_l)

(0.005,−0.065,−0.05) Head of the left fibula

l.bar2 Left Tibia
(tibia_l)

(0.0003,−0.25,−0.09) Fibula wand between markers
l.knee2 and l.mall

l.mall Left Tibia
(tibia_l)

(0.005,−0.41,−0.053) Lateral malleolus right

l.heel Left Calcaneus
(calcn_l)

(0.02, 0.02, 0) Fifth metatarsal head on left foot

l.met Left Calcaneus
(calcn_l)

(0.14, 0.026,−0.036) Left heel
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Figure 3.3. The starting model Gait2392 equipped with the set of virtual
markers represented as pink dots. On the left, the list of markers is reported.

ing procedure. In order to have reliable measurements, a set of detailed
instructions for collecting the values is provided to the clinician.

First, the weight [kg] and height [cm] of the subject have to be collected.
The following guidelines describe how the other anthropometric parameters
are measured.

• Pelvis width [cm]: with the patient lying on a couch in supine po-
sition, identify the location of the ASISs by palpation. Mark the
points and measure their distance using a martin pelvimeter.

• Pelvis height [cm]: locate the gran trochanter, moving the hip into
maximum flexion and intra-rotation. Then, bringing the limb back
into axis, consider a plane parallel to the couch passing through the
greater trochanter, and measure the perpendicular distance between
the ASIS and this plane.

• Total leg length [cm]: with the knees in full extension, measure the
linear distance between the ASIS and the medial malleolus.

• Knee diameter [cm]: with the knee flexed, measure the distance
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between the medial and lateral femoral condyles using a martin
pelvimeter.

• Ankle diameter [cm]: measure the distance between the medial and
lateral malleolus using a martin pelvimeter.

The anthropometric measurements are saved in a text file with a stan-
dard structure shown in Figure 3.4, in which the first three rows provide
information about the patient, while the following lines report the anthro-
pometric measurements. This standard structure allows the automatic
import of this information into the platform.

Figure 3.4. The standard file used to store the anthropometric measurements
collected on a subject before the experimental session. The standard structure
allows the automatic import of data in the platform.

3.2.3 Experimental Marker Data

Marker trajectories collected during the experimental sessions are es-
sential data needed to perform the biomechanical modelling and the anal-
ysis of gait. For the scaling procedure it is required the collection of the
experimental marker trajectories during a static trial in which the subject
stands in orthostatic position, with aligned feet and arms along the body,
for a period during at least ten seconds. The standing trial is performed
once per session.
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After the static trial, the subject performs the dynamic trials, consist-
ing in walking at self-selected cadence, on a path placed in the range of
view of the motion tracking system. Walking trials are usually performed
several times per session, in order to enhance the reliability of results.

During the entire session the subject is equipped with the markers
placed on body following the Davis protocol (see Section 2.1.2). Markers
trajectories gathered by the motion capture system are used in the pro-
cessing performed on platform: the static trial is needed for the scaling
and to get the posture of the subject, while the walking trials are used to
perform the inverse kinematics.

Markers traces have to be exported from the motion capture system
in order to be imported and processed by the biomechanical platform.
Each system may have different procedures for data export. The following
discussion is about the export procedures of markers traces from the 3D
tracker System SMART-DX by BTS Bioengineering shown in Section 2.1.2,
which represents the system used for the described activity.

Data acquired by the IR cameras are processed using the software
SMART Tracker. The first step is the labeling, namely the assignment of
each trace to the correct marker. This phase is automatically managed by
the software, however user intervention is usually required to correct label-
ing errors. Then the software performs the tracking procedure, connecting
markers to form a stick model representing the subject.

At this point the markers traces can be exported. They are organized
in a text file with extension ’.trc’. Figure 3.5 shows the structure of the
file. The first three rows constitute the header, with information about the
file path and technical information about the system used for acquisition.
The header is followed by two rows labeling the columns. After a blank
line, data are reported. The first column reports the frame number, with
a progressive integer value. The second column reports the acquisition
time, expressed in seconds. The next columns represent the 3 coordinates
(x, y, z) of each of the markers used in the experimental session and cor-
rectly tracked. Then each row contains the position of all markers in space
in a single time frame. Data are delimited by TAB characters. The .trc
files are automatically imported in the biomechanical platform and used
for the analysis of gait kinematics.
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Figure 3.5. The .trc file used to store the markers traces exported from BTS
tracking system.

3.2.4 Setup Scale File

The Setup Scale file is used to collect and provide the information
and parameters needed to perform model scaling. The file is textual with
.xml extension, and consists of 5 sections: execution parameters; subject
parameters (e.g., mass, height, age); model parameters; scaling properties;
and marker placement properties. An example of a Setup file is shown in
Figure 3.6.

The properties for the scaling operation are enclosed in the opening
and closing tags <ScaleTool> and </ScaleTool>. Subject measurements
are the <mass>, <height> and <age> properties, respectively expressed
in kg, mm, and years. The age is specified for informational purposes
only, and does not affect the scaling result. Height and mass are gath-
ered from the anthropometric measurements and are used to improve the
scaling of the model. The scaled model can be set to have a total mass
equal to the mass value specified in the file (setting as true the <pre-
serve_mass_distribution> property).

The property <GenericModelMaker> points to the starting model to
be scaled, described in Section 3.2.1, while the virtual marker set is refer-
enced with the property <marker_set_file>. The referenced file contains
all the information about the virtual markers arranged to match the ex-
perimental markers of the Davis protocol.

The scaling properties are enclosed in the <ModelScaler> tag. As de-
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Figure 3.6. The .xml file used to store all the properties needed to perform
the scaling of the biomechanical model.

scribed in Section 2.2.3, scaling can be performed based on measurements
or manually. The <scaling_order> property specifies which of the two
methods is used (using the measurements and manualScale keywords, re-
spectively).

The <marker_file> property is used to specify the file containing ex-
perimental data about marker trajectories during the standing trial. This
information is automatically set by the platform once the patient and ac-
quisition session are selected. Similarly, the <time_range> tag is filled
after the .trc file is loaded.

Finally, once the scaling operation has been completed, the scaled
model will be saved in the file specified in the property <output_model_file>,
while the <output_scale_file> property specify where to store the setup
file used for the processing.
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3.3 Platform Implementation

The biomechanical platform is structured as shown in Figure 3.7. In the
schematic, the platform is represented by the light blue block. It is built
on a database containing the information to be processed and structured
in a standard way as described in Section 3.3.1. The platform is made
up of four macro-blocks, reflecting four MATLAB functions called when
needed by the main application, as will be seen in the detailed description
of the structure.

The application opens with an initial interface that first requires the
selection of the database to be referenced for further processing. Once
the database is selected, the user is prompted to select the patient. From
there the several functions presented in the diagram can be accessed. The
singular building blocks constituting the platform will be discussed in detail
below. A focus is also provided about the database, whose structure is of
central importance as it also determines the proper functioning of the entire
platform.

At this stage of development the platform does not take into account
the possibility of different users with separate privileges in terms of data
accessibility, modification and types of analysis. Future developments will
consider the use of an authentication stage for the user, allowing, for in-
stance, different functionalities for a physician or a technical user, or the
visualisation of only their respective list of patients for different physicians.
This could also help to better manage privacy issues.

Figure 3.7. Design diagram of the Biomechanical Platform.
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3.3.1 Database

The resources accessible to the biomechanical platform are structured
within a database in a schematic and rigorous arrangement, such that the
platform can automatically manage them. Inside the database, files are
grouped first by subject, then by system used for acquisition, and finally
by acquisition session. The nested structure of the folders is presented in
Figure 3.8. The outer folder is related to the individual subject identified
by a progressive three-digit numeric ID. The name of the folder has a rigid
structure: the three-digit ID is followed by an underscore "_", then by
the subject’s surname with the initial capitalized letter, separated from
the first name by an additional underscore (e.g.: 001_Smith_John). In
the case of a surname or name consisting of several words, they will not
be separated but each will have a capitalized initial (e.g.: 001_Wright-
Phillips_JohnPeter).

Figure 3.8. Nested structure of the folders in the database.

The subject’s folder contains a folder for each acquisition system used
to collect data. The system folder name repeats the subject ID, followed by
the identification of the system expressed with four capitalized characters.
The code used for the tracking system SMART-DX by BTS Bioengineering
is BTSX. For instance, the folder named 020_BTSX contains all data
gathered using the SMART-DX system on subject identified with the ID
020.

Inside the system folder there are as many sub-folders as the number
of experimental sessions taken on the selected subject. The session folder
is again identified by the three-digit subject ID, followed by the system’s
four-letter identification code, which is followed by information about the
use of the AFO during acquisitions and the date on which the measurement
session was conducted. All information are separated by an underscore in
the folder name. The information about the use of the AFO is needed as
the experimental session can be conducted in three different conditions,
which are encoded with a single integer:

• 0 - the subject did not use an AFO in the experimental trials;
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• 1 - the subject used a commercial AFO to perform the experimental
trials;

• 2 - the subject used a custom 3D-printed orthosis to perform the
experimental trials.

The date is reported with structure ddmmyyyy. For instance, the folder
named 005_BTSX_1_31032022 contains all the data acquired on the pa-
tient identified by code 005 with BTS SMART-DX system using a com-
mercial AFO on March 31, 2022.

Data in this folder are structured in several folders and files containing
the input and output of the processing tasks carried out by the platform.
In particular, the structure is shown in Figure 3.9.

Figure 3.9. Organization of data contained in the folder related to a single
experimental session.

The folders 020_BTSX_RAWD and 020_BTSX_GEVT are popu-
lated with the experimental data acquired using the motion capture system
BTS SMART-DX. In detail, the folder name 020_BTSX_RAWD keeps
the information related to the subject ID and the acquisition system,
adding the information related to the type of data, in this case RAWD
stand for Raw Data, i.e. the raw data output from the system. In partic-
ular, two files for each trial (standing or walking) are exported from the
motion capture system: a .trc file containing the experimental trajectories
of the markers, and a .mot file containing the forces and torques registered
by the force platforms (this information is not used in this version of the
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platform). Therefore, the raw data folder contains two file for the single
standing trial and two files for each of the walking trials performed during
the session, as shown in Figure 3.10.

Figure 3.10. Files organization in the raw data folder.

The folder 020_BTSX_GEVT, contains a series of text files with in-
formation about the timing of gait events occurred in the walking trials.
These information are eventually useful to frame the signals and analyze
the single step or the gait phases within a step. One text file is stored for
each walking trial.

The folders identified by the codes IKIN and IDYN contain the results
of the inverse kinematics and inverse dynamics respectively. They are au-
tomatically populated by the platform after the processes are run. The
inverse kinematics processing produces .mot files containing the informa-
tion about the evolution of the joints angles during the walking trials. The
inverse dynamics processing produces .sto files regarding the forces and
torques calculated on the joints. In both folders, a file for each walking
trial is produced.

In the example folder shown in Figure 3.9, the text file 020_AntroMeas.txt
contains the anthropometric measurements collected on the subject, as de-
scribed in Section3.2.2.

The file 020_BTSX_0_Output.txt reports parameters from data pro-
cessing selected to support the custom design of the AFO, a topic that will
be further discussed in the following.

Finally, the file 020_ScaledModel.osim represents the scaled model ob-
tained from the scaling procedure run by the platform.

In future developments the strict structure of folders and subfolders
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will be transformed in a SQL relationship database, providing major en-
hancement to the proposed platform.

3.3.2 Selection of Database and Patient

The opening interface of the platform is designed as shown in Fig-
ure 3.11. The elements introduced in this interface are numerous and have
both functional and aesthetic purposes.

Figure 3.11. Design of the opening interface.

At the top of the interface the title is presented along with other ele-
ments for database and subject selection. The database path is specified
in a static string, non-editable by the user. Two push buttons have been
included to change the database path or to restore the default one. The
user is then prompted to select the subject to study using a drop down
menu. After the subject is selected, the platform load all data available
from the corresponding folder of the database. If more than one session
is available, the user selects the one of interest using the other drop down
menus.

The first functionality of the platform then concerns the selection of the
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reference database and, subsequently, the subject on which the processing
is run. When the platform opens, a default database is selected that is
located within the same directory in which the platform execution files are.
The database path is therefore built from the application reference path,
so that there are no absolute references that would not allow compatibility
of the platform between different users. The database path is then shown
in the static textbox located at the top of the interface. These operation
are run when the platform is launched, so the corresponding code is placed
in the startupFcn function.

1 function startupFcn(app)
2 app.databaseText.Value = strcat(cd,’\Database ’);
3 changeDB(app);
4 end

The first command creates the database path from the current direc-
tory path and displays it in the string on the interface. The actual database
change is performed by the changeDB(app) function that is called in the
second line. The function code below shows how this function reads the
database path and inserts it into a variable created as an application prop-
erty (app.dbPath), so it can be used in any function.

1 function changeDB(app)
2 % Load and update database path
3 value = app.databaseText.Value {:};
4 app.dbPath = value;
5 % Read and fill the dropdown menus with available patients
6 list = struct2cell(dir(value));
7 list = list(1,cell2mat(list (5,:)));
8 app.selectPatient.Items = [{’Choose one’},list (1,3:end)];
9 % Prompt the user to the starting Scaling Tab

10 app.TabGroup.SelectedTab = app.ScalingToolTab;
11 end

This function also automatically checks within the database for the
presence of subject folders and inserts their names as items of the drop
down menu for subject selection.
To conclude the discussion about database selection, there are two more
buttons in the platform for its management, whose associated code is re-
ported below.

1 function editDBButtonPushed(app , event)
2 app.databaseText.Value = uigetdir ();
3 changeDB(app);
4 end
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5

6 function defaultDBButtonPushed(app , event)
7 app.databaseText.Value = strcat(cd,’\Database ’);
8 changeDB(app);
9 end

The buttons and related functions have intuitive names: the Edit DB
button allows the user to select an alternative database path, exploiting
the uigetdir function that opens a dialog box for selecting a folder from
file system. The DefaultDB button returns to the selection of the default
database, repeating the operations performed in the startupFcn.

The choice of the database path enables the selection of a subject
from the drop down menu. After the subject is selected by the user,
the selectPatientValueChanged function is called to enable selection of the
available biomedical data. In the first part of the function (see code below),
the path pointing to the subject folder is built using the item selected from
the drop down menu. Within the subject folder, the folder related to the
acquisition system of interest for this scenario is then identified, if present.
The system identifier described in Section 3.3.1 is used to locate the folders.

1 function selectPatientValueChanged(app , event)
2 % Reset platform for new configuration
3 cleanScaleTab(app);
4 cleanIKTab(app);
5 cleanIDTab(app);
6 app.afo.Value = app.afo.Items (1);
7 app.sessionDate.Value = app.sessionDate.Items (1);
8 app.TabGroup.SelectedTab = app.ScalingToolTab;
9

10 % Read available data in the selected patient folder
11 value = app.selectPatient.Value;
12 patientPath = strcat(app.dbPath ,’\’,value);
13 folders = struct2cell ((dir(patientPath))) ’;
14 availableData = folders(cell2mat(folders (:,5)) ,1);
15 availableData = availableData (3:end);
16

17 % Fill dropdown menus with available data
18 btsfolder = contains(availableData ,’BTSX’);
19 if any(btsfolder)
20 app.afo.Enable = ’on’;
21 app.btsPath = strcat(patientPath ,’\’ ,...
22 availableData{btsfolder });
23 app.btsTestFolders = struct2cell ((dir(app.btsPath))) ’;
24 app.btsAvailableTest = app.btsTestFolders (...
25 cell2mat(app.btsTestFolders (:,5)) ,1);
26 app.btsAvailableTest= cell2mat(app.btsAvailableTest (3: end));
27 app.btsAfoTest = str2num(app.btsAvailableTest (: ,10));
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28 app.btsDatesTest = datestr(datevec (...
29 app.btsAvailableTest (:,12:end),’ddmmyyyy ’));
30 app.afo.Items = [{’Select One’}, ...
31 app.afoCondition(unique(app.btsAfoTest)+1)];
32 end
33

34 end

In the next part of the function, basing on data available in the sub-
ject folder, the second drop down menu is activated allowing the selection
of the walking condition (without AFO, with commercial AFO, or with
custom AFO). When the desired walking condition is selected, the afo-
ValueChanged function is called to enable the drop down menu for the
selection of the session to analyse, identified by the date. The drop down
menu only shows the available session date for the walking condition se-
lected. The available dates are derived from the name of the folders that
identify the experimental sessions.

Once the session is selected, the LaunchButton is enabled. The push
button event is associated with the LaunchButtonPushed function, whose
main objective is to perform a check on the files contained in the database
for the selected patient and session. In order to perform this check, the
database paths are created and updated, using the createAndUploadPath
function. After that, the available files contained in the folders of each
acquisition session are actually counted. The analysis of available data is
a drop-down search: first data needed for the scaling phase are checked
by the function scalingControl ; if available, the same function calls the
ikControl to check data for inverse kinematics; which in turn evokes the
idControl function to search for data on which the inverse dynamics anal-
ysis can be performed. On the basis of the accessible data, the platform is
set up by enabling the available functionalities. In particular, the applica-
tion proposes a light for each processing panel that indicates whether that
analysis has already been performed (green), whether it has been partially
performed only for a subset of trials (yellow), whether it has not yet been
performed on any subject data (red), or whether that tool cannot be per-
formed because it requires preliminary actions (inactive). The user will be
automatically taken to the panel of the processing phase to be performed,
and all the commands related to it will be activated and, if provided, filled
with the available data.

1 function LaunchButtonPushed(app , event)
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2 createAndUploadPath(app);
3 scalingControl(app);
4 % Selection of the model in the ’Resource ’ folder
5 app.modelLoc = strcat(cd ,’\Resources ’,’\aptisModel.osim’);
6 app.model.Value = app.modelLoc(end -14: end);
7 % Selection of the setup scale file in the ’Resource ’ folder
8 app.setupScaleLoc=strcat(cd,’\Resources ’,’\aptisSetupScale.xml’)
9 app.setupScaleFile.Value = app.setupScaleLoc(end -18: end);

The last lines load the general model and the setup scale file required
in the scaling phase.
A subsequent check is made for the presence of the text file containing
the subject’s anthropometric measurements. If the file is available in the
folder, it is read and the information about the subject’s mass is saved for
automatic use in subsequent processing.

1 if any(contains(app.sessionAvailableData ,’AntroMeas.txt’))
2 % Load the anthropometric data from file selected by user
3 antroMeasLoc = char(strcat(app.sessionFolders (1,2),’\’ ,...
4 app.sessionAvailableData (...
5 endsWith(app.sessionAvailableData ,’AntroMeas.txt’))));
6 antroMeas = antroMeasImport(antroMeasLoc);
7 app.bodyMass.Value = str2double(antroMeas (...
8 contains(antroMeas (:,1),’Peso’) ,2));
9 end

Thus, this function is useful in setting up the interface to the following
processing stages for the selected subject. The functionalities of the plat-
form will be discussed in more detail below. The discussion will be done
following the logical order of its operation, grouping the elements of the
platform by macro-functions.

3.3.3 Scaling

The scaling operation is performed by clicking the scaleButton button,
associated with the scaleButtonPushed function, which in turn calls the
function aptisScaling. This function is reported below.

1 function [scaledModelLoc] = aptisScaling(setupScaleLoc ,modelLoc ,...
2 trcStandingLoc ,sessionFolders ,bodyMass)
3 % Import OpenSim API
4 import org.opensim.modeling .*
5 % Initialize Model
6 model1 = Model(modelLoc);
7 model1.initSystem;
8 aptisModel = Model(model1);
9 aptisModel.initSystem;
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10 idPatient = sessionFolders(end -18:end -16);
11

12 % Setup of Scaling procedure
13 scTool = ScaleTool(setupScaleLoc);
14 scTool.setName(idPatient);
15 scTool.setSubjectMass(bodyMass);
16 scTool.setPathToSubject(’’);
17

18 scTool.getGenericModelMaker ().setModelFileName(modelLoc);
19 scTool.getGenericModelMaker ().setMarkerSetFileName (...
20 setupScaleLoc);
21 scTool.getGenericModelMaker ().processModel ();
22

23 scTool.getModelScaler ().setMarkerFileName(trcStandingLoc);
24 scTool.getModelScaler ().processModel(aptisModel ,’’,bodyMass);
25

26 % Load marker traces in Standing acquisition
27 motStandingLoc = regexprep(trcStandingLoc ,’.trc’,’.mot’);
28 scTool.getMarkerPlacer ().setCoordinateFileName(motStandingLoc);
29 scTool.getMarkerPlacer ().setMarkerFileName(trcStandingLoc);
30 scTool.getMarkerPlacer ().processModel(aptisModel);
31

32 % Set location of the output scaled model
33 aptisModel.setName(idPatient);
34 scaledModelLoc = strcat(sessionFolders ,’\’ ,...
35 sessionFolders(end -18:end -8),’ScaledModel.osim’);
36 scTool.getModelScaler ().setOutputModelFileName(scaledModelLoc);
37

38 outfile = [’Setup_IK_ ’,idPatient , ’.xml’];
39 scaleSetup = fullfile(sessionFolders , outfile);
40 scTool.print(scaleSetup);
41

42 % Run scaling tool
43 scTool.run();
44 end

The first command, import org.opensim.modeling*, is needed to import
OpenSim API. In the first part of the script, the aptisModel object is
created, on which the scaling operation is then performed. The scTool
object is then created, which has as input the generic setup file loaded into
the platform and passed as input to the MATLAB function. The generic
setup for scaling is uploaded with subject-related information, such as the
total mass, the subject ID and marker traces collected during the standing
trial. The last lines of code allow the scaling of the model and the saving,
in ’.osim’ format, in the designed path inside the database.

Once the scaling has been performed and the subject-specific scaled
model is obtained, clicking the ViewScaledModelButton the scaled model
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is shown in the axes element present in the Scaling tab of the platform.
The button is associated to the ViewScaledModelButtonPushed function.

1 function ViewScaledModelButtonPushed(app , event)
2 %Set up the plot and slider for visualization
3 app.FrameSlider.Enable = ’on’;
4 % Read trc marker trajectories in standing trial
5 [app.RAWD_Standing ,app.marker] = trcReading(app.trcStandingLoc);
6 app.FrameSlider.Limits = [1 size(app.RAWD_Standing ,3)];
7 frame = round(app.FrameSlider.Value);
8 % Build the MATLAB matrix to plot markers and visualize model
9 [plotMatrix] = matrixToPlot(app.RAWD_Standing ,app.marker ,frame);

10 plot3(app.plotScaledModel ,plotMatrix (:,3),plotMatrix (:,2) ,...
11 plotMatrix (:,1),’o-’,’MarkerFaceColor ’,’r’,’Color’,’k’)
12 axis (app.plotScaledModel ,’equal ’)
13 end

The slider element is first activated, allowing the user to move along the
time frames that make up the entire duration of the acquisition. Then, the
trcReading function is called. This function was generated by exploiting
the Import Data MATLAB toolbox and allows the file produced by the
BTS system to be read automatically. That file has extension .trc and
presents the structure discussed in Section 3.2.3. In order to display the
markers and the stick model, the matrixToPlot function was used, which
performs a substantial rearrangement of the markers so that they can
be plotted in the correct order and with the right mutual links. The
last aspect of the visualisation concerns the slider that allows switching
between frames of the acquisition. This is done with a call to the function
FrameSliderValueChanged, reported below. When the user changes the
position of the slider, the plot is updated showing the corresponding time
frame.

1 function FrameSliderValueChanged(app , event)
2 % Refresh plot when the slider is moved
3 frame = round(app.FrameSlider.Value);
4 [plotMatrix] = matrixToPlot(app.RAWD_Standing ,app.marker ,frame);
5 plot3(app.plotScaledModel ,plotMatrix (:,1),plotMatrix (:,2) ,...
6 plotMatrix (:,3),’o-’,’MarkerFaceColor ’,’r’,’Color’,’k’);
7 axis (app.plotScaledModel ,’equal ’)
8 end

3.3.4 Inverse Kinematics

The second processing phase implemented in the application is the
inverse kinematics. The design of the tab dedicated to this operation is
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shown in Figure 3.12.

Figure 3.12. Design of the inverse kinematics tab.

A first label-type element reports the scaled model of the subject on
which the inverse kinematics is performed. Below this, a dedicated box
lists the ’.trc’ files related to the walking trials performed by the subject,
available in the Raw Data folder, and thus ready for the inverse kinematics
operation. The user has the possibility to make a multiselection of items
in order to simultaneously perform the inverse kinematics operation on
all available files. Once the items in the list have been selected, clicking
the IK button, the aptisInverseKinematic function is called. The code of
the function is reported below. The function allows the inverse kinematics
operation to be performed on the walking trials selected by the user from
the list presented in the application. This operation is performed starting
from the scaled model, which is passed as input, along with the path to
the marker data of the selected walking trials. The last two inputs are
necessary for the construction of the path in which to save the ’.mot’ files
generated by the processing.

The first line of code imports the libraries that exploit the OpenSim
classes. The ikTool object is then created, which, with its associated meth-
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ods, allows all the necessary operations to be performed. In the next line
of code, the scaled model to be taken as a reference is set and initialized.

An iterative loop is then implemented in the function to repeat the
inverse kinematics operations for each of the walking trials selected. Within
the for loop, the marker data file related to the selected trial is selected,
the start and end times of the trial are extracted, and the path for saving
the output file is defined. The for loop closes with the execution of the
inverse kinematics for the single walking trial.

1 function [ikModelLoc ,initialTime ,finalTime ]= aptisInverseKinematic ...
2 (setupScaleLoc ,scaledModelLoc ,walkingTrials ,ikFolder ,rawFolder)
3 % Include OpenSim API
4 import org.opensim.modeling .*
5 % Set up Inverse Kinematic Tool
6 ikTool = InverseKinematicsTool(setupScaleLoc);
7 model = Model(scaledModelLoc);
8 model.initSystem ();
9 % Load dynamic trials

10 idPatient = ikFolder(end -12:end -10);
11 ikTool.setModel(model);
12 nTrials = length(walkingTrials);
13 % Run Inverse kinematic for each dynamic trial
14 for trial = 1: nTrials
15 markerFile = walkingTrials{trial};
16 walkingPath = strcat(rawFolder ,’\’,markerFile);
17 markerData = MarkerData(walkingPath);
18 initialTime = markerData.getStartFrameTime ();
19 finalTime = markerData.getLastFrameTime ();
20 ikTool.setName(strcat(idPatient ,’_’,markerFile (6:end -4)));
21 ikTool.setMarkerDataFileName(walkingPath);
22 ikTool.setStartTime(initialTime);
23 ikTool.setEndTime(finalTime);
24 ikModelLoc = strcat(ikFolder , ’\IKIN_ ’ ,...
25 markerFile (6:end -4),’.mot’);
26 ikTool.setOutputMotionFileName(ikModelLoc);
27 ikTool.run();
28 end
29 end

The paths of the results file are passed as output of the function so
that they can then be listed in the second component list, on the right
part of the application tab (see Figure 3.12. The user can now proceed
in two ways: perform the inverse dynamics operation on these outputs, or
visualize and analyze the inverse kinematics results graphically. The latter
possibility can be accessed by selecting one of the listed resulting files and
clicking the Plot button. This button opens a new window, where the
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plotting tool is implemented. The design of this application tool is shown
in Figure 3.13.

Figure 3.13. Design of the plot tool for Inverse Kinematics results.

The window presents a box that lists all the lower limb joints angles
resulting from the inverse kinematics. The values are read from the .mot
files created as output of the inverse kinematics and stored in the corre-
sponding folder. The tool is implemented as a separate Matlab application,
so the set up operation are run in the startup function.

1 function startupFcn(app , mainapp , selectedMotFile)
2 app.CallingApp = mainapp;
3 % Load the selected results file
4 app.selectedMotFile = selectedMotFile;
5 app.anglesData = dataReading(app.selectedMotFile);
6 app.anglesList.Items =...
7 app.anglesData.Properties.VariableNames (2: end);
8 app.anglesList.Multiselect = ’on’;
9 end

The user can select one or more angles of interest, and clicking the
Show button, associated with the ShowButtonPushed function, the data
are plotted with the corresponding legend.
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1 function ShowButtonPushed(app , event)
2 plot(app.plotFigure ,app.anglesData {:,1},...
3 app.anglesData {:,app.anglesList.Value});
4 legend(app.plotFigure ,strrep(app.anglesList.Value ,’_’,’ ’));
5 axis(app.plotFigure ," tight")
6 end

Closing the app the user is reported to the main application to continue
the analysis. Here, by clicking the IDTool button, the next tab is opened
allowing the Inverse Dynamics operation.

3.3.5 Inverse Dynamics

The third tool implemented is the inverse dynamics tool, developed in
a dedicated tab with the design presented in Figure 3.14.

Figure 3.14. Design of the inverse dynamics tab.

The structure is simple, an initial list component reports the kinematic
data files resulting from the previous analysis. The user can make a single
or multi-selection of the available data on which performing the inverse
dynamics. Once the items in the list have been selected, clicking the ID
button the aptisInverseDynamic function is called.
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1 function [idModelLoc] = aptisInverseDynamic(scaledModelLoc ,...
2 selectedMotFile ,idFolder ,ikFolder ,rawFolder ,...
3 initialTime ,finalTime)
4 % Include OpenSim API
5 import org.opensim.modeling .*
6 % Set up model and inverse dynamics tool
7 scaledModel = Model(scaledModelLoc);
8 idTool = InverseDynamicsTool ();
9 idTool.setModel(scaledModel);

10 nTrials = length(selectedMotFile);
11 idPatient = idFolder(end -12:end -10);
12 % Load and process each single dynamic trial selected
13 for trial = 1: nTrials
14 motFile = selectedMotFile{trial };
15 idTool.setCoordinatesFileName(strcat(ikFolder ,’\’,motFile));
16 kinematicFilterFrequency = 6;
17 idTool.setLowpassCutoffFrequency(kinematicFilterFrequency);
18 % Build the output path
19 idModelLoc = strcat(idFolder , ’\IDYN_ ’ ,...
20 motFile (6:end -4),’.sto’);
21 idTool.setResultsDir(idFolder);
22 idTool.setOutputGenForceFileName(strcat(’\IDYN_’ ,...
23 motFile (6:end -4),’.sto’));
24 if nargin <6
25 walkingPath = strcat(rawFolder ,’\’ ,...
26 regexprep(motFile ,{’IKIN’,’.mot’},{’RAWD’,’.trc’}));
27 markerData = MarkerData(walkingPath);
28 % Load the time series
29 initialTime = markerData.getStartFrameTime ();
30 finalTime = markerData.getLastFrameTime ();
31 end
32 idTool.setStartTime(initialTime);
33 idTool.setEndTime(finalTime);
34 excludedForces = ArrayStr ();
35 excludedForces.append(’Muscles ’);
36 idTool.setExcludedForces(excludedForces);
37 % Run inverse dynamics
38 idTool.run();
39 end
40 end

The function performs the inverse dynamics operation on the kinematic
data selected by the user in the list presented in the application. Again,
the operation must be performed on the basis of a model, so the inputs
of the function are represented by the selected ’.mot’ files and also by the
path to the reference scaled model. The other inputs are the paths to the
subject’s folders in the database.

The first line of code imports the libraries that exploit the OpenSim
classes. The idTool object is then created, which, with its associated meth-
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ods, allows all the necessary operations to be performed. In the next line
of code, the scaled model to be taken as a reference is set and initialized.

An iterative loop is then implemented in the function to repeat the
inverse dynamics operations for each of the kinematic data file selected.
Within the for loop, the kinematic data are loaded and filtered with a 6 Hz
lowpass filter. The start and end times of the trials are extracted, and the
path for saving the output file is defined. It is then defined that no external
force is acting on the subject. The for loop closes with the execution of
the inverse kinematics for each single walking trial.

The results of the inverse dynamics represent the forces and torques
calculated on the lower limbs joint. The list of the analyzed walking trials is
reported in the second component list, on the right part of the application
tab (see Figure 3.14. Also in this case the user can exploit the visualization
tool to plot and analyze the inverse dynamics results (the description of
the tool is reported at the end of the Section 3.3.4).

3.3.6 Export Tool

An additional feature of the platform involves the option of exporting
a set of biomechanical-anthropometric information that may be of inter-
est in supporting the design of custom orthoses. The Export Tool is is
available in the Inverse Kinematics panel, because it acts on the kinematic
data resulting from this operation. It is launched by clicking the ’Ex-
port Parameters for Orthosis Design’ button. The tool was developed as
a stand-alone application, which is called in the function related to the
button just mentioned. The design scheme of the Export Tool is shown in
Figure 3.15.

The structure of the interface is very simple: on the left side there is a
list-box that displays the processed walking trials, on which the processing
steps to calculate the exportable parameters can be performed. A central
button (Evaluate) launches the processing, while in the right part a set
of check-boxes allows the user to select the parameters to export. In the
same panel the Launch button allows the finalization of the export.
When the export tool is launched, the list of available kinematic data
is filled with the trials actually processed. This information is obtained
from the main application calling the export tool. In order to transfer
the MATLAB variables to the new interface, these information are passed
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Figure 3.15. Design of the export tool.

as inputs of the start-up function of the export tool application. In this
function all the elements of the window are configured for the use.

1 function startupFcn(app , mainapp , scaledModelLoc , rawFolder ,...
2 rawFolderContents , afoConditionExp)
3 app.CallingApp = mainapp;
4 % Disable check -box if no trial is selected
5 app.FootMasskgCheckBox.Enable = ’off’;
6 app.FootMassCentermCheckBox.Enable = ’off’;
7 app.MaxKneeHeelForwardDisplacementatHeelOffmmCheckBox.Enable ...
8 = ’off’;
9 app.DistanceKneeHeelmmCheckBox.Enable = ’off’;

10 app.MaxHeelToeVerticalDisplacementatToeOffmmCheckBox.Enable =...
11 ’off’;
12 app.DistanceHeelToemmCheckBox.Enable = ’off’;
13

14 % Load folders location and user selection
15 app.scaledModelLoc = scaledModelLoc;
16 app.rawFolder = rawFolder;
17 app.rawFolderContents = rawFolderContents;
18 app.afoConditionExp = afoConditionExp;
19 % Load walking trials
20 app.walkingTrials.Items = app.rawFolderContents (...
21 contains(app.rawFolderContents (:,1),’.trc’) &...
22 contains(app.rawFolderContents (:,1),’Walk’));
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23 % Allow selection of the walking trials
24 app.walkingTrials.Multiselect = ’on’;
25 end

The check-boxes are disabled: they will be enabled just after a walking
trial is selected and processed. The listbox is filled with the available
kinematic data trials. The last command enables multiple choice of items
in the listbox, since, as will be seen below, it will also be possible to select
multiple trials on which to launch the processing and export tasks.
The Evaluate button has no real processing purpose. It only confirms
the selection of trials by activating the check-boxes useful for the export
phase, as can be argued from the code expressed in the associated callback
EvaluateButtonPushed.

1 function EvaluateButtonPushed(app , event)
2 cleanCheckBox(app)
3 % Enable selection of check boxes
4 app.FootMasskgCheckBox.Enable = ’on’;
5 app.FootMassCentermCheckBox.Enable = ’on’;
6 app.MaxKneeHeelForwardDisplacementatHeelOffmmCheckBox.Enable ...
7 = ’on’;
8 app.DistanceKneeHeelmmCheckBox.Enable = ’on’;
9 app.MaxHeelToeVerticalDisplacementatToeOffmmCheckBox.Enable =...

10 ’on’;
11 app.DistanceHeelToemmCheckBox.Enable = ’on’;
12 end

After the user has selected the check-boxes of interest, the Launch
button runs the processing of the kinematic data and creates the export
text file. The function LaunchButtonPushed is the callback associated
with the button: the information selected by the user in the interface
(trials to be analyzed and parameters to be exported) are obtained and
then transferred to the parametersForModelling function that develops all
the processing and export tools.

1 function LaunchButtonPushed(app , event)
2 % Read the selected items by user
3 parametersSelected.footMass = app.FootMasskgCheckBox.Value;
4 parametersSelected.footMassCenter =...
5 app.FootMassCentermCheckBox.Value;
6 parametersSelected.maxKneeHeelForwardDisplacementHO =...
7 app.MaxKneeHeelForwardDisplacementatHeelOffmmCheckBox.Value;
8 parametersSelected.distanceKneeHeel =...
9 app.DistanceKneeHeelmmCheckBox.Value;

10 parametersSelected.maxHeelToeVerticalDisplacementTO =...
11 app.MaxHeelToeVerticalDisplacementatToeOffmmCheckBox.Value;
12 parametersSelected.distanceHeelToe =...
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13 app.DistanceHeelToemmCheckBox.Value;
14 rowNames = {’footMass ’,’footMassCenter ’ ,...
15 ’maxKneeHeelForwardDisplacementHO ’ ,...
16 ’distanceKneeHeel ’,’maxHeelToeVerticalDisplacementTO ’ ,...
17 ’distanceHeelToe ’};
18

19 %Call function to calculate and export parameters
20 parametersForModelling(app.scaledModelLoc ,...
21 app.walkingTrials.Value ,app.rawFolder ,...
22 app.afoConditionExp ,parametersSelected);
23 % Close window
24 delete(app)
25 end

In the parametersForModelling function, the biomechanical scaled model
of the subject and the files containing the coordinates of the markers re-
lated to the selected walking trials are first imported. From the model,
the anthropometric information are obtained: the mass and position of
the center of gravity of the foot. Since in the model the foot is the com-
bination of the bodies calcaneus (calcn) and toes (toes), the total mass
will be determined as the sum of the masses while the center of gravity
as a combination of the centers of mass of the two bodies. The code that
implements the processing is the following.

1 % Calculate foot mass and center of mass as combination of single
components

2 footMass_L = calcnMass_L + toesMass_L;
3 footMass_R = calcnMass_R + toesMass_R;
4 footBarTot_L = (calcnMass_L*calnBar_L+toesMass_L*toesBarGlob_L)./...
5 footMass_L;
6 footBarTot_R = (calcnMass_R*calnBar_R+toesMass_R*toesBarGlob_R)./...
7 footMass_R;

Biomechanical and kinematic parameters are then calculated, which
are determined from the relative positions of the markers at specific events
of the gait cycle, such as heel-off or toe-off. In particular, it was found
interesting to focus on the displacement between the knee and heel at the
heel-off event, in order to estimate the maximum advancement of the tibia
with respect to the heel when the heel is still in contact with the ground.
The other parameter is the vertical displacement between the heel and
metatarsal bones at the toe-off event, in order to estimate the maximum
vertical deformation of the orthosis when the metatarsal bones are in con-
tact with the ground. These two events are considered because they rep-
resent the phases when the orthosis would be most stressed. Therefore,
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as will be seen below, the measured displacements will be used to test
whether the designed orthosis can tolerate these deformations.

These parameters are calculated for all walking trials considered and for
all steps detected in the walking trial. This is implemented with a double
for loop (see code below). Among all the values calculated, the maximum
value is selected and exported, as the data will be used as stresses for
validation of the static structure of the orthosis, which will be obviously
done in the worst case of maximum deformation.

1 for trial = 1: nTrials
2 % Load folder paths and import markers traces
3 walkingTrial = walkingTrials{trial};
4 walkingTrcLoc = strcat(rawFolder ,’\’,walkingTrial);
5 walkingTrc = importFileData(walkingTrcLoc);
6 emtLoc = strcat(regexprep(rawFolder ,’RAWD’,’GEVT’) ,...
7 ’\GEVT_ ’,walkingTrial (6:end -4),’.emt’);
8 [gaitEvents ,HeelStrikeR ,HeelStrikeL ,ToeOffTimeL ,ToeOffTimeR ]...
9 = importFileEmt(emtLoc ,walkingTrc);

10 % Filter marker traces
11 banda =70/2;
12 cutoff =5;
13 [b,a] = butter(5,cutoff/banda);
14 rheel_y_filt = filtfilt(b,a,walkingTrc.rheel_y);
15 rmet_y_filt = filtfilt(b,a,walkingTrc.rmet_y);
16 lheel_y_filt = filtfilt(b,a,walkingTrc.rheel_y);
17 lmet_y_filt = filtfilt(b,a,walkingTrc.rmet_y);
18

19 % Find distances between markers
20 tibiaDisplacement_R = walkingTrc.rknee2_x - walkingTrc.rheel_x;
21 tibiaDisplacementHO_R = tibiaDisplacement_R(idxHeelOff_R);
22 rkneePos = [walkingTrc.rknee2_x ,walkingTrc.rknee2_y ,...
23 walkingTrc.rknee2_z ];
24 rheelPos = [walkingTrc.rheel_x ,walkingTrc.rheel_y ,...
25 walkingTrc.rheel_z ];
26 dist_R = mean(vecnorm(rkneePos -rheelPos ,2,2));
27 tibiaDisplacement_L = walkingTrc.lknee2_x - walkingTrc.lheel_x;
28 tibiaDisplacementHO_L = tibiaDisplacement_L(idxHeelOff_L);
29

30 lkneePos = [walkingTrc.lknee2_x ,walkingTrc.lknee2_y ,...
31 walkingTrc.lknee2_z ];
32 lheelPos = [walkingTrc.lheel_x ,walkingTrc.lheel_y ,...
33 walkingTrc.lheel_z ];
34 dist_L = mean(vecnorm(lkneePos -lheelPos ,2,2));
35 toeDisplacement_R = walkingTrc.rheel_y - walkingTrc.rmet_y;
36 toeDisplacementTO_R = toeDisplacement_R(idxToeOff_R);
37 rToePos = [walkingTrc.rmet_x ,walkingTrc.rmet_y ,...
38 walkingTrc.rmet_z ];
39 distHeelToe_R = mean(vecnorm(rheelPos -rToePos ,2,2));
40 toeDisplacement_L = walkingTrc.lheel_y - walkingTrc.lmet_y;
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41 toeDisplacementTO_L = toeDisplacement_L(idxToeOff_L);
42 lToePos = [walkingTrc.lmet_x ,walkingTrc.lmet_y ,...
43 walkingTrc.lmet_z ];
44 distHeelToe_L = mean(vecnorm(lheelPos -lToePos ,2,2));
45 end

Finally, the function writes the parameters thus determined into a text
file that will be automatically saved inside the folder related to the an-
alyzed session, with the name ID_BTSX_AFO_Output.txt according to
the database structure (e.g. 020_BTSX_0_Output.txt). The output file
will report only the parameters selected by the user. The code that imple-
ments this functionality is reported below.

1 % Build structure to write output file
2 parametersName = {’Mass’; ’Mass Center ’;...
3 ’Max Knee -Heel Forward Displacement at Heel Off’;...
4 ’Distance Knee -Heel’;...
5 ’Max Heel -Toe Vertical Displacement at Toe Off’;...
6 ’Distance Heel -Toe’};
7 right = {footMass_R; footBarTot_R; tibiaDisplacementHO_R; dist_R ;...
8 toeDisplacementTO_R; distHeelToe_R };
9 left = {footMass_L; footBarTot_L; tibiaDisplacementHO_L; dist_L ;...

10 toeDisplacementTO_L; distHeelToe_L };
11 % Build header of the output textual file
12 header_R = [’Right Foot \nMass [kg]:\t%5.3f\n’ ,...
13 ’Mass Center [m]:\t%5.3f\t%5.3f\t%5.3f\n’ ,...
14 ’Max Knee -Heel Forward Displacement at Heel Off [mm]:\t%i\n’ ,...
15 ’Distance Knee -Heel[mm]:\t%i\n’ ,...
16 ’Max Heel -Toe Vertical Displacement at Toe Off [mm]:\t%i\n’ ,...
17 ’Distance Heel -Toe[mm]:\t%i\n\n’];
18 header_L = [’Left Foot \nMass [kg]:\t%5.3f\n’ ,...
19 ’Mass Center [m]:\t%5.3f\t%5.3f\t%5.3f\n’ ,...
20 ’Max Knee -Heel Forward Displacement at Heel Off [mm]:\t%i\n’ ,...
21 ’Distance Knee -Heel[mm]:\t%i\n’ ,...
22 ’Max Heel -Toe Vertical Displacement at Toe Off [mm]:\t%i\n’ ,...
23 ’Distance Heel -Toe[mm]:\t%i\n\n’];
24 % Open File with writing permission
25 fileID = fopen(strcat(scaledModelLoc (1:end -28) ,...
26 ’\’,idPatient ,’_BTSX_ ’,indAfo ,’_Output.txt’),’w’);
27 % Print file contents
28 fprintf(fileID ,header_R ,footMass_R*parametersSelected.footMass ,...
29 footBarTot_R*parametersSelected.footMassCenter ,...
30 round(max(tibiaDisplacementHO_R))*...
31 parametersSelected.maxKneeHeelForwardDisplacementHO ,...
32 round(dist_R)*parametersSelected.distanceKneeHeel ,...
33 round(max(toeDisplacementTO_R))*...
34 parametersSelected.maxHeelToeVerticalDisplacementTO ,...
35 round(distHeelToe_R)*parametersSelected.distanceHeelToe);
36 fprintf(fileID ,header_L ,footMass_L*parametersSelected.footMass ,...
37 footBarTot_L*parametersSelected.footMassCenter ,...
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38 round(max(tibiaDisplacementHO_L))*...
39 parametersSelected.maxKneeHeelForwardDisplacementHO ,...
40 round(dist_L)*parametersSelected.distanceKneeHeel ,...
41 round(max(toeDisplacementTO_L))*...
42 parametersSelected.maxHeelToeVerticalDisplacementTO ,...
43 round(distHeelToe_L)*parametersSelected.distanceHeelToe);
44 % Close file
45 fclose(fileID);

In Figure 3.16 an example of the output of the export tool is shown. It
reports all the parameters selected to support the design of custom AFO.

Figure 3.16. Output file of the export tool reporting the parameters used to
support the design of custom AFO.

3.4 Applications

The major application of the developed platform is to support the or-
thopaedic technician in the design of a patient-specific orthosis, with infor-
mation that can improve the standard designing and realization processes.
However another application is represented by the biomechanical analysis
of gait. The platform offers the user all the tools to specifically analyse
the kinematics and dynamics of the single body districts constituting the
lower limbs. In this perspective, it can be used as a gait analysis tool
to investigate interesting aspects of the lower limbs biomechanics. In this
section, examples and more details on possible applications are provided,
starting with the main focus of this research and continuing with alterna-
tive implementation used for clinical and scientific purposes.
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3.4.1 Support to Ankle-Foot-Orthosis Design

The biomechanical platform described in the previous Section is part
of wider project aimed at improving the processes of design and realization
of custom orthosis. The Figure 3.17 shows a simplified scheme explaining
how the platform is integrated in the development process of the orthosis.

Figure 3.17. Schematic process diagram showing the relationships between
the tools used to design and develop a custom AFO.

The Image Registration platform is an application that allows to merge
morphological and functional information about the patient. These infor-
mation are provided as three-dimensional structures, bi-dimensional im-
ages and graphs, in order to be imported in the Computer Aided De-
sign (CAD) environment to support and improve the modelling of the
custom orthosis.

In particular the Image Registration platform can produce 3D models
(.stl) representing the internal structure and/or the external surface of the
analysed limb, exploiting data from imaging techniques, such as Computed
Tomography or Magnetic Resonance Imaging. Models developed with this
techniques are more accurate than those obtained by 3D scanning, which
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is the technique usually used to create a 3D model of the body segment.
Moreover the Image Registration platform provides, through clinical imag-
ing techniques, information about internal bone structures that 3D scan-
ning cannot give. This is useful as can highlight any deformity to be taken
into account in the development of the orthotic device.

The Image Registration platform also enables the processing of diagnostic-
functional biomedical images and data. In particular the platform allows
to combine data gathered from a sensorized baropodometric platform and
a stabilometric-proprioceptive system. The combined information reports
the plantar map that details the pressures at each point of foot plant, along
with a trace of the body’s Center of Pressure (COP) at the ground during
the execution of static or dynamic trials. The functional data are also
imported in the CAD environment and help the designer in developing a
structure that compensate for incorrect pressure distributions identified in
the orthostatic position or in specific gait cycle events.

In Figure 3.18 an example of 3D model of the foot internal structure
and a 2D representation of plantar pressures and COP exported from the
Image Registration Platform are reported. It is also shown how they are
imported in the CAD environment to support the design of the orthosis.

Figure 3.18. Morphological and functional data to support AFO design: a.
3D model of the internal foot structure; b. plantar pressure map and COP
evolution in orthostatic trial; c. integration of data in CAD environment for
AFO design.

In parallel, the Biomechanical platform, operating on the customized
models and gait analysis data, produces biomechanical and anthropomet-
ric data used to validate the CAD mechanical design of the orthosis, to
verify its stability under the loading and deformation applied during nor-
mal use by the subject. This operation, which can be performed using
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Finite Element Analysis (FEA), represents an innovative step to verify the
load capacity of the designed structure before its actual fabrication. The
results of the analysis, in an iterative manner, will be useful in identifying
corrective actions to be achieved in the design of the orthotic device.

The workflow briefly described can be of much broader significance than
the single case of AFO design, as it can be a support in the production of
any type of orthosis, brace or prosthesis.

In the following section the application of the biomechanical platform
will be detailed, exploring the chosen parameters and how they are used
in the process of validation of the device structure.

Biomechanical Parameters from Gait Analysis

The Biomechanical platform is based on biomechanical models cus-
tomised for individual patients to evaluate kinematics and dynamics start-
ing from data acquired during walking trials. The kinematic gait analysis,
in conjunction with anthropometric and biomechanical information, can
be relevant to identify the stresses and deformations that the orthosis may
experience during the use. These data, therefore, can be the starting
boundary conditions for the FEA of orthosis structure.
In the numerical analysis, it is considered significant to analyse the dis-
tribution of stresses over the orthosis at two separate moments that are
considered most critical for specific areas of the brace:

• Heel-Off: it is the gait event at which the heel area of the orthosis is
assumed to be more affected by bending moment than in the other
phases of gait, since at the instant just before heel-off, the tibia
is moved to the maximum displacement in forward direction with
respect to the heel itself, which remains in contact with the ground.

• Toe-Off: it is the gait event at which the metatarsal area of the brace
is assumed to be more affected by bending moment than in the other
phases of gait, because at the moment just before the toe-off, the heel
is moved to the maximum displacement in the vertical direction with
respect to the metatarsals, which remain in contact to the ground.

These values represent the deformations the orthosis undergoes during
the walking phases, therefore they have particular relevance for improving



3.4. Applications 81

the design process. As seen in previous Section, a tool for the export of
these information has been developed within the Biomechanical platform.
The processing of data is automatic and can involve a single walking trial
or a set of multiple trials. In the first case the exported data represent
the maximum values of displacement recorded among the different steps
taken within the walking test. In the second case, the maximum value is
extracted from all steps of all selected walking trials.

The displacement values are determined as the difference in position
on the reference axes of markers proximal to the landmarks of interest.
The first value of interest concerns the displacement in the direction of
gait between the marker positioned on the side of the knee and the one
positioned on the back of the heel at the instant when the heel leaves the
ground (heel-off). Figure 3.19 shows the positions of the two considered
markers.

Figure 3.19. Position of the markers used to calculate the forward displace-
ment of the knee with respect to the heel in walking trials.

The second value of interest is determined as the displacement in the
vertical direction, between the marker positioned on the back of the heel
and the one positioned on the lateral side of the fifth metatarsal bone at the
gait phase in which the metatarsals leave the ground (toe-off). Figure 3.20
shows the positions of the two markers considered for the calculation.

Another anthropometric-biomechanical information considered of in-
terest in the design of the orthosis is the weight of the body segment of
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Figure 3.20. Position of the markers used to calculate the vertical displace-
ment of the heel with respect to the metatarsal bones in walking trials.

the foot and the position of the center of gravity. These data can allow
an initial estimate of the bending moment on the ankle, thus identifying,
as a first approximation, the most suitable material and thickness to be
used to produce the orthosis in order to provide the mechanical strength to
support the weight of the foot during the flight phase. These data can also
be exported from the Biomechanical platform through simple processing.
Specifically, the foot body segment, in the biomechanical model considered,
is composed of two bodies, calcaneus (calcn) and toes (toes). Therefore,
the mass of the foot is determined as the sum of the masses of the two
bodies in the subject-specific scaled model. The center of mass is obtained
by combining the centers of mass of the two bodies. The parameters are
exported in a text file, with the structure shown in Figure 3.16, in order
to be used in the FEA.

Finite Element Analysis for AFO Structure Validation

The MATLAB software tool FEATool Multiphysics was used to per-
form the FEA on the orthosis structure.

As a first step, three areas are defined in the MeshMixer environment on
the orthosis, where the constraining conditions will be set during the FEA.
The areas are: proximal soleus, heel, and metatarsal area (Figure 3.21).

The .stl model of the AFO is then imported in MATLAB and the mesh
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Figure 3.21. The three areas defined to apply the constraints in FEA.

grid for the analysis is created. The grid size value is chosen to generate a
sufficiently accurate grid without excessively increasing the computational
cost of the process (Figure 3.22 an example of the generated grid mesh).

Figure 3.22. Grid generated on the model to perform FEA.

Then the values characterizing the material to be used are set. The
values of interest are the elastic modulus, the density and the Poisson’s
ratio, which are retrieved from data sheets and mechanical tests performed
on the materials.

The areas previously defined are now exploited to set the displacement
constraints on the edge. These conditions are those obtained from the
Biomechanical platform described above. To determine the correct offset
value to be set on the brace edges, basic trigonometric formulas were used,
specifically concerning similar triangles identified between the gait markers
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and the brace edges.
The FEA is then run in stationary conditions. In Figure 3.23 an ex-

ample of results is shown. Results are plot in terms of Von-Mises Stress,
used to identify the stress combinations that cause yielding [38]. The vi-
sualization shows the range map of the parameter values displayed using
a colorimetric scale. In order to verify the structure, it is necessary to
control that the maximum Von-Mises stress value from FEA is lower than
the Tensile Strength value of the material.

Figure 3.23. An example of the results of FEA simulation, obtained with
displacement constraints gathered from the biomechanical analysis. Results
are shown in terms of Von-Mises stress.

3.5 Other Applications in Gait Analysis

In this section it is reported another application of the methods previ-
ously described. It is about the biomechanical study of gait, in particular
the aim was to determine the impact of the use of a commercial AFO on
a group of patients suffering the FD syndrome. The procedures deployed
provided a detailed analysis of the joint angles of greatest interest for the
considered disease.

3.5.1 Background

Gait analysis is a powerful tool to study the level of the impairment
and quantify the improvements in walking abilities related to rehabilitation
treatments or a specific factor under analysis. The usual spatio-temporal
gait analysis performed with the widespread clinical systems allows to de-
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scribe the general walking pattern of subjects, usually enabling to discover
specific features or deviations from the physiological gait in group of pa-
tients with homogeneous disease, which can have a potential diagnostic
value. The reviews by Choo & Chang [15] and Tyson & Kent [53] identi-
fied several works exploring the effects of the AFO in FD patients, which
are mainly focused on spatio-temporal gait parameters, such as gait speed,
cadence, stride length and others. However a further characterization of
gait can be obtained using biomechanical modelling and simulation, which
allows to explore the kinematics of body joints during walking pattern.
The kinematic analysis describes the relative motion of body’s segments,
and it is therefore particularly used in clinical practice to explore and anal-
yse limb movement in specific tasks. Wiszomirska et al. [56] underlined
the effective impact that the FD syndrome has on the kinematics of the
impaired ankle joint. Zollo et al. quantified the impairment, proposing
specific metrics extracted from the signal of ankle joint, broadening the
focus also on other joints of the lower limbs [62]. Other works underlined
the improvements brought by the AFO on the kinematics of the paretic
limb [60, 59] which allows to limit the RoM and improve the angle of im-
pact with the ground of the affected foot.

In this application the proposed methods are used, thus integrating
data from markers of the motion capture system with a custom biome-
chanical model to simulate and analyse the walking biomechanics of the
patient in order to further explore his gait features and evaluate the AFO
performances during walking. The focus is on the ankle joint angle, but
also on the subtalar joint. The latter was not analysed in previous lit-
erature about FD, while here it is considered as a relevant question to
deepen in order to understand the altered biomechanics of walking. The
subtalar joint plays a major role in ankle stability, and the alteration of its
regular biomechanics has been linked to the FD syndrome [33]. Moreover,
the forced inversion or eversion of this joint is a common cause of pain or
injuries [61]. For these reasons it is useful to better analyse the mechanics
of the subtalar joint during walking. On this topic the following analysis
pointed out interesting results.
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3.5.2 Methods and Materials

Study Population

Nineteen patients (7 women, 12 men) with FD syndrome, admitted
for rehabilitation treatment in the Neurology and Functional Recovery
and Rehabilitation Units of ICS Maugeri Institute of Care and Scientific
Research in Bari (Italy) were involved in the experimental protocol. In
Table 3.2 the anamnestic data of the study population are reported.

The first inclusion criterium was the ability to walk independently.
Patients with bilateral impairment, who walk with AFO on both feet,
were exluded from the analysis. None of the subjects was affected by
other pathologies involving gait. All subjects gave their informed consent
to participate in the study.

Test Protocol

Experimental data needed for the biomechanical analysis were collected
following the protocols described in the previous chapters of this work. The
motion capture system SMART-DX 700 by BTS Bioengineering was used
to collect the trajectories of 22 markers placed on subject’s body according
to the Davis protocol (see Section 2.1.2 for further details), as shown in
Figure 3.24. The experimental session consisted of a static and a walking
trial. In the static trial the subject stands quietly, with aligned feet and
arms along the body, for ten seconds. The walking trials were performed
with and without the orthosis on the affected limb, at self-selected walking
speed, over the 10-meters walkway placed in the range of view of the IR
cameras. If needed, the subject performed several trials to get comfortable
with the situation and then the walking test used for the analysis was
acquired.

The orthosis used in the analysis is a commercial Codivilla spring,
prescribed to the patient for rehabilitation during their hospital stay.

Data Processing

Data relating the 3D coordinates of the markers, recorded in the ex-
perimental sessions, were used in the custom biomechanical platform to
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Table 3.2. Anamnestic data of the study population.

Subject Age Gender Weigth Heigth BMI Drop Foot
(yr) (kg) (m) (kg/m2)

001 47 M 58 1.65 21.3 R
002 66 M 58 1.76 18.7 R
003 69 M 75 1.78 23.7 R
004 68 M 74 1.73 24.7 R
005 69 F 73 1.65 26.8 L
006 35 M 65 1.70 22.5 R
007 72 M 65 1.70 22.5 L
008 37 M 125 1.88 35.4 L
009 65 M 77 1.86 22.3 R
010 55 M 88 1.84 26.0 R
011 64 F 67 1.66 24.3 L
012 47 F 56 1.75 18.3 R
013 75 M 80 1.68 28.3 R
014 50 M 68 1.83 20.3 L
015 36 F 45 1.60 17.6 L
016 36 F 55 1.65 20.2 L
017 78 F 63 1.68 22.3 R
018 53 F 52 1.68 18.4 L
019 62 M 91 1.75 29.7 L
Mean 57.1 70.3 1.73 23.3
Std 14 18 0.080 4.5

scale the ‘Gait2392’ model and to perform the inverse kinematics analy-
sis. Then the study was focused on the analysis of kinematics of the foot,
specifically analysing the ankle and the subtalar angles. The first refers to
the dorsi-plantar flexion, which is the movement of the ankle joint in the
sagittal plane, while the latter regards the inversion and eversion of the
subtalar joint. Joints angles signals were exported from the platform and
further processed using MATLAB.

The signals of each walking trial were segmented into successive steps
ranging between two subsequent HSs. HS events for each limb were man-
ually found basing on videos recorded during walking trials and markers
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Figure 3.24. Markers position according to Davis protocol.

3D coordinates signals. The step segments of each walking trial were re-
sampled on a common number of samples (the minimum among different
steps) and then averaged. By doing so, a dataset was produced containing
signals representing the evolution of the ankle and subtalar angles over a
gait cycle, for each limb, for each condition of walking (with or without
AFO) and for each subject. Finally a set of quantitative measures were
extracted from the signals. For each of the two angles the following values
were considered: the mean value over the entire gait cycle, the RoM and
the angle value at HS.

Statistical Analysis

The statistical analysis was conducted by means of a two-way repeated
measures ANOVA. The test was conducted to analyse the effects of the two
factors: walking condition (with versus without AFO) and limb (affected
versus contralateral). Also the combination of the two (condition*limb)
was analysed in order to explore the effects of the interaction between
the two factors. Since the variability between subjects has a considerable
impact on the data, as it can be argued by the values of standard deviation
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shown in Table 3.3, it has been taken into account by considering the
subject as a blocking factor in the analysis. All statistical procedures were
performed on R version 4.0.3 (R Foundation, Vienna, Austria).

3.5.3 Results

Figure 3.25 shows the evolution of the ankle angle and subtalar angle
over a complete gait cycle in the two walking conditions. The plots rep-
resent the mean signals obtained averaging the data of all the subjects,
resampled on a common number of samples. In Figure 3.25a and 3.25b,
positive values represent dorsiflexion, while negative values are related to
plantar flexion angles. In Figure 3.25c and 3.25d, positive values repre-
sent the inversion, while negative values are related to the eversion of the
subtalar joint. The variability of data among subjects is represented by
shaded areas covering two standard deviations around the mean values.
The average Toe-Off time is represented by vertical dashed lines for both
conditions. Table 3.3 summarises the values obtained for the considered
kinematic parameters for each walking condition and each foot. Data are
reported as mean ± standard deviation, and all values are expressed in
degrees.

Table 3.4 reports the results of the statistical analysis conducted by
means of ANOVA test. The p-values are only reported if significant (p −
value < 0.5), otherwise it is reported the absence of statistical significance
(ns). Four different α values were considered to assess the level of statis-
tical significance (p < 0.05, p < 0.01, p < 0.001, p < 0.0001).

The statistical analysis of the kinematic parameter related to ankle
dorsi-plantar flexion highlights that the mean angle over a gait cycle and
the angle registered at foot contact don’t change significantly when the
AFO is used. An increase in the mean values is registered for both pa-
rameters on the affected limb (the mean ankle angle increases from 6.00
without AFO to 8.50 with AFO, the ankle angle increases from -0.875 to
0.952 using AFO), while the contralateral limb is not affected by the use of
the AFO. However in both cases the increase in affected limb can not be
considered statistically significant, as the p-value of the combined factor
Condition*Limb is above 0.05 (not significant). A statistical significant
difference was observed for these parameters in the comparison between
the affected and contralateral limb. In particular both the mean ankle an-
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Table 3.3. Data statistics.

Affected Limb Contralateral Limb

Without AFOWith AFOWithout AFOWith AFO

Ankle

Mean Angle 6.00± 10 8.50± 9.2 10.7± 7.4 10.7± 7.7

RoM Angle 29.5± 8.1 22.7± 5.2 27.1± 6.3 26.6± 6.0

Angle at HS −0.875± 12 0.952± 10 4.88± 7.6 4.39± 8.6

Subtalar

Mean Angle 3.07± 13 4.08± 14 7.49± 15 8.06± 17

RoM Angle 22.1± 11 19.8± 9.4 22.9± 9.2 20.9± 8.7

Angle at HS −0.980± 16 −0.609± 17 4.42± 17 4.66± 18

All values are expressed in degrees, as mean ± standard deviation.

gle and the angle at HS are increased in the contralateral limb with respect
to the affected limb.

The RoM of the ankle angle presents a different behaviour: no statis-
tical difference is registered between the limbs, while a significant change
can be observed when the AFO is used. A significant p-value is registered
also for the interaction factor Condition*Limb, as it reflects the fact that a
relevant change caused by the AFO is only registered on the affected limb
(the RoM decreases from 29.5 to 22.7 with the AFO), while the contralat-
eral limb is not affected by this condition.

The kinematic parameters of the subtalar angle do not show statisti-
cally significant difference among the two walking conditions, nor consider-
ing the combined factor Condition*Limb. However a statistical significant
change can be observed in subtalar mean angle over the complete gait cy-
cle and in subtalar angle at HS among the two limbs. The affected limb
presents lower values of the subtalar angle for both quantitative parame-
ters with respect to the contralateral limb, in all the walking conditions
considered. The use of the AFO produces an increase in these two param-
eters and a decrease of the RoM of the subtalar angle, but the latter is not
statistically significant. None of the factors examined impacts effectively
on the RoM of the subtalar angle.
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Figure 3.25. Evolution of the joint angles during a gait cycle. Signals were
obtained as average of all subjects data. The shaded areas represent the vari-
ability around the mean, covering two standard deviations. The dashed verti-
cal lines show the average Toe-Off time during Gait Cycle, for both conditions
a. Ankle angle of the foot wearing the AFO (positive values dorsiflexion,
negative values plantar flexion). b. Ankle angle of the contralateral foot. c.
Subtalar angle of the foot wearing the AFO (positive values inversion, negative
values eversion). d. Subtalar angle of the contralateral foot.

3.5.4 Discussion

This application is focused on the kinematics of two essential angles
for forward walking propulsion and stability: the dorsi-plantar flexion of
the ankle and inversion-eversion of the subtalar joint. The analysis of
gait data has been performed integrating data from an optoelectronic gait
analysis system with a biomechanical model through the custom MATLAB
platform.The use of biomechanical modelling and simulation of gait allows
the quantitative evaluation of the effective support provided by the AFO
in walking biomechanics and can extend the idea of gait analysis. This
working pattern has been employed in a similar analysis by Yamamoto et
al. [59] and shows potential applications in the area of movement analysis
for different purposes.

Results confirmed the initial idea supported by Wiszomirska et al. [56]
that in the FD the plantar-flexion is prevalent, whereas in the healthy limb
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Table 3.4. Results of the statistical ANOVA test.

Condition Limb Condition*Limb

Ankle

Mean Angle ns ** ns

RoM Angle *** ns **

Angle at HS ns ** ns

Subtalar

Mean Angle ns * ns

RoM Angle ns ns ns

Angle at HS ns ** ns

ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

the predominance of dorsiflexion can be observed. The statistical analysis
confirms that the mean ankle angle and the ankle flexion registered at
foot contact with the ground are significantly higher in the contralateral
limb with respect to the affected FD. This findings confirms the results
provided by Zollo et al. [62] who found higher dorsi-flexion angle at HS in
contralateral foot.

The results presented show that the use of the AFO causes the increase
of the ankle angle at HS in the affected limb. However it is not statistically
significant in the group of analyzed patients, while a relevant change was
found in other works [62, 60, 59, 12, 30, 27, 40, 13, 11].

The effect of the use of the AFO are statistically significant in our
analysis on the RoM of the ankle angle, which is reduced in the affected foot
wearing the orthosis. This parameter is not widely explored in literature,
similar findings on RoM of ankle angle are only reported in [62], thus
proving that the use of the AFO is effective in correcting the large excursion
of the ankle joint in FD.

To the best of our knowledge, the past studies on FD have never focused
on subtalar joint, although it is a responsible for the inversion and eversion
of the ankle, enabling balanced walking in humans [14]. In the systematic
review proposed by Choo and Chang in 2021 [15], none of the reported
studies addresses the effects of the use of an AFO on the subtalar angle. In
this application the kinematic of this joint was analysed, finding relevant
results that show statistically significant differences among the affected
and contralateral limb. In particular it is noted in the affected limb a
lower value of the subtalar angle, showing a prevalence of eversion. These
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findings suggest that the FD syndrome affects also the inversion-eversion
of the foot during the walking tasks. We can therefore affirm that the
subtalar joint should be deeper analyzed in studies regarding FD patient.
However, in our analysis, the use of AFO causes an improvement in the
angle values, but does not lead to significant changes. We assume that
the passive AFO used in this analysis is not specifically recommended for
this problem while a different orthosis with two degrees of freedom could
improve the kinetic of the joint, as suggested also by Choi et al. in [14].

Beyond the specific application, this application has confirmed the po-
tentialities of the workflow of analysis combining motion tracking and
biomechanical modelling. Using the biomechanical modelling enables to
explore the kinematics and kinetics of all body joints, focusing on the
most interesting depending on the application. In this application the fo-
cus was on ankle and subtalar angles, however the same approach can be
used to explore other joints of the lower limbs that play an active role in
the biomechanics of walking, such as knee and hip joint.





Chapter 4
Conclusions

Orthoses are medical devices which are used to support and improve
functionalities of body segments affected by musculoskeletal disability. The
lower limb orthoses are specifically used on the lower body segments, pro-
viding support to the principal function supplied by lower limbs, that is
locomotion. Among musculoskeletal disability, locomotor deficits are the
most common, and often this conditions can be relieved using orthotics.
These devices represent a valid alternative, or a complementary interven-
tion, to the surgical treatments.

The wide variety of available orthoses suggests that the process of
choosing the appropriate device for a patient is not simple, requiring con-
sideration of several factors. In addition to that, the new trends intro-
duce the topic of custom orthoses, which allows the production of patient-
specific orthotic devices. The novel design, production and material tech-
nologies reduce the temporal and economic costs, enabling the diffusion
on a larger scale of the processes to produce custom orthosis. However,
notwithstanding the patient-specific approach, the standardisation of the
design and production process is a relevant aspect to explore, in order to
not exclusively rely on the subjective skills of the clinicians, but on ob-
jective evaluation of morphological and functional characteristics of the
patient.

The present dissertation proposes possible solution to support and im-
prove the design and production of custom AFO, basing on functional
assessments of subject performed with well-established systems used in
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clinical settings. A platform is presented with the general purpose of offer-
ing tools for the biomechanical study of gait, in terms of kinematics and
dynamics. In addition, specific tools are presented for extracting features
which can be used in the design of custom orthoses.

The gait analysis is an established technique particularly used in clin-
ics to evaluate the levels of impairments in gait functionality and also
to quantitatively assess the effects of rehabilitation or treatments. Vari-
ous systems have been developed which provide information about spatio-
temporal metrics of gait, kinematics and/or dynamics of the body joints
and segments. The platform presented uses data collected with a 3D
motion capture system on patient performing static and dynamic trials
involving standing and walking. Data are exploited to scale a custom
model specifically developed to analyse lower limb biomechanics and to
solve inverse kinematics and inverse dynamics problems. The output of
the platform is represented by kinematic (velocities and angles) and dy-
namic (forces and torques) information about the lower limb joints and
segments.

In order to exploit these information to improve the process of design-
ing the custom orthosis, a set of specific metrics are extracted regarding
the maximum angular displacements registered on joints during the exper-
imental analysis. This represents primarily a measure of the impairment, if
compared with the physiological values of the same kinematics in healthy
controls, but also an indication about how the orthosis will be stressed dur-
ing its use on the patient. These values, used as inputs of a FEA, can be
used to introduce adjustments to the design of the orthosis and also to val-
idate its static structure before the actual realization. In this perspective
the proposed experimental platform presents advantages with respect to
the standard approach based on commercial optical systems and associated
software. The parameters identified for the customization of the orthosis
are not derived in other ’general purpose’ systems for gait analysis, while
the developed platform provides for their automatic calculation. Moreover
raw signals representing the evolution of the angles during movements can
be directly exported in the MATLAB environment for further processing.
This enables the use of custom and specific algorithms, while the platforms
commonly used in clinical environment generally produce reports includ-
ing synthetic parameters obtained with their own closed software.



In terms of efficacy, it is difficult to measure the effective improvements
brought by using this approach. Patients satisfaction may be higher simply
because they are influenced by the idea that the orthosis is customised on
their needs. However the actual efficacy has to be assessed over the long
term, to verify whether the orthosis produces an improvement on gait func-
tionalities and every-day activities, being comfortable and without risk of
disruption. Anyway, this dissertation aims to underline the urgency to in-
vestigate and introduce innovative and objective approaches for designing
and producing patient-specific custom orthosis, also providing a cue rep-
resented by a user-friendly application based on the biomechanical study
of gait, which can be simply integrated in the production process.

The method introduced to perform the analysis of lower limb biome-
chanics during gait represent a valid solution not only for the above men-
tioned purposes, but also to conduct specific analysis regarding kinematics
and dynamics of body. In the concluding Section it was described one of
the possible application for which the platform has been used. The biome-
chanical approach allowed the specific study of the single joint (i.e. the
ankle joint) with specific insight on the angles of higher interest for the
considered area of analysis. The described application, in addition to its
clinical and scientific relevance, showed the potentialities of this approach,
which is also based on the possibility to develop a custom biomechanical
model in order to deeply investigate the part of body of higher interest. As
an example, for the purposes presented in this work a biomechanical model
was developed which is particularly focused on lower limbs for the study
of gait. If necessary, a more specific model can be developed including
the description of the upper limbs or of other specific body parts whose
experimental movement is desired to be analyzed.





Appendix A
User Manual Biomechanical
Platform

This manual shows how the platform can be used, describing, step
by step, the functionality and possibilities offered to the user. When the
platform is launched, the initial interface in Figure A.1 is presented, which
is for introductory and aesthetic purposes only.

Figure A.1. Opening interface of the biomechanical platform.
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After few seconds, the platform is automatically started. At startup,
the default database to which the platform points is indicated at the top
of the interface. To change it, the user can click the Edit button, which
opens a dialog box for selecting the folder to be used as new database. To
restore the initial path, the Default button can be clicked.
Once the reference database has been defined, the user has to select a
patient from the first drop-down menu proposed (Figure A.2).

Figure A.2. Drop-down menu for the selection of the patient.

Automatically, the second drop-down menu will be activated for the
selection of the walking condition to be considered (without AFO, with a
standard AFO or with a custom AFO) (Figure A.3). The platform shows
only those conditions for which it is available at least one trial for the
selected patient.
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Figure A.3. Drop-down menu for the selection of the walking condition.

Finally, the date of the exam is selected to have unique indication of
the measurement session to analyse (Figure A.4). Again, only the sessions
for the selected user and walking condition will be visible in the drop-down
menu.

Figure A.4. Drop-down menu for the selection of the session date.
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Clicking the Launch button, the platform imports the selected mea-
surement session data and prepares the analyses to be performed basing
on the available data. A system of light indicators shows which are the
available actions above each tool. A green indicator indicates that that
analysis has already been performed for that session and the results are
already available in the database; a yellow indicator indicates that the
analysis has been partially performed on only a subset of the available
data in that session; the red indicator indicates that that analysis has not
yet been performed; while an inactive (gray) indicator indicates that the
analysis cannot be performed because previous preparatory steps must first
be completed.

Figure A.5 shows an example of setup for a selected session in which
Scaling and Inverse Kinematics processing have already been performed on
all the trials in the session, while Inverse Dynamics has been performed on
only a part of data. The platform automatically prompts the user to the
tab for the analysis that still needs to be performed and suggests which
trials need to be processed.

Figure A.5. Setup of the platform based on the data available for the selected
experimental session.

Following the same logic, the selection of an experimental session which
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has not yet been processed through the platform will only activate the Scal-
ing Tool, which is the first step to be taken to continue in the biomechanical
analysis. Figure A.6 shows this condition with the platform preparing the
user for the Scaling operation in the appropriate tab.

Figure A.6. Start of a new analysis for a patient with unprocessed data.

Data shown on the left side of the interface are loaded directly from
the database if available. The user can edit the fields if necessary. The
model scaling operation is launched by clicking the Scale button which
generates the scaled model and saves it within the database according to
the default name structure. Moreover, by clicking the View Scaled Model
button, the model is shown in the panel located on the right side of the
interface (Figure A.7). The controls to zoom or move in the spatial view
are available, and the user can also use a slider to view the model at the
various instants of acquisition of the standing trial.
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Figure A.7. Model Scaling and visualization.

After scaling, the Inverse Kinematics tool is activated. Automatically,
the platform presents the available data, on which the processing can be
performed, as well as the name of the model just scaled. The user can
select one or more trials and start the Inverse Kinematics analysis clicking
the IK button (Figure A.8).

Figure A.8. Inverse Kinematic Tool.
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When processing is complete, the results obtained will be visible in the
panel on the right of the interface, as shown in Figure A.9.

Figure A.9. Inverse Kinematic Tool with the processing results.

The results represent the evolution of the joint angles during the patient
walking trials, computed through the inverse kinematics. In order to plot
the results of a single trial, the user can click the Plot button. The window
for plot will open.

One or more joints angles can be plotted at the same time in the chart
on the right side of the interface. The user can select the angles of interest
and then click the Show button. The visualization in Figure A.10 will be
activated.
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Figure A.10. Plot of the results of Inverse Kinematics.

Returning to the biomechanical analysis, the Inverse Kinematics results
can be further processed by Inverse Dynamics elaboration, in order to
compute moments and torques acting on the body joints. The tab for this
processing is presented as in Figure A.11. Again, the user can select one
or more available data on which to launch processing, and then click the
ID button. The results obtained will be listed in the right panel.

Figure A.11. Inverse Dynamic Tool.
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To analyse the moments and torques acting on the joints, the user can
select one of the trials and open the visualization window using the Plot
button. The data visualization window will open. Selecting one or more
signals and clicking the Show button, they will displayed on the chart, as
shown in Figure A.12.

Figure A.12. Plot of the results of Inverse Dynamics.

The last feature offered by the platform regards the export of anthro-
pometric and biomechanical parameters to be used in the orthosis design
process. The Export Tool is launched from the Inverse Kinematics tab by
clicking the Export Parameters for Orthosis Design button. The window
that guides the user through the export is shown in Figure A.13.

The user can select the walking trials to be processed to calculate the
parameters. If more than one trial is selected, the exported parameter will
be the maximum value among those of the individual trials. Clicking on
the Evaluate button will enable the choice of parameters to be exported,
which is done by checking the corresponding boxes on the right part of the
interface.

Finally, the Launch button activates the export of the parameters to a
text file that will be saved within the database, in the folder corresponding
to the analyzed acquisition session.
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Figure A.13. Export Tool Window.
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