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RESuUMO

Portugal é o pais da Europa ocidental com maior taxa de mortalidade por acidente
vascular cerebral (AVC), sendo que, dos que sofrem acidentes vasculares cerebrais, 40%
apresentam uma deficiéncia que pode manifestar-se por sequelas motoras,
nomeadamente o pé pendente. Uma ortétese do tornozelo é recomendada
frequentemente para acomodar passivamente esses problemas motores; no entanto,
exoesqueletos ativos sdo também uma solu¢do adequada para pacientes pés-AVC. Devido
a alta complexidade da articulagao do tornozelo humano, um dos problemas associados
a esses dispositivos ativos é o desalinhamento que ocorre entre o dispositivo de
reabilitacdo e a articulagdo humana, que é uma causa de forgas parasitas, desconforto e
dor.

A presente dissertacdao de mestrado propde o desenvolvimento de uma ortétese
ativa do tornozelo ajustavel e vestivel, que seja capaz de resolver esse problema de
desalinhamento relativo aos dispositivos ortéticos de membros inferiores disponiveis
comercialmente. Este trabalho estd integrado no projeto SmartOs - Smart, Stand-alone
Active Orthotic System - projeto que propde uma tecnologia robdtica inovadora (wearable
mobile lab) direcionada para a reabilitacdo da marcha.

O projeto conceptual de uma versdo padrdo da ortétese ativa vestivel do projeto
SmartOs foi iniciado com a analise de outra ortdtese do tornozelo — Exo-H2 (Technaid) - a
partir da qual foram implementadas as alteracdes de projeto necessarias, visando o
aprimoramento do dispositivo estabelecido. Para se chegar a uma soluc¢ao conceptual,
tanto o conhecimento pratico da equipa de projeto da Orthos XXI como os diversos
métodos de projeto foram utilizados para garantir o cumprimento dos requisitos
definidos. O processo do desenho detalhado da versao padrdo da ortétese ativa SmartOs
serd também divulgado. Com o objetivo de validar o projeto, os componentes criticos
foram simulados com os recursos disponiveis no SolidWorks® e as adaptacdes necessdrias
do modelo CAD foram implementadas para garantir um projeto fidedigno e seguro. O
projeto apresentado esta atualmente em preparagdo para producdao na empresa Orthos
XXI, depois do qual se seguem os ensaios mecanicos obrigatoérios.

Palavras-chave: Pé pendente; Projeto mecanico, Reabilitagdo; Ortotese ativa vestivel.
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ABSTRACT

Portugal is the west European country with the highest rate of stroke-related mortality,
being that, of those who suffer cerebrovascular accidents, 40% feature an impairment
which can manifest itself through motor sequelae, namely drop foot. An ankle-foot
orthosis is often recommended to passively accommodate these motor problems;
however, active/powered exoskeletons are also a suitable solution for post-stroke
patients. Due to the high complexity of the human ankle joint, one of the problems
regarding these active devices is the misalignment occurring between the rehabilitation
device and the human joint, which is a cause of parasitic forces, discomfort, and pain.
The present master dissertation proposes the development of an adjustable
wearable active ankle-foot orthosis that is able to tackle this misalignment issue
concerning commercially available lower limb orthotic devices. This work is integrated on
the SmartOs — Smart, Stand-alone Active Orthotic System — project that proposes an
innovative robotic technology (a wearable mobile lab) oriented to gait rehabilitation.
The conceptual design of a standard version of the SmartOs wearable active
orthosis was initiated with the analysis of another ankle-foot orthosis — Exo-H2 (Technaid)
— from which the necessary design changes were implemented, aiming at the
improvement of the established device. In order to achieve a conceptual solution, both
the practical knowledge of the Orthos XXI design team and several design methods were
used to ensure the accomplishment of the defined requirements. The detailed design
process of the standard SmartOs wearable active orthosis prototype is disclosed. With the
purpose of validating the design, the critical components were simulated with the
resources available in SolidWorks®, and the necessary CAD model’s adaptations were
implemented to guarantee a reliable and safe design. The presented design is currently

set for further production in Orthos XXI, followed by the mandatory mechanical tests.

Keywords: Drop foot; Mechanical design; Rehabilitation;, Wearable active

orthosis.
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A cerebrovascular accident (also known as stroke) is a sudden disease that affects a
limited part of the brain, causing the death of its cells due to lack of oxygen derived from
a blockage of blood flow (ischaemic stroke), or due to a rupture of an artery of the brain
(haemorrhagic stroke) [1], [2].

Thus, following a stroke, hemiplegia (paralysis of one of the sagittal half of the
body), weakness, spasticity (excessive stiffness of the muscles), loss of coordination of the
limb movement, as well as joint deformity can impair the patient’ ability to independently
walk due to an asymmetrical and abnormal gait pattern [2]—-[5]. These motor sequelae
affect the load-bearing ability of the limb and hinder the foot clearance during swing
phase of the gait, in which the foot needs to propel itself forward [3], [4], [6]. This last
condition has the name of drop foot and it’s caused by the impairment of the muscles
responsible for the lifting of the front part of the foot [4], [6].

Herewith, individuals with this pathologic condition require gait rehabilitation
sessions. Therefore, in order to assist the restoration of the normal gait pattern and
improve safety during walking, an ankle foot orthosis (AFO) is often prescribed as a form
of treatment of post-stroke gait. Several studies have studied the effect of the use of an
AFO by stroke patients and it was reported that using this kind of device on the affected
limb can improve gait biomechanics and speed, balance and mobility [4], [5], [7]-[10].
Furthermore, there are several commercially available robotic devices (which includes
exoskeletons and orthoses) that are recommended for individuals with hemiplegia due to
stroke, providing them the ability to ambulate or to rehabilitate themselves.

This master dissertation is introduced in a project entitled SmartOs, whose main
goal is the development of a wearable lower limb active orthosis for human gait training
and rehabilitation, aimed for individuals with impaired walking. The project takes place at
Universidade do Minho, in the Bioinspired Robotic Devices Laboratory (BiRD Lab) in the
Center of MicroElectroMechanical Systems (CMEMS) group. Hereupon, this master thesis
focuses on the rehabilitation of one lower limb joint, consisting of the conceptual and

detailed design, and evaluation of a wearable active ankle-foot orthosis. The SmartOs
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ankle orthosis design focal points are the following: the attachment system to the user’s
leg that should warrant the adaptability to both limbs (right and left), the fixation
apparatus, which must ensure the adjustability within a defined user height range, and,
finally, the coupling structure to the user’s impaired foot. Furthermore, the
actuation/articulation system is also addressed, however is worth mentioning that this
part was executed by a SmartOs design team member. In a subsequent phase, an overall
system validation will be performed in a simulated environment.

Finally, the presented master dissertation will culminate in the production of some
components of the final ankle-foot orthosis system, being this phase executed in
partnership with a Portuguese manufacturer, ORTHOS XXI, which focuses its production

on orthopaedic and hospital material since 1985.

1.1 CONTEXT AND MOTIVATION

Worldwide, statistics claim that one in six people will suffer from a stroke, consisting in
the second leading cause of death and the third leading cause of disability, according to
World Health Organization (WHO) [1]. Portugal is the west European country with the
highest rate of stroke-related mortality, mainly in population with ages inferior to 65 years
old, as reported by SPAVC (Portuguese acronym that stands for Sociedade Portuguesa do
Acidente Vascular Cerebral) [2]. In addition, cerebrovascular accidents are the principal
cause of death and disability in Portugal [2], [11]-[13]. In agreement to SPAVC, 30% of the
stroke victims lose their life and of those who survive, 40% feature an impairment which
can manifest itself through motor, cognitive, behavioural and sensory sequelae [2]. The
last three secondary effects of the stroke concern disabilities such as overall mental
processes, memory problems, depression, anxiety and loss of sensibility in a certain part
of the body [2]. Although these sequelae are important to consider, this dissertation will
not discuss these concepts, but only the motor sequelae.

To accommodate these motor problems, stroke survivors are prescribed physical
therapy, which includes the use of an ankle-foot orthosis (AFO) to enhance walking
function by providing stability and foot clearance of the hemiparetic leg, during the swing
phase of the gait. Moreover, one of the most noticeable problems of conventional ankle

foot orthosis and exoskeletons is the misalignment occurring between the rehabilitation
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device and the human joint. This misalignment of the joint axes often causes detrimental
parasitic forces on the patient, which beget discomfort, pain or even long term injury due
to repetitive use, jeopardizing the effectiveness and usability of the medical device. Due
to this, it becomes imperative that the design of the AFO ensures correspondence of the
orthotic device axes with the anatomical axes of the human joint.

Last but not least, to warrant the use of the same orthosis by many stroke patients,
who might have impairment on different lower limbs, the design of the AFO should ensure

its use on both right and left ankle.

1.2 OBIJECTIVES

For the conceptual and detailed design of an active ankle-foot orthosis with an adjustable
architecture, it was established certain main objectives. In an initial phase, the principal
goal was to do a literature survey concerning the following topics: the anatomy of the
ankle joint complex, its biomechanical characteristics (such as the principal ankle joint’s
axes and its range of motion (ROM); the phases of the normal human gait and the changes
verified on the impaired gait; the rehabilitative devices (including powered lower limb
exoskeletons and AFOs) that are commercially available or still in development; the
mechanisms proposed by several studies to ensure the compliance of the orthoses
articulation; and finally, the current user-orthosis attachment systems of commercial
devices, and its production method.

The project’s aim is the development of a conceptual solution of an active AFO,
which embodies the user-orthosis attachment system that enables the adjustability for
both right and left ankle, the fixation/adjustment mechanism to both the user’s leg and
foot, and the actuation system. This conceptual design of the SmartOs ankle orthosis must
ensure the comfort, adaptability to the user anthropometric features, as well as to the
affected limb. Furthermore, the final AFO should enable the alignment between the
device and the patient’s ankle, in order to minimize the residual forces and, therefore,
ensure its maximum compliance. The development of the AFO’s conceptual solution
should follows a project methodology, which includes several project methods such as:
the objectives tree method, the function analysis method, the performance specification

method, the weighted objectives method, and finally the morphological chart method.
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Furthermore, a detailed design of each SmartOs wearable orthosis’s modules must
be completed, after which, the validation of its critical components in a simulated
environment (SolidWorks®) it is essential. For this, the stress that result from the
maximum applied load, as well as the Factor of Safety (FOS) must be assessed, in order to
ensure a safe and reliable design. The design process will be accomplished in partnership
with the Portuguese orthopaedic manufacturer, ORTHOS XXI, and with University of

Porto.

1.3 ORTHOS XXI

Orthos XXI is a Portuguese manufacturer company, belonging to the universe of
orthopaedic and hospital material. Founded in 2007, Orthos XXI succeeds Ortomaia,
which activity began in 1985. Throughout this time, Orthos XXI has grown and
consolidated, starting to broaden its horizons and converting itself into a recognized and
a reference company. As a result of agreements with reputed national and international
companies, Orthos XXI has become a European manufacturer of an increasingly wide
range of products, participating regularly in international promotion and trade activities,
in fairs and congresses in the health sector.

The quality of Orthos XXI's products can be confirmed in the best national
hospitals. The majority of the products are classified as class 1 medical devices and bear
the CE marking in accordance with Community Directives 93/42/EEC and 2007/47/EC,
being notified to Infarmed. Many of these company’s products are tested by accredited
and independent entities, namely the IBV (Instituto de Biomecdnica de Valencia), in Spain.
Finally, Orthos XXl is also certified according to EN ISO 9001: 2008.

Nowadays, this Portuguese manufacturer has two infrastructures, located in
Braga. One of them is the office where the members responsible for the design and
development of new products, as well as three assembly lines, upholstery sewing,
information systems, commercial and marketing department, repairs, purchasing
department, finance department, among others. The other is located in Ave Park, where
is manufactured all the metal parts and parts machined by CNC or manual lathes,
integrating the departments of tube bending as well, semi-manual and automated

welding, painting, mechanical testing, cutting machine laser and bending machine.
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Additionally, the department of manufacture of special requests is also located in this

infrastructure.

1.4 SMARTOS PROJECT

According to the WHO, 15 million people suffer a stroke every year, and, as reported
by the SPAVC, Portugal is the west European country with the highest rate of stroke-
related mortality. Of the 20000 cases of stroke incidents that occur every year in Portugal,
30% results in death, and 40% of the survivors feature an impairment (motor, cognitive,
behavioural, or sensory). Stroke is a major cause of lower limb spasticity and motor
impairments, e.g. equinus foot and varus foot, which generate walking problems, social
and work exclusion, limited mobility, and early retirement. It is claimed that associated
health and social costs are around 1 million euros (in Europe) and, thereby, faster and
more effective treatments of spastic gait are needed to restore the gait function and the
independent life of stroke-impaired subjects. Optimal treatment of spastic gait requires a
combination of pharmacotherapy (botulinum toxin is mostly used) with prolonged muscle
stretching, with a personalized and repetitive gait rehabilitation, adapted and oriented to
each patient’s needs. Furthermore, the gait training sessions should incentivize the
participation of the user/patient, who must be always assessed in an objective manner.

For this purpose, SmartOs (Smart, Stand-alone Active Orthotic System) project
proposes an innovative robotic technology and personalized solution oriented to gait
rehabilitation. SmartOs comprises an active and smart lower limb orthosis, which is
synergistically connected to a gait analysis laboratory for personalized and user-oriented
rehabilitation (Assist-As-Need). This system is to be combined with a toxin-based
intervention in order to enhance the treatment of spastic gait, by providing objective
evaluation procedures of spasticity and personalized treatment according to the patients’
needs. SmartOs aims to improve the treatments to facilitate walking in spastic subjects,
by actively encouraging the user’s participation in the therapy. Herewith, SmartOs will
develop and validate a wearable active AFO to assist as needed during task-oriented gait
training, while monitoring the user. Moreover, the control framework will incorporate
key technologies to ensure a safe, compliant, and energy-efficient gait through a real-

time adjustment of the stiffness and damping properties of the human-orthosis
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interface. This wearable technology incorporates different sensorial units such as
TextileLAB (FootLAB to segment the different phases of the human gait, and MuscLAB to
monitor muscle activity), MotionLAB, which included InertialLAB to supervise the
biomechanical movement and its combination with the EMG information (MyoLAB).
Lastly, VibroLAB is used to monitor and evaluate muscle spasticity.

In conclusion, SmartOs will act as a wearable mobile lab, which comprises a wearable
active orthosis and motion lab, incorporating technological solutions in the domains of
biofeedback and artificial intelligence. Additionally, the proposed AFO should easily
adapt to different anthropometric dimensions, incorporate sensory systems, which
actuate and cooperate in congruence with the human being, all this to satisfy each

impaired subject’s needs and to enhance gait rehabilitation.

1.5 THESIS ORGANIZATION

The present master dissertation is structured as follows:

Chapter 2 addresses the biomechanics of the ankle joint and foot complex, where is
presented its anatomy and biomechanical features, as well as the kinematic and kinetic
information of the normal human gait. The chapter is finalized with the biomechanics of
the impaired ankle joint, where its physical, kinematic, and kinetic characteristics are
disclosed, as well as normal procedures of gait rehabilitation.

Chapter 3 focuses on the rehabilitative lower limb orthotic devices, starting with the
presentation of all types of AFOs that currently exist to then address the wearable lower
limb exoskeletons and active AFOs developed over the years. In this section, the
conventional actuation used in these devices are explored, along with the safety
mechanisms that can be incorporated in association, electronic control systems, and,
lastly, a literature review of the powered orthotic devices available on the market or still
in development is executed. Moreover, this chapter explores the concept of orthotic
articulation compliance and the mean to achieve it, as well as the attachment system,
where the aspects of design, material selection and production method are disclosed.
Chapter 4 discloses the conceptual design of the SmartOs wearable active orthosis, in

which the necessary project methodologies are used to determine a final conceptual
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solution. This solution must comply with the project requirements defined by the SmartOs
team.

Chapter 5 addresses the detailed design of the conceptual solution selected in the
previous chapter. This chapter will firstly explore the SmartOs design organization and the
anthropometric measurements collected from the literature, which will serve as the
justification for the design of a standard active AFO as a proof of concept. Further on, the
detailed design of the standard SmartOs wearable active orthosis is presented, as well as
the validation of the critical components in a simulated environment. This chapter still
discusses the obtained results and presents the final SmartOs technical specifications. The
production of the pre-prototype is disclosed, with the presentation of the component
manufactured.

Finally, Chapter 6 presents the final conclusions of this master dissertation, as well as the

prospects for future work.



This chapter is dedicated to the literature survey of the anatomical and biomechanical
features of the ankle joint complex. It will be disclosed the joints, ligaments and muscles
that constitute the ankle complex as well as its anatomical characteristics that influence
the type of motion enabled by each one. Herewith, the range of motion of the ankle joint
on each anatomical plane will be also addressed, culminating in the description of the
normal human walking.

The kinetics and kinematics analysis of the normal gait are a crucial point to approach
when the subject at hand is the development of a device, whose main function is to mimic
the movement of the lower limb. Thus, these biomechanical parameters will be disclosed,
presenting the behaviour of the forces applied to the foot and the ankle joint's moment
and power, as well as its range of angles throughout a gait cycle. At last, the impairment

resultant of a stroke is briefly explained, disclosing the affected movements.

2.1 ANKLE JOINT COMPLEX

The present section addresses the characteristics of the ankle joint complex, namely the
anatomy, which includes the bones and joints that compose it, as well as the ligaments of
such joints. Still on this topic, the main muscles of the human leg that ensure ankle and
foot motion are disclosed. Moreover, the biomechanics of the normal (nonimpaired)

ankle joint is addressed, including the joint’s axes of rotation and range of motion.

2.1.1 ANATOMY OF THE ANKLE AND FOOT

The ankle and the foot are comprised by a considerable quantity of bones (26 individual
bones), all of which form a total of thirteen joints. Therefore, although frequently referred
to as the ankle joint, there are a number of articulations that facilitate foot motion [14],

[15]. Hereupon, the ankle joint complex is constituted by the tibiotalar, subtalar,
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transverse talar, tarsometatarsal, metatarsophalangeal and interphalangeal joint (see
Figure 2-1) [15], [16]. In the present dissertation, only the tibiotalar, subtalar and
transverse talar joint will be disclosed once these ankle articulations are the most actively

present in the ankle movement during human gait.

Tibiotalar joint
Talus ]

Transverse talar joint

Calcaneus o
Metatarsophalangeal joints

Interphalangeal
joints

Subtalar joint Tarsometatarsal joints

Figure 2-1 - Bones and joints of the foot (adapted from [16])

2.1.1.1 LIGAMENTS OF THE ANKLE JOINT

Besides the ankle’s bony structure and joint capsule, the ligamentous support of the ankle
joint complex enables it to function with a high degree of stability [15], [17]. The ankle
joint comprises a vast number of ligaments, as one can verify in Figure 2-2. However, in
this section, only the ligamentous structure of the tibiotalar joint will be addressed.
Hereupon, the stability of the talocrural joint is provided by three groups of ligaments:
tibiofibular syndesmosis, medial collateral ligaments (or deltoid ligaments), and lateral
collateral ligaments.

The tibiofibular syndesmosis consists of three main supporting ligaments: the
anterior and posterior tibiofibular ligament, and the interosseous ligaments (which is a
thickening of the interosseous membrane). This ligamentous structure limits motion
between the tibia and the fibula, maintaining stability between the bone distal ends and
ensuring that the latter bone of the leg remains held tightly within the incisura of the tibia
(Figure 2-2 (a)) [15], [17].

The medial part of the ankle joint is stabilized by the medial collateral
ligaments (also known as deltoid ligaments), which are composed by the anterior and

posterior tibiotalar ligaments, the tibionavicular ligament and the tibiocalcaneal ligament
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(Figure 2-2 (b)) [15]-[17]. The function of these ligaments is to provide resistance to
eversion motion, being the strongest set of ligaments of the ankle joint [15], [17].

Lastly, lateral ankle stability is conferred by the lateral collateral ligaments, which
consists of the anterior and posterior talofibular ligament and the calcaneofibular
ligament (Figure 2-2 (c)) [15]-[17]. These ligaments are able to reduce inversion motion
of the joint, as well as limit external tibial rotation. Furthermore, the anterior and
posterior talofibular ligaments withstand high tensile forces under the movements of
plantar flexion and dorsiflexion, respectively, and the calcaneofibular ligament is the only
connective tissue between the tibiotalar and subtalar joint [15], [17].

Posterior
Interosseous ||

| Tibia tibiofibular
membw Anterior ligament
| tibiotalar Posterior
" ligament talofibular
Fibula | \; ' ' / \ ligament
—~ ‘e | Talus \ "\ Posterior tibiotalar Anterior
& } " ligament talofibular

Y ligament

Anterior/tq ! Tibionavicular
tibiofibular o

: o )y Tibiocalcaneal
¢ N ligament — ‘ ‘ S
ligament )‘G N\ = /," ~ Iwﬁment \ "R
, = : \
Vo o ‘ SO
)
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g"— X \ \
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Figure 2-2 - Ligaments of the tibiotalar joint: (a) anterior view, (b) medial view of the ankle, showing the
medial collateral ligaments (or deltoid ligaments) of the joint and the posterior part of the tibiofibular
syndesmosis, and (c) lateral view of the ankle, showing the lateral collateral ligaments (adapted from [16]).

2.1.1.2 MUSCLES OF THE HUMAN LEG

Regarding the actuators of the ankle and foot motion, there are twelve extrinsic muscles
which produce the movement, and that originate within the leg and insert within the foot
complex. These can be divided into four compartments: anterior, lateral, posterior and
deep posterior compartment [15], [16].

The anterior compartment consists of four muscles: tibialis anterior, extensor
digitorum longus, the extensor hallucis longus and fibularis tertius. This set of muscles are
responsible for producing the dorsiflexion motion, although some also generate other

movements. The tibialis anterior and the extensor hallucis longus induce dorsiflexion and
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inversion of the foot. Moreover, the fibialis tertius produces dorsiflexion and eversion of
the foot, and lastly, the extensor digitorum longus generates dorsiflexion of the ankle [15].

The lateral compartment is responsible for the production of plantarflexion and
eversion of the foot and is composed by the fibularis longus and the fibularis brevis [15].
Figure 2-3 (a) and (b) illustrates the aforementioned muscles compartments of the ankle,
as well as the respective tendons that connect the muscular tissue to the bones.

\ W bl

Tibialis
anterior

Tibialis anterior

\  Achilles tendon Tibialis
tendon PN }: anterior
Extensor : i i
L. s Fibularis
digitorum Tibia longus
longus
Extensor digitorum Fibularis tertius Fibulgris
longus tendon tendon Dresitn
Extensor
hallucis longus
N . . Fibularis
Extensor hallucis Fibularis longus ‘ brevis tendon
longus tendon tendon 2

@ 8 () w\»\\

Figure 2-3 - Muscles of the leg and respective tendons: (a) anterior compartment, and (b) lateral
compartment. Noting that the fibularis tertius muscle is not referenced due to the fact that is a deep muscle
of the anterior compartment (adapted from [16]).

The posterior compartment consists of three muscles: gastrocnemius, soleus, and
the plantaris (Figure 2-4 (a)). These muscles all contribute to the plantarflexion of the foot.
The gastrocnemius and the soleus muscles are attached to the calcaneus through the
calcaneal tendon, better known as Achilles tendon, which is responsible for transmitting
the force of the strongest ankle plantarflexors [15]-[17].

Finally, the deep posterior compartment is in charge of producing plantarflexion
and inversion of the foot, being composed by the tibialis posterior, the flexor digitorum

longus, and the flexor hallucis longus (Figure 2-4 (b)) [15], [16].
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Figure 2-4 - Muscles of the leg and respective tendons: (a) posterior compartment, and (b) deep posterior
compartment (adapted from [16]).

2.1.2 BIOMECHANICS OF THE NORMAL ANKLE JOINT

As aforementioned, the ankle joint complex has a number of joints that compose it,
although in the present section, only the tibiotalar, subtalar and transverse talar joints will

be addressed.

2.1.2.1 AXES OF ROTATION

The tibiotalar joint forms the junction between the distal tibia and fibula of the leg and
the talus. This joint acts as a hinge joint, contributing to the plantar- and dorsiflexion
motion of the foot [15], [17]. However, during these movements, occurs an external and
internal rotation of the foot, respectively. Although there has been suggestions that the
tibiotalar joint is multi-axial due to these rotations, this joint is indeed uniaxial, but the
motion observed occurs as a result of its oblique axis [15]. This axis of rotation happens
around the line passing through the medial and lateral malleolus and is angled at 10° to

the frontal plane, as is represented in Figure 2-5 [15], [17]. Studies suggest that the
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tibiotalar joint axis may alter significantly during the motion of the ankle and can differ

between individuals [18].

JIR
1/ .
' \ Tibiotalar axis
QE-—J - \ 10°
-

o ]
’(M” f'

§/

Frontal plane

Figure 2-5 - Axis of rotation for the dorsi- and plantarflexion movements, forming an angle of 10° with the
frontal plane axis (adapted from [15], [17]).

The subtalar joint is comprised by two bones: the talus and the calcaneus. The first
one rests on the anterior portion of the calcaneus, enabling primarily the movements of
inversion and eversion of the ankle [15]. These movements allow the foot to
accommodate to irregular ground and provides shock absorption, being related, as well,
to postural control and maintenance of balance [19]-[21]. Similar to the tibiotalar joint
axis, the subtalar joint axis is an oblique one. The value of the angles forming between the
subtalar axis and the antero-posterior axis, in the sagittal plane and in the transverse
plane, varies in the reviewed literature. Hereupon, the former angle varies from 40° to
42° [15], [18], [22] and the angle forming in the transverse plane varies from 16° to 23°
[15], [23]—-[25]. Figure 2-6 (a) and (b) illustrates the superior and lateral view of the
subtalar joint axes and the range of angles that forms between these axes and the sagittal

and transverse plane.

Sagittal plane
Subtalar axi 5

Subtalar axis

40-42°

Transverse plane

@

Figure 2-6 - Subtalar joint axes in the (a) superior view and (b) lateral view, demonstrating the range of
angles that forms between the subtalar axis and the sagittal and transverse plane (adapted from [15]).
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The transverse tarsal joint, also called the Chopart’s joint, combines the junction
between the talus and the navicular and the junction between the calcaneus and cuboid
[15], [17], [26]. One function of the Chopart’s joint is enabling both flexibility and rigidity
of the mid-foot during gait, allowing the adaptation to uneven ground and the effective
transmission of force from the forefoot to the ground, respectively [17], [26]. This joint
possesses two axis of motion: a longitudinal and an oblique axis. The longitudinal axis is
oriented 15° upward from the antero-posterior axis in the transverse plane and 9°
medially from the same axis, but in the sagittal plane. Along this axis occurs the
movements of inversion and eversion. The oblique axis is oriented 52° upward from the
horizontal and 57° medially from the antero-posterior axis and motions of plantar- and
dorsiflexion occur about this axis [26]. In Figure 2-7 (a) and (b) is represented the medial
and superior view of the transverse tarsal joint axes and its angles formed with the sagittal

and transverse plane.

Horizontal
plane

Sagittal plane

Figure 2-7 - Transverse tarsal joint axes: (a) medial (top) and superior (bottom) view of the longitudinal axes
and (b) medial and superior view of the oblique axes and its angles formed with the antero-posterior axis
of the sagittal and transverse plane (adapted from [26]).

2.1.2.2 MOTION OF THE ANKLE JOINT

The ankle joint is considered a joint with three rotational degrees of freedom (DOF)
around three perpendicular intersecting axes [14], [15]. The motion mode of the human
ankle joint includes plantar- and dorsiflexion, ad- and abduction and eversion and
inversion. The former occurs in the sagittal plane, ad- and abduction takes place in the
transverse plane and, finally, eversion and inversion occurs in the frontal or coronal plane
(see Figure 2-8 (a) and (b), and Figure 2-9 (a), (b), and (c)) [14], [15], [17]. Moreover, these

motions can combine and create three dimensional motions called supination and
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pronation, which are the combination of plantarflexion, inversion and adduction, and

dorsiflexion, eversion and abduction, respectively (Figure 2-9 (d)) [15].

(®)

Figure 2-8 - Anatomical planes of the human body (a) and the foot (b), being (i) frontal or coronal plane, (ii)
sagittal plane and (iii) transverse plane (adapted from [27]).
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Figure 2-9 - Motion of the ankle joint complex within each anatomical plane: (a) transverse plane, (b) frontal
or coronal plane, (c) sagittal plane and (d) three dimensional motions (adapted from [27]).

The tibiotalar joint is able to perform dorsiflexion with a range of 10 to 20° and
plantarflexion with a range of 40 to 55°, although only 10° of dorsiflexion and 15 to 20° of
plantarflexion are needed for normal locomotion [14], [15], [17], [28]. The subtalar joint
is capable to invert by 20 to 23° and evert by 5 to 12° in the normal foot. Moreover, the
subtalar joint contributes as well, with a few degrees, to the plantar and dorsiflexion [15],
[17].

Finally, the transverse tarsal joint shares a common axis of motion with the
subtalar joint, being considered as a part of the same functional unit. Herewith, the

transverse tarsal joint contributes for the movements inversion and eversion, as well as is
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responsible for the transformation of tibial rotation into forefoot supination and
pronation, alongside with the subtalar joint [15], [26]. Regarding ab- and adduction values
of range of motion, the literature isn’t clear. However, some publications refer to a range
of 25 to 30° for both ab- and adduction and others to a range of 20° for adduction and 10°
for abduction [14], [29]. Table 2-1 summarizes the values of the range of motion of the
ankle joint movements in each anatomical plane.

Table 2-1 - Range of motion of the ankle joint movements in the different anatomical planes [14], [15], [17],
[29].

Plane Motion Range of motion
) Dorsiflexion 10-20°
Sagittal _
Plantarflexion 40-55°
Adduction 25-30°
Transverse :
Abduction 25-30°
Inversion 20-23°

Frontal or Coronal i
Eversion 5-12°

2.2 HuUMAN GAIT

The knowledge of the normal human gait as well as its biomechanical measures is crucial
for the development of lower limb active orthoses [7], [30]. Walking gait is divided into a
stance and a swing phase, being its start and finish point typically represented by the heel
strike on the same foot, as is illustrated in Figure 2-10 [7], [30]—[34]. The stance and swing
phase represents the period of time when the foot is in contact with the floor and when

the foot is not in contact with the ground, respectively [33].
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Figure 2-10 - Phases of the normal human gait cycle (adapted from [31], [35]).

The stance phase occupies 60% of the gait cycle and is subdivided into initial
contact or heel strike, loading response or foot flat, mid-stance, terminal stance or heel
off and pre-swing. At the beginning and end of this phase, both feet are on the ground,
consisting of two double support periods of the gait cycle, which last for approximately
10 to 12% of the phase, each one [7], [17], [30], [31]. Moreover, the swing phase lasts for
40% of the gait cycle and is subdivided into initial swing or toe-off, mid-swing and terminal
swing, terminating the gait cycle with heel strike of the same foot [7], [17], [31]-[33], [35],
[36]. This phase is defined as the period in which the foot isn’t in contact with the ground

and the limb prepares for subsequent foot contact [37].

2.2.1 KINETICS OF NORMAL HUMAN WALKING

Kinetics is a biomechanical discipline that consists in the study of the forces and moments
that are associated with motion of the bodies [35], [38]. In a simulation context, in order
to find the moments and forces at each joint during walking, an inverse dynamics analysis
must be accomplished [33], [39]. This form of gait analysis is a method for computing joint
forces, moments and powers, being the last two determined through the combination of
kinematics and ground reaction forces (GRF) [35], [39]. Thus, the main task of the inverse
dynamics is to find the joint torques and muscle forces that result in a posterior motion

[33].
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Herewith, kinetic analysis of the human gait can resort to the investigation of
ground reaction forces, which are generated from the impact of the body weight with the
ground. This force influences the movement of the entire body, as is the main force acting
on the body during human walking, and can be an important descriptor of pathological
gait [33], [35], [36], [40]-[42]. Force platforms are used to acquire the three dimensional
GRF components in medial-lateral, antero-posterior and vertical direction [33], [41], [43].
These components of the GRF result of the body mass movement in all three direction,
which culminate in a much higher in magnitude vertical GRF, when compared to the other
shear forces. For this reason, only the vertical GRF is investigated and used to identify
specific foot movement characteristics [33], [41]. The equation that describes the ankle’s
reaction forces is expressed in terms of Newton’s Second law of motion, and is typically
represented through a M-shaped or double peak graph, which shows the GRF normalised

to body weight during a nonimpaired gait cycle (Figure 2-11) [33], [44], [45].
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Figure 2-11 - Vertical ground reaction forces in a normal gait cycle, with gait velocity equal to 0,5 m/s
(adapted from [33]).

At the initiation of the gait cycle with the heel strike, the energy of the impact
forces is absorbed by the soft tissues of the heel and, due to that, the foot complex can
be considered as a viscoelastic absorber with the soft heel pad in series with a stiff
calcaneus bone [30], [46]. Herewith, data as showed that the ground reaction force will

be zero and then increase steadily towards its first peak at the foot flat stage [32], [33],
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[46]. The single-support phase begins with the loading response stage, where the whole
foot is in contact with the ground and the opposite leg is experiencing a swinging motion
[32], [33]. Here, the vertical GRF applied has to be larger than body weight in order to
support it and decelerate the downward motion of the body mass [32], [33], [35]. The
value of the GRF at this stage can reach 120% of the body weight, as represented in Figure
2-11 [33].

After the first peak, the vertical GRF decreases corresponding to the mid-stance
phase, in which the opposite foot is in mid-swing phase and, therefore, the entire body
weight is supported by the stance leg [33], [35]. However, at this instant, the centre of
mass of the body is upward, creating an upward acceleration that allows a vertical GRF of
less than a body weight to support the human body. Hereupon, at this phase, the GRF
reaches 63% of body weight [33], [47].

When the heel lifts away from the ground, the vertical GRF rises once more,
reaching a value of approximately 125% of body weight to support the body, which is
experiencing a forward and upward acceleration in order to propel its centre of mass for
the posterior swing phase [32], [33], [35], [36]. Still on this phase, the heel of the opposite
foot makes contact with the ground and begins to bear some weight, finally triggering the
decrease of the vertical ground reaction force until it reaches zero, at the point of toe-off,
when the foot leaves the ground [32], [33], [35].

Moreover, as mentioned above, the three-dimensional ankle joint moments are
obtained from the kinematics analysis and the ground reaction forces, as the GRF imposes
an external moment on the joint [35], [39], [45]. A moment is then defined as the ability
of a force to rotate a body about a certain axis and, relatively to the ankle joint, this
moment results of muscular and ligaments forces that causes the joint movement.
Furthermore, its study is effectuated by using the Euler’s equations of motion presented
next [35], [45], [48]. Similarly to the analysis of GRF, joint moments are often normalized

to body weight, as well as to leg length [45].
Equation 1: My = Lay + (I;;—1yy) X wyw,
Equation 2: My, = I,y + (Iyx — 1) X wywy

Equation 3: M, = I;a, + (I, — L) X wyew,,
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Where, My, M,, and M, are the external angular moments applied to the limb
segment in the x, y and z directions; Iy, I,,, and I, are the mass moments of inertia about
the principle axes; wy, w,, and w, and ay, a, and a, are the angular velocities and
accelerations of the limb segment’s centre of mass, respectively.

Hereupon, as represented in Figure 2-12 (a), the ankle moment curve
demonstrates a brief dorsi-flexor moment at heel strike, which corresponds to the
negative value on the curve and serves to control the foot lowering onto the ground and
therefore prevent the foot from slapping the floor [15], [35]. This is possible thanks to the
dorsiflexors muscles, which eccentrically contract (contraction while lengthening) [15].
This minimum value of joint moment can go down to 0,3 Nm/kg, based on reviewed
literature [15], [35], [45], [48]. At the end of stance phase, the peak value for the
plantarflexor moment (positive value on the curve) corresponds to the concentric
contraction of the plantarflexors muscles, limiting the ankle dorsiflexion movement
around a range of angles [15], [35]. This maximum value ranges from 1 to 2 Nm/kg, in the
reviewed literature [15], [35], [45], [48]. Towards the toe-off phase, the moment
decreases progressively reaching 0 Nm/kg [15], [35], [45].

Furthermore, once the joint angular accelerations, velocities and, therefore, the
moments are determined, ankle joint powers can be computed though equation 7,

represented next [45]:
Equation 4: P, = M, X w,
Equation5: P, =M, Xw,
Equation6: P, =M, X w,

Equation 7: Z P=P+P +PF

Where, P, P, and P, are the joint powers in the x, y and z directions, respectively
and ) P is the total joint power.

This joint power corresponds to the rate of energy delivered by the muscles to
move a joint and its variation results from the absorption and generation of power by the

same muscles that occur during gait [15], [35], [45]. The pattern of a normal kinetic curve,
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demonstrating the variation of power delivered during a gait cycle is illustrated in Figure
2-12 (b). Through a close look, one can noticed a peak of absorptive power, which
corresponds to the negative value on the curve and extends through the initial phases of
gait [15], [35], [45], [49]. This peak correlates with a power absorption from the
plantarflexors that eccentrically contract during the heel and ankle rockers (addressed in
the next section) [15]. According to the reviewed literature, this minimum value can reach
between 0,5 and 1,2 W/kg [15], [35], [45], [49]. At the end of the stance phase, occurs a
peak of positive joint power corresponding to the third rocker, which infers a generation
of power by the plantarflexors in order for the lower limb to propel forward towards the
toe-off phase [15], [35]. This maximum ankle joint power can go up to 3,3-5 W/kg [15],
[35], [45], [49].

. AnkKle joint moments Ankle joint power
()  Nwig : (®)  Wie
167
Plantar flexor | Generation
| 0.74 2 84
Dorsi flexor ~/ Absorption [* ~/ -
0.3 T — T " 13 T T - 1
0.0 o 1000 0.0 %0 100.0
% Gait cycle % Gait cycle

Figure 2-12 - Example of normal ankle joint kinetic curves in the sagittal plane: (a) Ankle joint moments and
(b) ankle joint power (adapted from [15])

2.2.2 KINEMATICS OF NORMAL HUMAN WALKING

Kinematics of human walking englobes the analysis of bodies in motion alone, that is
without considering the forces actuating on the body [35], [38]. Herewith, an ankle
kinematic study allows the description of the body movement during gait, analysing
positions, angles, velocities and accelerations of the ankle joint [35].

In 1992, Perry described the rocker theory which analysed the human gait in
relation to foot motion in the sagittal plane during stance phase [17]. This wheel-like
rolling motion of the ankle has the main function of progression of the leg over the
supporting foot. The foot rockers include the heel rocker, ankle rocker and forefoot

rocker, as illustrated in Figure 2-13 [17], [35], [37]. The first rocker corresponds to a
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deceleration rocker and occurs as the heel contacts the floor at heel strike and progresses
until the foot plantarflexes and brings the forefoot into contact with the ground [35], [37].
Here, the ankle experiences plantarflexion [35]. Furthermore, the ankle rocker begins with
foot flat (or loading response) and extends to when muscle action restrains further
dorsiflexion, comprising the mid-stance phase. This stage corresponds to a deceleration
rocker as well and is the period when momentum forces the tibia to rotate forward from
a state of plantarflexion to a dorsiflexed position [35], [37]. Finally, the forefoot, or third
rocker, coincides with the terminal stance or heel off phase and, at this instant, only the
forefoot is in contact with the ground. This one is an acceleration rocker to prepare for
the limb advancement in pre-swing, allowing the propulsion of the body during gait [17],
[35], [37]. In this phase, the ankle moves rapidly from the position of dorsiflexion to a

certain degree of plantarflexion [35].

_____________ 3

(a) Heel rocker

(

Figure 2-13 - The three rockers occurring during stance phase of the human cycle: (a) the heel (first) rocker;
(b) the ankle (second) rocker; (c) the forefoot (third) rocker (adapted from [37]).

During the swing phase, the leg acts as a pendulum controlled by the mass
moment of inertia and the ankle dorsiflexes in order to enable the foot to clear the ground
and avoid stumbling or tripping phenomena [15], [37]. Initial swing begins with toe-off
and, as the ankle experiences plantarflexion, the phase extends to the instant when the
swinging limb is aligned with the opposite stance limb. The mid-swing phase begins with
this alignment and enables the leg to move forward ahead of the body weight line, while
the ankle is in dorsiflexion to permit foot clearance, terminating when the swinging limb
isin front of the stance limb and the tibia is in a vertical position [37], [50]. Finally, terminal

swing constitutes the last third of the swing phase and the period when the leg begins to
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touch the ground and the ankle moves into a neutral position, initiating the next cycle
with heel strike [31], [37], [50].

After an extensive review of the literature concerning studies that proposed
graphical representations of the range of motion of the ankle joint in the sagittal plane,
during a normal gait cycle, it was possible to conclude that the ankle joint motion follows
a certain pattern [15], [20], [21], [32], [35], [49], [51]—[55]. However, these studies showed
incoherence regarding some of the dorsi-/plantarflexion angle’ values. This fact can be
explained considering the inter-subject variability of the ankle range of motion, even
among anthropometrically similar individuals [21]. Nevertheless, the following Figure 2-14
shows an example of a kinematic graph of the ankle joint’s range of angles of dorsi-

/plantarflexion during a normal gait cycle.

Plantar/Dorsiflexion (°)

Heel strike of the
opposite foot

Heel strike o o Toe off

Gait cycle (%)
Figure 2-14 - Graphical representation of the ankle joint’s range of motion in the sagittal plane, during a

normal gait cycle, and respective gait phase. Positive and negative values concern dorsiflexion and
plantarflexion, respectively (adapted from [21]).

2.3 BIOMECHANICS OF IMPAIRED ANKLE JOINT

The present section discloses the biomechanics of the impaired ankle joint. The
deformities of the ankle following a stroke will be discussed, as well as its effects on

individual’s gait.
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2.3.1 ANKLE JOINT POST-STROKE

Following a stroke, spasticity of the ankle and foot muscles is very recurrent, which results
in deformities of the ankle, being the most common the equinus, varus, equinovarus, and
striatal toe deformities. This phenomena also has consequences on the control of the
ankle movement during gait, as the activation of the affected muscles is more diffuse and
divergent [56]—[58]. In order to manage spasticity of the ankle and foot muscles,
interventions with botulinum toxin (BoNT) injections are commonly used, which has been
reported to ameliorate gait pattern of post-stroke patients [56], [58]. Next, the most
common ankle deformities derived from a stroke are addressed.

An equinus ankle deformity is a condition that is characterized by the ankle and
foot being held in the plantarflexed position and by the difficulty subjects have with
voluntary dorsiflexion (Figure 2-15 (a)). This abnormality is caused by spasticity of the
muscles responsible for plantarflexion motion (also called plantarflexors) [52]. As
mentioned in Section 2.1.1.2, these muscles are the gastrocnemius and soleus muscles,
which belong to the posterior compartment of the leg muscles [11], [52]. During gait,
subjects with an equinus ankle deformity experience drop foot, which is the incapacity to
perform dorsiflexion motion of the ankle and, therefore, the inability to lift the foot during
the swing phase [52], [53].

A varus ankle is held in a varus position, i.e. inversion position (Figure 2-15 (b)),
due to the fact that both tibialis anterior and tibialis posterior muscles experience
spasticity [52]. Herewith, since these muscles are responsible for dorsiflexion and
inversion, and plantarflexion and inversion, respectively, the effect of its simultaneous
activation results in ankle inversion stiff position [11], [52]. The individuals with a varus
ankle are not able to perform dorsiflexion and eversion in its full range of motion, and,
during stance phase, they support the weight on the anterior lateral part of the foot [52].

An equinovarus abnormality is reported to be the most common deformity of the
ankle and foot complex following a stroke. The ankle is fixed in a plantarflexed and
inverted position (Figure 2-15 (c)), once it’s primarily caused by spasticity of the
plantarflexors and invertors muscles. The subjects with this deformity endure their weight

on the lateral front part of the foot [52]. Lastly, the striatal toe deformity is characterized
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by the hyperextension of the hallux (commonly known as great toe, Figure 2-15 (d)) and

is caused by the spasticity of the extensor hallucis longus.

Figure 2-15- The four commonly seen ankle and foot deformities, following a stroke: (a) equinus ankle
deformity on the right side, (b) varus ankle abnormality, (c) equinovarus deformity, and (c) striatal toe on
the left side [56].

2.3.2 IMPAIRED HUMAN GAIT

As mentioned above, 40% of the stroke survivors feature an impairment which can
manifest itself through motor, cognitive, behavioural and sensory sequelae [2].
Concerning the motor disabilities after a stroke, individuals often experience hemiplegia
(paralysis of one of the sagittal half of the body) or hemiparesis (weakness of one side of
the body), sensory disorders, muscle weakness and spasticity, joint deformity and
abnormal coordination [3], [4], [59], [60]. Furthermore, the ease of clearing the floor
during the swing phase of the gait and forward propulsion in the stance phase are also
affected (Figure 2-16). This abnormality is called drop foot and is induced by the
impairment of the muscles responsible for the lifting of the front part of the foot [3]-[5],
[60]. This condition leads to the metabolic deficiency of the gait, increasing the risk of
falling [4], [5].

One of the main characteristics of post-stroke gait is the reduced walking speed.
Studies report that the average self-selected gait velocity for stroke survivors is lower than
normal ambulation’s velocity, which can range from 0.23 m/s to 0.73 m/s [57], [61].
Through various studies that depicted walking speeds and the associated outcomes, a gait

speed of more than 0.80 m/s and 0.90 m/s have been suggested to be necessary for
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community ambulation (e.g. crossing the street in time), and to perform household
activities, respectively [57], [62]. Due to this decrease of gait velocity, both stride length
and cadence are lower, comparing to the values corresponding to able-bodied subjects
[57], [61]. Additionally, it’s worth noticing the differences in the proportions of stance and
swing phase of a gait cycle in people with hemiplegia. Firstly, the stance phase of both the
affected and unaffected sides is longer in duration, occupying a greater proportion of the
gait cycle when compared to a normal walking cycle at normal speed. Furthermore, the
stance phase is longer on the unaffected side than on the impaired side, and, lastly, a
greater proportion of the gait cycle is spent in double support than that of healthy

subjects’ gait at normal speeds [61].

Figure 2-16 - Gait pattern of individuals with paretic ankle. The red link represents the impaired limb [10].

In association with the reduced gait velocity, temporal and spatial inter-limb
asymmetries are another feature of the stroke related impaired gait [57]. As mentioned
above, the stance time of the impaired limb is shorter than that of the healthy side, and,
on the other hand, the swing time of the affected limb is longer than that of the unaffected
limb. In addition, on the impaired side, the pre-swing phase is on average more prolonged
than the loading response phase. Thereafter, because of the decreased swing time of the
unaffected limb, the spatial asymmetry is often characterized by its shorter stride length.
Herewith, the asymmetries ratio of stance and swing time for both the healthy and
impaired limb, as well as their step length, have a significant negative correlation with the
stroke survivors’ self-selected gait speed [57], [63], [64].

The loss of balance during gait is common in individuals who have suffered a
stroke, and this problem has been related to the spatial-temporal asymmetry,

characteristic of impaired gait [57], [65]. Thus, both step length and swing time
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asymmetries have been correlated to the negative effect on an individual’s balance during
walking at comfortable and high speeds [64].

The ground reaction force analysis has been used as a method of identification and
assessment of the gait pattern of stroke survivors [57], [66], [67]. Post-stroke gait presents
a degree of asymmetry of vertical GRF between the affected and unaffected limb, which
has been correlated with the degree of asymmetry of temporal measures during gait and
its speed [57], [66]. Kim et al. studied these correlations in a group of individuals with
chronic stroke and verified that the vertical GRF of the impaired limb significantly
decreased when compared to the healthy side [66]. Additionally, it has been reported that
the asymmetry of the vertical GRF between the affected and unaffected limb, at both self-
selected and fast speeds, is greater at the end of the stance phase when compared to its
beginning. Figure 2-17 shows the vertical GRF mean profiles in individuals with
hemiparesis at both speeds. It’s worth noticing that the values for the first two GRF peaks
(V-P1 and V-P2) are greater on the affected side than on the healthy side, and that the

asymmetry increased with speed only for the third peak (V-P3) [67].

12 V-P1 V-P3
12 - -
- —— Affected 74 , & —— Affected
- 10
) 8 === Unaffected === Unaffected
S 81 \
= = \
,g Z 4 6 4 \\
£< V-P2 X
§ 2 41 \
\
0 2 1 \
\
-2 v v - v \ 0 — -
0 20 40 60 80 100 0 20 40 6 80 100

Gait Cycle (%)

Figure 2-17 - GRF mean profiles of the unaffected and affected side in individuals with hemiparesis walking
at self-selected (red lines) and fast (blue lines) speeds. The former speed is 0.72 m/s and the fast speed is
reported to be 1.08 m/s. The black lines refer to healthy subject walking at self-selected speed (1,26 m/s)
(adapted from [67]).

The kinematics and kinetics characteristics of each lower limb’s joint are essential
to describe the gait pattern post-stroke and, therefore, assess the patient’s ambulatory
condition [57], [61], [67]. At the end of the stance phase (toe-off), it’s noticeable a
decrease in the peak angle value of the ankle’s plantarflexion, as well as during the swing
phase, where the dorsiflexion amplitude is lower relative to the normal ankle kinematics
(Figure 2-18) [61], [67]. To compensate for the decline in the range of angles of the ankle
joint, the knee and hip joints present changes in its kinematics, such as a decrease in knee

flexion, circumduction of the leg, or exaggerated hip flexion. These compensatory
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strategies adopted by stroke survivors allow adequate foot clearance during the swing
phase [67].
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Figure 2-18 - Kinematics profile of the ankle joint of healthy subjects (dark dotted line) and of the paretic
side of patients, walking at a speed of 0.78 m/s (red line) and 0.85 m/s (blue line) (adapted from [67]).

Moreover, similar to the kinematic changes concerning post-stroke gait, the net
positive moment and power of the ankle joint on the affected side have a profile
comparable with that of healthy individuals, although it’s noticeable a decrease in
amplitude [57], [61], [67]. The hip flexors muscles contribute more to the energy
generation than the plantarflexors muscles of the leg while walking, especially during the
pre-swing phase, to increase swing initiation [57], [67]. Thus, through the analysis of the
graphs in Figure 2-19 (a), one can notice the decrease in plantarflexor moment (negative)
on the affected limb, during the end of the stance phase. Besides, the ankle joint’s power
graph in Figure 2-19 (b) shows the decrease in power generation during the pre-swing
phase [57]. Furthermore, although in a lower extent, the kinetics variables of the healthy
side also suffer changes, being the ratio of energy produced by leg muscles on the

unaffected side compared with the affected side is around 60:40 [67].
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Figure 2-19 - Kinetics profile of the ankle joint of healthy subjects (dark dotted line) and of the paretic side
of patients, walking at a speed of 0.78 m/s (red line) and 0.85 m/s (blue line): (a) ankle joint’s moment profile
(with negative plantar flexor moment) and (b) ankle joint’s power (adapted from [67]).
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This chapter focuses on the literature survey of the rehabilitative lower limb exoskeletons, as
well as powered orthoses that are both commercially available and still in development.

Firstly, the gait rehabilitation procedures are addressed, as well as the various types of
ankle-foot orthoses and the distinction between each one. Next, an insight into the wearable
active orthoses is given. In this section, the actuation systems that incorporate such devices
are explored, and the different types of actuators are compared, disclosing each one's
advantages and disadvantages. Furthermore, this section addresses the mechanical and
electronic components, which are usually implemented on active AFOs to warrant a safe use,
while monitoring his/her biomechanical activity. The section includes the literature and
market research of commercially available lower limb exoskeletons and powered ankle-foot
orthosis for rehabilitation, as well as orthotic devices that are still in an approval phase orin a
development stage.

Moreover, the chapter addresses an issue concerning rehabilitative lower limb
orthoses, the misalignment between the user ankle's axis and the rehabilitative device's axis.
On this note, the solutions developed over the past years to tackle this problem are disclosed.
Hence, it will be presented the currently developed self-aligning mechanism, as well as the
multiple DOF AFOs.

Finally, the chapter ends with the presentation of an important aspect regarding the
development of an AFO: its structure design. Thus, the orthosis geometrical shape, material
selected to compose it, and the production method chosen to manufacture the device's

structure are disclosed.

3.1 GAIT REHABILITATION

The restoration of strength, motor coordination and the overall ability to walk are considered
the key rehabilitation goals for stroke survivors [2], [65]. Strategies for improvement of the

post-stroke gait can be described considering either muscular or a task-oriented focus,
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although these two are often covered together in rehabilitation strategies [57]. Muscular
focusincludes muscle strength training and functional electrical stimulation (FES) and the task-
oriented focus comprises the treadmill training, electromechanical and robot-assisted gait
training, and the use of AFOs. The effect of the chosen strategy on the patient is often
determined based on the subject’s speed before and after the treatment [68].

Lower extremity muscular strength training has been recommended by the American
Heart Association (AHA) guidelines for post-stroke adult gait rehabilitation [57], [58]. Evidence
shows that providing lower limb resistance training (which involves eccentric and concentric
exercises, see Figure 3-1 (a) and (b) as an example for the arm muscle) to individuals who are
6 months after stroke, results in the improvement of gait speed and total distance walked, as
well as increasing strength and functional performance, such as stair climbing, chair stand,
and balance [57], [58], [68]. On this note, studies have shown that, when compared to
concentric contractions, the eccentric contractions were a more effective training mode, since
it provided the greatest gains in neuromuscular activation and power of the affected leg

muscles, as well as it improved the subjects’ walking speed [69].

)
L

Movement

- #9

Figure 3-1 - Example of the resistance training mode on the bicep muscle: (a) Concentric exercise and (b) eccentric
exercise [70].

(a

(b)

FES consists in the application of predetermined frequencies and amplitudes of
electrical currents to nerves and muscles in the affected region, in order to generate muscle
contraction [57], [71], [72]. This treatment has been used to correct drop foot in hemiplegics
since the 1960s, and since then the improvements on gait and on the effort of walking, as well
as on walking speed have been reported by researchers [71]—[74]. Several studies have shown
that FES (Figure 3-2 (a)), associated with conventional rehabilitation (physiotherapy), can
reduce spasticity, and even delay it if it is started early after stroke (up until 3 months

afterward), increase muscle tone and strength, improve balance and joint voluntary
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movement, and can provide better paretic lower limb functional recovery [71]-[73].
Moreover, the recommended therapy time of FES is 30 minutes, 5 days per week, and an
increase in the dorsiflexion torque is reported in these studies, along with improvements in
pace, stride rate, step length, as well as with a decrease in single swing rate [73], [74]. Finally,
FES not only improves walking ability, but also produces lasting ameliorating effect after the
treatment [74].

With the objective of enabling repetitive gait and coordinated stepping practice,
treadmill training is often chosen as a post-stroke gait rehabilitation [57], [58], [68], [75]. This
type of treatment can resort to body weight support (usually with a harness) or not, and is
performed with the help of therapists to assist the paretic lower extremity in stepping, as
illustrated in Figure 3-2 (b) [58], [68]. When compared with no intervention or with an
intervention without a walking component, treadmill training has shown improvement in
walking speed and distance among ambulatory individuals who have suffered a stroke [58].
Furthermore, studies suggest that patients who are earlier after stroke are more likely to
experience motor recovery with mechanically assisted walking with body weight support than
with over-ground walking (ambulation in an actual environment, like hallways) [58], [68]. On
this note, it has also been shown that high-intensity treadmill training has a better therapeutic
effect than at slower speed, which improves the maximum walking speed and even enhances
cardiovascular fitness [68], [75].

Robots and electromechanical-assisted training devices have also been used to
promote gait recovery after stroke. As oppose to body-weight supported treadmill training, in
which the patient’s legs are guided by a therapist, electromechanical-assisted gait
rehabilitation offers continuous support for the legs by robotic orthoses, allowing for reduced
physical and time demands on therapists. Moreover, the robotic support in a physiological
gait pattern enables the improvement of the repetition accuracy and the extension of the
training duration, as compared to manual treadmill training [57], [58], [76]. Herewith, these
robotic devices have the potential to collect joint kinematic and kinetic data simultaneously
with walking, providing computerized feedback of the current performance of the patient,
which habilitates for better training effect [57], [76]. This type of gait rehabilitation in
combination with physical therapy has shown to be effective to achieve independent walking
and to improve the balance of patients who are within the first three months after stroke and

those who are unable to walk [58]. The Lokomat Driven Gait Orthosis illustrated in Figure 3-2

31



Rehabilitative lower limb orthotic devices

(c) (DGO, Hocoma Medical Engineering Inc, Zurich, Switzerland), the Mechanized Gait Trainer
(MGT) and the Gait Trainer (GT) 1 and 2 (Reha-Stim, Berlin, Germany), the AutoAmbulator
(HealthSouth, Birmingham, Alabama), and the LOPES (Lower-extremity Powered ExoSkeleton,

Laboratory Biomechanical Engineering, University of Twente, Enschede, the Netherlands) are

the current commercially available devices [57], [58], [77].

Figure 3-2 - Muscular and task-oriented focus post-stroke gait rehabilitation: (a) example of a FES device, (b)
treadmill training with a harness, and (c) example of a robot-assisted gait training device (Lokomat DGO) [78]—
[80].

Finally, the use of an ankle-foot orthosis in stroke rehabilitation has revealed itself to
be an effective method to improve the walking ability and balance, as well as controlling
spasticity and compensating for motor impairments in the lower limb [3]-[5], [7], [57], [58],
[76], [77], [81], [82]. An AFO provides medio-lateral stability during gait by limiting tibiotalar
and subtalar movement, facilitating foot clearance and heel strike in the swing phase. Both
the passive (without actuation) and the active (powered by actuation systems) AFOs present
results of increasing the ankle dorsiflexion performance during the stance and swing phase,
preventing foot drop [3], [4], [7], [76], [77], [82].

Concerning the passive AFOs, the American Heart Association (AHA) guidelines for
post-stroke adult gait rehabilitation recommends its use in individuals with remediable gait
impairments and for a period of time of at least three months, since it has been shown that
AFO users had better mobility while wearing the orthosis. Moreover, studies claim a
favourable impact of AFOs on walking disability, improving its speed, the step length, as well
as on overall ankle kinematics, kinetics and energy cost [58], [76]. Studies conducted to
analyse the effect of the orthosis design on walking after stroke also claim that, while a rigid
AFO (that limits both plantar and dorsiflexion) and an articulated orthosis (that restricts

plantarflexion) both correct the excess plantarflexion during swing, the rigid AFO impeded
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walking ability for individuals with a normal range of motion. On the other hand, the
articulated AFO with plantarflexion resistance allowed the largest excursion of dorsiflexion in
stance phase, as well as improved the gait speed and step length [3], [4]. Relatively to the
effect of a hinged AFO on post-stroke gait, it was shown that it can significantly improve
functional mobility, stride length, cadence and gait speed, while ensuring the comfort to the
users [77]. Despite these promising results, passive lower limb orthosis inhibit normal push
off during walking, begets dependency and reduces gait adaptability and rehabilitation [58],
[82].

Therefore, active AFOs (or ankle rehabilitation robots) provide for power assistance at
the ankle joint, which facilitates ankle locomotion and enables stroke survivors to regain
walking capabilities [7], [30], [82], [83]. These robot-assisted AFOs can help the walking
capacity of patients presenting drop foot, by actively assisting ankle dorsiflexion on over-
ground walking for foot clearance during the swing phase, as well as it can minimize the
occurrence of foot slap (excessive plantarflexion) at initial contact of the foot with the ground
[82]. The high intensity and repetitive nature of the robot promotes an experience-driven
adaptation of the damaged motor structures, allowing for a more effective gait training [8],
[30], [82]. Figure 3-3 (a) and (b) illustrates two examples of a passive and active AFO,

respectively.

@ (b)

Figure 3-3 - Examples of a passive and active ankle foot orthosis: (a) The passive AFO developed by Ottobock and
(b) Exo-H2 AFO developed by Technaid [10].

These rehabilitation robots can be categorized into platform-based and wearable ankle
rehabilitation robots [8], [82]. The platform-based ankle rehabilitation robot are stationary
robots whose main goal is focused on motion therapy and on strengthening the muscles [82].

The latter, on the other hand, is defined as a wearable mechanical device, designed around
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the shape and the function of the human body, which actuates movement of the ankle joint,
in order to be used to perform gait training with a programmable control that integrates the
cognitive ability of the operator [8], [82]. For this type of robot, the actuator, gait event
detection, and control strategies are key factors for the effectiveness of ankle and gait
rehabilitation for stroke patients [82]. The actuator has a definitive role in the wearable ankle
rehabilitation robot, since it determines the performance of these robots, in terms of the
assistive torque, efficiency, and portability [8], [82]. This topic will be further discussed on the
next chapter.

In association with the actuator system, the gait event detection can be used to
stimulate functional assistance, and the control strategies implemented in a gait rehabilitation
device aim to reflect the physical interaction between the user and the device, as well as to
create a safe, compliant, and a natural human-computer interaction environment [82], [84].
This topic will also be further discussed, along with the types of ankle foot orthosis that have
been developed and the comparison between each one. Concerning the active AFOs, it will be
addressed the different actuation systems, and each one’s benefits and disadvantages, as well
as the commercially available and under development wearable ankle robots and

exoskeletons.

3.2 PASSIVE, SEMI-ACTIVE AND ACTIVE ORTHOSES

Existing ankle-foot orthosis include three types of devices: passive (with nonarticulated or
articulated joints), semi-active and active [10], [30], [34]. Passive orthoses don’t incorporate
in its system any electronic control element other than mechanical elements, such as springs
or dampers to control the ankle-foot complex, or any power source [30], [34]. These AFOs’
main goal is to provide assistance to the user by preventing unwanted foot motion with direct
physical resistance, being the most popular daily-wear device thanks to its compactness,
durability, lightweight and simplicity of the design [10], [30], [34]. However, the motion
control limited by passive components of passive AFOs are not capable of adapting to
changing environments and have restricted functionality for disabled people [10], [34]. Figure
3-4 illustrates some of the many passive AFOs designs, articulated and nonarticulated,

developed by Ottobock and a research team led by Sumiko Yamamoto [85].
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(@) (b)

A‘

Figure 3-4 - Passive ankle-foot orthoses: (a) Nonarticulated AFO developed by Ottobock (2017); (b) Articulated
AFO, also developed by Ottobock; (c) Posterior leaf spring AFO by Ottobock and (d) Articulated AFO called
“Dorsiflexion assist controlled by spring” (DACS) developed by Yamamoto et al. (1999) [10], [30], [86].

Concerning the nonarticulated passive orthoses (Figure 3-4 (a) and (c)), these devices
are usually single piece, composed by flexible and lightweight thermoformable or
thermoplastic materials, such as polypropylene and carbon graphite composites [30], [34].
This type of orthosis determines the motion control characteristics through its material
properties and geometry [30]. The design of these AFOs can vary from highly rigid to flexible:
the former holds the ankle in a fixed position, restricting plantarflexion completely, and the
latter has a spring-like behaviour, being able to store energy during deformation and enhance
push-off during the pre-swing phase. The use of rigid nonarticulated AFOs has shown to cause
excessive knee flexion moment during loading response, in order for the user to be able to
clear the toes during swing phase, resulting in walking instability. On the other hand, the
flexible design, like the carbon fibre AFO, has proven to decrease the energy expenditure of
the impaired patient, improving pathological gait. Nevertheless, nonarticulated passive AFOs
do restrict some normal movements of the ankle joint, which affects the functional recovery
[10], [30], [34].

Relatively to the articulated passive AFOs (Figure 3-4 (b) and (d)), the materials that
compose it are the same as in the case of fixed AFOs, but it includes a joint with a hinge, flexion
stops, and stiffness control elements, like springs, oil dampers and others, which provide
better motion control [10], [30], [34]. These mechanical components have shown to prevent
drop-foot successfully by providing dorsiflexion assisting force or locking the ankle in a suitable
position [10], [34]. Nonetheless, the functionality of these AFOs is limited, and the user might
experience deficient dynamic balance and unnatural gait pattern. A direct positive torque

supply is necessary for the patient to propel the body forward [10], [30]. Consequently, an
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AFO shouldn’t just rely on passive elements, such as springs, since this type of control presents
limited robustness [30].

In order to overcome the limitations of passive ankle-foot orthoses, semi-active AFOs
have been developed to provide assistance for patients with drop foot, without the supply of
active torque [10], [30], [34]. This type of AFO can only dissipate, store and release available
energy, using computer control to vary the compliance/damping and flexibility of the ankle
joint in real-time [10], [30], [87]. Semi-active AFOs integrate into its system magneto-
rheological (MR) brake or damper, which can ensure controllable braking torque, by
modulating the current applied to them. This component has shown to be crucial to warrant
the ankle damping at the foot down, as well as locking it during the swing phase. The results
of the studies regarding semi-active AFOs show not only the effectiveness to prevent drop
foot, but also the improvement of the user’s comfort while walking [10], [30]. Figure 3-5 (a)
and (b) show two examples of semi-active articulated AFOs developed by research teams led

by Furusho et al. and Svensson et al. [10].

Potentiometer

Figure 3-5 - Semi-active ankle-foot orthoses: (a) The AFO developed by Furusho et al., with an MR brake, that
generates the braking torque to keep dorsiflexion; (b) The AFO developed by Svensson et al. with an MR damper
to realize the ankle damping at foot down and locking during the swing phase [10].

Regarding active AFOs, these are comprised of one or more actuators and portable or
tethered sources of power to move the joint, which associated with a robotic control system,
ensure a controllable assistive torque during gait [10], [30], [34]. This type of AFOs also
incorporates an electronic system that includes force sensors, angle measurement sensors,
accelerometer, potentiometer, and microprocessors [10], [34], [84]. As oppose to the passive
AFOs, active ankle orthoses can interact with the walking environment and modulate the
ankle movements accordingly [10], [34]. Thus, active AFOs are often prescribed to post-stroke
patients, due to the fact that these devices can provide assistance for individuals with

hemiplegia, and warrant sufficient toe clearance and, therefore, prevent drop foot during the
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swing phase of the gait [7], [10], [30], [34], [84]. Figure 3-6 shows an example of an active AFO.
More examples will be further presented in Section 3.3.4.

An overview concerning the characteristics and limitations of passive, semi-active and
active ankle-foot orthoses, as well as the report of some examples of developed devices, is
present in the appendix A-Overview information of the different types of AFOs of this

dissertation.

Figure 3-6 — Example of an active AFO: Ankle module of the Technaid H2 lower limb robotic exoskeleton powered
by an electric motor [83].

3.3 WEARABLE ACTIVE LOWER LIMB EXOSKELETONS AND ANKLE-FOOT ORTHOSES

The concept of using exoskeletons to enhance human locomotory performance dates back to
1890 when an apparatus for facilitating walking, running and jumping was conceptualized by
Nicholas Yagn (Figure 3-7 (a)). This first idea of an exoskeleton consisted of a large bow spring
connected between the hip belt and a foot attachment, which stored the energy generated
by the weight of the wearer [7], [88]. Throughout the years, the progress in the development
of exoskeletons has been noticeable, and in the last sixty years, the fields of gait rehabilitation,
assistance and human strength augmentation have demonstrated immense interest in the
research and development of powered lower limb exoskeletons and active orthosis [9], [84],
[88]-[90]. However, the past two decades have been remarkable in terms of computer
technology improvement, faster data processing, reduced equipment size and energy
requirements, whereby universities, research institutes, and industrial companies have been

actively performing research in this field [9], [89]. As a result, several active exoskeletons and
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orthoses have been developed, tested and some certified (an example is illustrated in Figure

3-7 (b)) [7]-19], [30], [83], [84], [88]-[90].

Figure 3-7 - Exoskeletons throughout the years: (a) Concept design of the Yagn’s exoskeleton (1890), and (b) HAL-
5 exoskeleton (2012) [8], [88].

Despite the distinction between powered exoskeletons and active orthoses not being
clear as of yet, in general, the term “exoskeleton” refers to a device that augments the
performance of an able-bodied wearer, and the term “active orthosis” is typically used to
describe a device used with the purpose of assisting the user, who is suffering from a limb
pathology, to recover the motor function, and therefore increase their ambulatory ability [7],
[8]. However, the term “exoskeleton” is nowadays often used to describe as well assistive
devices, particularly when they enclose several human joints, also being referred as multi-joint
exoskeletons [7], [84]. Herewith, a wearable powered exoskeleton/orthosis is defined as an
electromechanical device designed around the shape and function of the human body, and
that it can be worn by an operator, working in concert with her/his movements [7]-[9], [91].
These devices are equipped with powerful actuators at human joints, as well as with a built-
in multisensory system which can acquire the user’s motion intentions, in order to accordingly
assist the desired movement [8], [9].

Exoskeletons can be classified into four main categories, based on the part of the
human body the device provides support: upper limb exoskeletons, lower limb exoskeletons,
full-body exoskeletons, and specific joint support exoskeletons (also denominated as orthosis)
[9], [84]. Furthermore and as aforementioned, the lower limb exoskeletons are developed for

three main scopes of application: gait rehabilitation, human locomotion assistance, and
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enhancing physical abilities of an able-bodied human, i.e. human strength augmentation [9].
Concerning the exoskeletons for gait rehabilitation, these can be wearable (also called
ambulatory) exoskeletons or tethered/static exoskeletons [7], [84]. On the other hand, as
previously mentioned, active orthoses are developed to assist the user with a limb pathology,
and ankle-foot orthoses can be divided into two groups: daily-wear devices and patient
diagnosis and rehabilitation [30].

Due to the main objective of the SmartOs project, which is the development of a
wearable active ankle-foot orthosis intended for ambulatory rehabilitation of post-stroke
patients, the scope of this literature review will only include wearable powered lower limb
exoskeletons for gait rehabilitation and active orthoses that provide assistance only to the
ankle joint. Hence, this section will firstly focus on the actuation technologies conventionally
used in exoskeletons and active orthoses. Next, the human-exoskeleton motion assistive
techniques and sensor technologies currently implemented in these devices will be briefly
reviewed. Lastly, a literature survey of the lower limb exoskeletons and active AFOs will be
conducted. This will comprise both commercially available wearable rehabilitation
exoskeletons and active ankle-foot orthoses that have either the FDA (Food and Drug
Association) approval or the CE (European Conformity) marking and powered wearable AFOs

that have been developed worldwide.

3.3.1 CONVENTIONAL ACTUATION IN EXOSKELETONS AND ACTIVE ORTHOSES

Powered lower limb orthotic devices comprise an actuation system in its joint(s) with the
prime objective of converting energy into mechanical motion, and, therefore provide positive
torque to the user [10], [30], [34], [84], [91], [92]. In robotic applications, different actuators
can be used, such as electric, pneumatic (including pneumatic cylinders and pneumatic muscle
actuators), hydraulic, piezoelectric, electroactive polymers, variable stiffness actuators (VSA),
robotic tendon actuator and series elastic actuator (SEA) [8], [10], [34], [91], [92]. However,
many of these actuators technologies can't be used in orthotic devices for human
rehabilitation, since that the exoskeleton's actuation systems are required to provide high
torques, while operating at low speeds [30], [84], [92]. Herewith, currently, the electric,
pneumatic and hydraulic actuators are the technologies predominantly used in exoskeletons

and active orthoses [8], [84], [91].
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Throughout this section, the main characteristics of these actuation technologies, as
well as the advantages and disadvantages of its use in ambulatory orthotic devices will be
addressed.

Electric motors are one of the most implemented actuators technologies in powered
orthotic devices [8], [84], [91]. The main reasons this type of actuators are preferable in
comparison to the others is its higher specific power (ratio between the continuous power
and the mass of the actuator), easy control and portability [8], [91]. The latter has been made
possible thanks to the development of batteries technologies that allow for a viable
untethered orthosis energy source [91]. Moreover, studies suggest that electric motor
actuation is able to significantly decrease power consumption when compared to hydraulic
actuation [7], [93].

This type of motor is characterized by being low-torque and high-speed output
actuators. Having in mind that human motion is powered by relatively high torque acting at
low velocities, orthotic systems powered by electric motors require transmission elements
(for example gearboxes) to convert the high-speed and low-torque output to the low-speed
and high-torques needed in the joint [8], [30], [84], [91]. These transmission elements may
constitute a drawback to the actuation system, due to the backlash, noise and friction that
causes and because it negatively affects the motor efficiency, backdrivability and size [84],
[91]. In addition to this disadvantage, it has been pointed out that the weight of the electric
motors is about twice than that of the hydraulic actuation. Besides, the weight of the electrical
actuation needs to be centred at the assisted joint [8], [94]. According to the literature, the
oxygen consumption rate of a person (performance method for assessment of the
effectiveness of an orthotic device) would increase by 30% if a load of two kilograms was
placed on each foot [7], [10], [91]. Thus, it's essential to ensure the compactness of the
actuator [10], [91]. Figure 3-8 (a) and (b) presents a commercially available electric
exoskeleton, certified for rehabilitation use, and an AFO actuated by DC motors, although it

was developed for reducing the metabolic cost of walking.
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Figure 3-8 - Exoskeletons and ankle-foot orthoses powered by the different types of actuation technologies: (a)
Ekso Exoskeleton (Ekso Bionics, USA), actuated by electric motors, (b) An autonomous AFO, powered by a DC
motor, developed by Mooney et al. to reduce the metabolic cost of human loaded walking, (c) BLEEX exoskeleton
(USA), powered by hydraulic actuator, (d) Sarcos tethered exoskeleton (also denominated XOS 2), actuated by
hydraulic actuators, (e) Lower limb orthosis designed by Takahashi et al. that uses artificial pneumatic muscles,
and (e) AFO developed by Galle et al. to reduce the metabolic cost of walking, also actuated by PMA [8]-[10].

Regarding hydraulic actuators, this type of actuation converts pressurized liquid into
mechanical torque, and are powered by pumps or valves [84], [91], [95]. The selection reasons
for the use of hydraulic transmission in orthotic devices are its high specific power, fast
response to a change in input, silent and precise actuation, impervious to dusty and wet
environments, it doesn't have exposed moving components and can have infinitely variable
backdrivability [91], [95]. On the other hand, hydraulic motors do present the disadvantage of
its dependence on non-portable pressure supplies, which are too heavy and large [91]. As a
result, this type of actuation has been limited to tethered orthotic devices with no or low
portability, which make its implementation not suitable for lightweight exoskeletons and
active orthoses developed for rehabilitation [84], [91]. Herewith, the hydraulic actuated
exoskeletons commercially available (Figure 3-8 (c) and (d)) are, mainly, designed for

augmentation of the human performance [8], [9]. Furthermore, the inefficiency is another
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fundamental limitation of hydraulic actuators, due to the high power losses in pressure drops
across hydraulic valves [91].

Pneumatic actuation can be divided into two types: pneumatic cylinders and
pneumatic muscle actuators (PMA), also known as artificial pneumatic muscle [8], [30], [91].
In both cases, pneumatic actuators incorporate a variable pressure and volume chamber to
convert a pressurized gas into mechanical torque, being powered by air compressors, via
solenoid valves [84], [91]. However, artificial pneumatic muscles have some specific
characteristics and benefits over a pneumatic cylinder, such as higher specific force
(force/weight ratio), lightweight, inherently variable compliance (similar to the human joint)
and limited maximum contraction, which ensures the actuation's safety, the softness and the
intrinsic elasticity of biological muscle. These characteristics allow for PMA to be used in
rehabilitation applications [8], [91], [94]. In addition, along with pneumatic cylinders, PMAs
also present a high specific power, provide for a quiet operation and for an inherent compliant
actuation, which is an important feature regarding actuation in orthotic devices, as it can
absorb position errors and allow impact resistance in gait events, such as heel strike [8], [84],
[91], [94].

Nevertheless, similar to the hydraulic actuation, the high inefficiency of the pneumatic
actuators is due to the power losses in pressure drops in pneumatic valves, and this type of
actuation is not portable. Additionally, the efficiency of pneumatics is worsened by the use of
compressible air, which is inherently compliant, making it difficult to efficiently compress it
[8], [91]. In the case of PMA, the non-linear and time-varying features impose a control
problem, and as a result, its control bandwidth is relatively low, compared to the hydraulic
actuation [8], [94]. After an extensive literature review, no pneumatically actuated
exoskeletons were found. On the other hand, there were a few ankle-foot orthoses that
incorporated PMA, developed both for gait rehabilitation (Figure 3-8 (e)) and for reduce of

walking metabolic cost (Figure 3-8 (f)).

3.3.2 SAFETY MECHANISMS

Safety is an essential issue that should be considered during the design of an active AFO for

rehabilitation purposes [10], [91], [96]. This requirement dictates that the actuator system
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must have a limited range of motion, in order to ensure that angular displacements are not
applied on the user’s joint, and thereby, don’t inflict harm to the patient [10], [91].

Passive metal AFOs present the simplest design of mechanical stops to restrict ankle
motion to a predetermined range [3], [96]. These mechanical ankle joints can implement a
projection on the posterior section within the joint, which limits plantarflexion (Figure 3-9 (a)),
or on the anterior section, limiting dorsiflexion motion (Figure 3-9 (b)) [96]. Moreover, the
Tamarack flexure joints are considered the most widely used thermoformable orthotic joint
for custom articulated AFOs. These joints are implemented in association with the Tamarack
plantarflexion limiter, which is an adjustable motion control option, designed to be easily

integrated into thermoplastic AFOs (Figure 3-9 (c)) [3], [97], [98].

(b) b ) —

Figure 3-9 - Ankle joint mechanical stops: (a) Plantarflexion stop, (b) dorsiflexion stop, and (c) Tamarack flexure
joint aligning the medial and lateral axes and a plantarflexion limiter kit, which limits the plantarflexion
movement due to the collision of the circled system [96], [97].

Similarly, for active AFOs, the safety is often warranted by the implementation of
mechanical limit stops on the extremities of the allowed ROM of the ankle joint [10], [34],
[91]. In addition, control algorithms are also developed towards ensuring the safety of the
actuation system, alongside with hardware design [10].

The use of limit switch as a safety feature is reported in the literature, most specifically,
in the field of upper limb orthotic devices [99], [100]. A limit switch is an electromechanical
device that operates by a physical force applied to it by an object, being used to define the
limit of travel of such object, before being stopped (Figure 3-10 (a)) [101], [102]. When the
object enters in physical contact with the actuator’s piston, its movement results in the
electrical contacts within the switch to either close or open their electrical connection,
depending on whether it’s a normally open circuit (Figure 3-10 (b)) or a normally closed circuit

(Figure 3-10 (c)), respectively [102]. The advantages of limit switches comprise the high
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accuracy and repeatability, the suitable use in almost any industrial setting, and low power
consumption. On the other hand, this type of device relies on mechanical action and,
therefore, they are used in equipment that operates at relatively low speeds. Moreover, its
mechanical design premises the mechanical wear and fatigue at which is subjected, indicating

that an eventual replacement might be needed [101], [102].

Normally Open Normally Closed
(b) Limit switch  (C) Limit Switch

Figure 3-10 - Safety mechanism based on limit switch: (a) Limit switch, (b) schematic representation of a normally
open limit switch (the physical contact with the actuator’s piston results in the closure of the circuit), and (c)
schematic representation of a normally closed limit switch, which works in opposite to the former (adapted from
[101], [102]).

3.3.3 ELECTRONIC CONTROL SYSTEMS

Alongside with the studies conducted to improve the performance of lower limb exoskeletons
and active orthoses for rehabilitation training, researchers also focused on ameliorating the
control strategies, in order to increase the overall comfort and efficiency of the orthotic device
[8], [9], [84]. Herewith, human-exoskeleton motion data acquisition and analysis, and
motion control algorithms are critical factors for ensuring that the device provides an
intelligent, effective and comfortable assistance and rehabilitation to the wearer [8], [9].

The control strategies based on the human-exoskeleton interaction that allow for the
prediction of the user motion intention have been shown to be essential for movement
rehabilitation purposes [8], [9]. Moreover, measured motion data can also be used to analyse
the motion status and gait pattern, and evaluate the motion performance of the wearer [9].
Three types of biomechanical data are generally associated with human motion: kinematic,
kinetic, and bioelectric data. The latter one can be applied to detect and assess muscle and
brain activity during walking [9], [84]. To measure each of these parameters, different types
of wearable sensors are usually incorporated into the exoskeleton or active orthosis system

(8], [9], [84].
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Kinematic data, such as body posture and joint angles, can be acquired through
sensors such as accelerometers, gyroscopes, magnetometers, an inertia measurement unit
(IMU, which is a combination of the first three sensors), goniometers, encoders, and
potentiometers [9], [84]. Accelerometers, gyroscopes, magnetometers and IMUs directly
acquire kinematic measures, such as the linear acceleration of a moving body, which can be
integrated to compute its velocity and position, angular motion, posture, and orientation of
the human segment. The first three sensors all combined form the IMU (Figure 3-11 (a)) that,
with its system consisting of 9 DOF (3 degrees for each sensor), also provides for the position
and orientation data of the body segments (Figure 3-11 (b)) [9], [84]. On the other hand,
goniometers and potentiometers' principle of work is based on the resistance proportional
change with the angle of the joint (Figure 3-11 (c), (e) and (f)). Similar to these sensors,
encoders are used to determine kinematic information indirectly, but this wearable sensor
provides data about the angular position, speed and acceleration (Figure 3-11 (d)) [84].

Kinetic data includes the information about the human joint torque, ground reaction
forces, and interaction force between the user and the exoskeleton [9], [84]. These measures
can be acquired through sensors such as force (force sensor resistor, FSR) pressure sensors,
that can be embedded in insoles and shoes (see Figure 3-11 (g) and (h)), and torque sensors

(81, [9], [84], [103].

Magnetometer

Micro Control

®

Figure 3-11 - Kinematic and kinetic sensors used in lower limb exoskeletons and AFOs: (a) IMU board integrated
with its components, (b) IMU motion tracking system developed by XSens, (c) Potentiometer, (d) Encoder
integrated in a DC motor, (e) Strain gauge goniometer with flexible connecting beam, by Pluxx, (f) Flexible
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goniometer mounted on a subject’s knee, (g) Force sensor resistive (FSR), and (h) FSR embedded in an insole
(Solemate) (adapted from [84], [103]-[107]).

Bioelectric data, such as electromyographic (EMG) signals and brain signals
(electroencephalogram, EEG) can be acquired non-invasively, with surface electrodes, or in an
invasive way through indwelling/intramuscular electrodes (for EMG) and invasive brain-
machine interface (for EEG) [9], [84]. The selection between both types of EMG sensors (Figure
3-12 (a) and (b)) depends on the properties of the target muscle and application. Therefore,
indwelling/intramuscular electrodes can reach all existing muscles and collect fewer
surrounding muscles, but this process is expensive, difficult, and painful. In the case of the
surface electrodes, although these cannot monitor deeper muscles, they are simple, cheap
and pain-free [84]. EMG and EEG signals have been extensively studied to analyse human
disabilities and rehabilitation’s progress, as well as to predict human motion intentions or to
even control wearable robots through EEG-based interface (Figure 3-12 (c)) [8], [9]. However,
these two technologies present some limitations, such as the time-consuming calibration of
the bioelectric sensors, interferences, generated by either neighbouring sensor nodes or by

different cortical areas, and noise [8], [9].

P

~—— Needle electrode

Figure 3-12 - Bioelectric sensors: (a) EMG surface electrodes, (b) EMG indwelling/intramuscular electrodes, and
(c) EEG surface electrodes [84], [108], [109].

As aforementioned, in order to ensure that the rehabilitation process is comfortable
and effective for the user, powered wearable orthotic devices need to optimize the interaction
human-machine. Herewith, these devices can integrate a hierarchical-based control system
with three levels: the high-level, mid-level and low-level control [8], [84]. As a brief
description, the high-level (perception layer) controller recognizes the user's motion
intentions and passes the information to the mid-level controller, which translates this data
to the low-level controller. This last one represents the execution layer, as it assists the user,

by sending the commands to the actuators [84]. Inside this hierarchical control framework,
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motion control strategies can be organized to supply the user with the right rehabilitation
procedure [9], [84].

The motion control strategies of exoskeletons and active AFOs in gait rehabilitation
can be generally divided into two categories: trajectory tracking and assist as needed (AAN).
The first approach uses predefined trajectories for the device's joints, which are usually
collected from healthy individuals, as control targets for the impaired user. This algorithm
presents some flaws, since the wearer is passively trained to follow a predefined trajectory
and, therefore, may decrease his/her motor learning and participation in the training. To
overcome these difficulties, the AAN strategy only supplies assistance when the wearer needs
to accomplish the training tasks. This way, the assistance is intelligently adjusted to the
patients' physical condition and efforts in the rehabilitation session, with the objective of

incentivising their voluntary participation [9].

3.3.4 ACTIVE LOWER LIMB ORTHOTIC DEVICES

Throughout the years, with special focus on the last two decades, the advances in the field of
development of exoskeletons and active AFOs for rehabilitation have been enormous [7]-[9],
[89], [90]. This is due to the progress in computer and actuation technology, that allowed for
improved human-exoskeleton systems and the device’s portability and compactness [7]-[9],
[89], [91].

Nonetheless, universities, research institutes and industrial companies have been
putting their efforts into the development of lightweight, efficient and overall user-friendly
lower limb exoskeletons and active AFOs. Herewith, several orthotic systems for gait
rehabilitation purposes have been developed, tested, and some of them even certified by the
FDA (Food and Drug Administration) or the CE (acronym from the french Conformite
Europeenne, meaning European Conformity) [7]—[10], [84], [88]-[90], [92].

This section will address lower limb exoskeletons and powered ankle-foot orthosis for
rehabilitation, which are commercially available, still in an approval phase or in a
development stage.

After a literature and market survey, the most ground-breaking and technologically
advanced lower limb exoskeletons were selected (see appendix B- Commercially available

powered lower limb exoskeletons). The same will disclose topics such as the company
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responsible for the device, target subjects, device's weight, user's maximum weight, actuation
system features (regarding the type of actuation, maximum torque and speed, and actuated
joints), control system, sensor technologies implemented, and at last the commercial state
(commercially available or research state) and its market price.

HAL-5 (Hybrid Assistive Limb) was developed by the Tsukuba University (Japan), in
collaboration with the company Cyberdyne, and is the most widely distributed mobile medical
rehabilitation exoskeleton [110], [111]. This exoskeleton comes in two versions: HAL Medical
(intended for rehabilitation purposes) and HAL Living Support (aimed at personal assistance)
[110]. HAL MLO5 Series for Medical Use (Figure 3-13 (a)) is intended for individuals who exhibit
sufficient residual motor and movement-related functions of the hip and knee to trigger and
control the exoskeleton (through EMG sensors) [112]. Furthermore, it’'s worth mentioning
that HAL for Medical Use is the only robotic medical device that is able to teach the brain how
to move the legs [111].

ReWalk was developed by ReWalk Robotics (Israel), and it was the first active
exoskeleton to be approved by the FDA and by the Australian Therapeutic Goods
Administration (TGA), in 2014. This exoskeleton was certified for both rehabilitation (ReWalk
Rehabilitation, Figure 3-13 (b)) and for assistance use (ReWalk Personal 6.0) [113], [114]. One
year later, Ekso Bionics (USA) developed Ekso GT, which was the first exoskeleton to be
approved by the FDA for recovery of patients with stroke (Figure 3-13 (c)) [115], [116]. The
same year, Indego Therapy exoskeleton (Figure 3-13 (d)) was designed by the Parker Hannifin
Corporation (USA) for clinical use in a rehabilitation setting, although a community and home
setting version was also constructed, the Indego Personal [113], [117], [118]. Currently, both
versions of Indego have a CE Mark and FDA approval, allowing it to be sold commercially in
Europe and the U.S [118], [119].

Keeogo (Figure 3-13 (e)) is a powered knee only exoskeleton, designed by B-TEMIA
(Canada) for medical applications such as rehabilitative training at a Keeogo certified clinic,
and day to day life use [120]. In addition, it’s important to clarify that the device is built for
individuals who have a lack of endurance while walking and reduced muscle strength, due to
conditions such as stroke [113], [120], [121].

In 2016, HANK exoskeleton was developed by GOGOA Mobility Robots (Spain), and is
the premiere lower body rehabilitation exoskeleton designed and manufactured in the

European Union. It is also the first European company to have received a CE marking which
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enabled the certified clinical use. Nonetheless, this powered exoskeleton comes in both a
rehabilitation and personal use version (Figure 3-13 (f)) [122]—-[125]. In the same year, Rex
Bionics (New Zealand) designed REX, which is the first commercial powered exoskeleton that
enables the movement in individuals with complete spinal cord paralysis, existing two
versions: REX for Clinical Use and REX P for Personal Use [113], [126], [127]. Each leg of REX
for Clinical Use has five degrees of freedom: two for each ankle and the hip, and one for the
knee, which makes it the only rehabilitation exoskeleton found with two DOF at the ankle joint
(Figure 3-13 (g)) [90].

Finally, Exo-H2 (Technaid, Spain) is a lower limb robotic designed to aid the restoration
of the walking ability in subjects that have lost the capacity to do so (Figure 3-13 (h)) [83],
[128]. At the time of this dissertation, Exo-H2 is approved by the AEMPS (Spanish Agency of

Medicines and Health Products) for investigation purposes.

(9)

Figure 3-13 - Commercially available lower limb exoskeletons: (a) HAL for Medical Use, Series MLO5 (Cyberdyne);
(b) ReWalk Rehabilitation (ReWalk Robotics); (c) Ekso GT (Ekso Bionics); (d) Indego Therapy (Parker Hannifin
Corporation); (e) Keeogo (B-TEMIA); (f) HANK (GOGOA Mobility Robots); (g) REX for Clinical Use (Rex Bionics); (h)
Exo-H2 (Technaid) [83], [111], [113], [124].
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In addition to the lower limb exoskeletons, a review of the AFOs developed to aid
individuals with paretic ankle and help them during the rehabilitation process was conducted.
In the appendix C-Active ankle-foot orthoses for rehabilitation still in a development stage
of this thesis is presented a table with the technical characteristics of each AFO collected in
the literature, such as its actuation system, maximum applied torque, the sensory system
implemented, and if it’s a tethered or untethered technology [7], [10], [129]—-[131].

All of the AFOs presented in the aforementioned table are still being submitted to
clinical tests to validate its effectiveness and, thus, no commercially available AFO was
reported in the literature. As a summary of the collected orthoses, Ferris et al. and Takahashi
et al. were the only ones to incorporate PMAs in their AFO’s actuation system, whereas the
remainders opted for the actuation based on DC motors associated with mechanical and
electrical components, such as SEA (AFO by Blaya et al.), servomotor (AnkleRobot by Yeung
et al.), and robotic tendon actuator, in the case of the AFO by Boehler et al. and Ward et al.

[7], [10], [30], [129]-[133]. The presented AFOs are illustrated in Figure 3-14 (a) to (f).

-l »
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Figure 3-14 - Active AFOs: (a) MIT active AFO actuated by a series elastic actuator (SEA) and developed by Blaya
et al. [130]; (b) Arizona State AFO powered by a robotic tendon actuator (Boehler et al.) [134]; (c) Powered AFO
developed by Ward et al., actuated by a robotic tendon [133]; (d) Michigan ankle orthosis (designed by Ferris et
al.) powered by artificial pneumatic muscles [135]; (e) AnkleRobot, developed by Yeung et al., actuated by a
servomotor [129]; (f) The neuromechanics-based AFO developed by Takahashi et al. [132].
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3.4 ORTHOSES ARTICULATION COMPLIANCE

This section focuses on the features implemented on the ankle joint of AFOs to ensure an
articulation compliance. This is a crucial factor on the design process of an AFO for
rehabilitation since it minimizes phenomena such as the misalighment between the device
and the patient. After an extensive literature research, self-alignment mechanisms and

multiple degrees of freedom AFOs are presented.

3.4.1 SELF-ALIGNMENT MECHANISMS

One of the critical problems conventional exoskeletons face is the misalignment occurring
between the orthosis and the human joint [136]-[141]. Misalignment of the joints axes causes
detrimental parasitic forces on the patient at the attachment points and at the joints, which
can reach up to 250 N and torques up to 1.46 Nm [140], [141]. These forces can cause
discomfort, pain or even long term injury due to repetitive use, which jeopardizes the usability
of the orthotic device [136], [137], [140], [141]. Furthermore and most crucially, axis
misalignments promotes compensatory movements that can inhibit rehabilitation of the user
[140]. Hereupon, in order for exoskeletons and orthotic devices to function correctly, is
imperative that the design ensures correspondence of the device axes with the anatomical
axes of the human joint [137], [140], [142].

Misalignments occur since (i) human joints have complex kinematics and cannot be
modelled as simple revolute joints; (ii) the exact location of human joints cannot be
determined from the outside without imaging devices and (iii) placement of the human limb
in the orthotic device changes from a therapy session to another. Therefore, the device always
requires adjustments [137], [140].

Over the years, many orthoses that can perform complex joint movement of the lower
limbs have been proposed [136], [139]-[141]. However, mechanisms with the ability to self-
align have been more focused on the knee joint than on the ankle joint. Nevertheless, in this
section are briefly presented two self-aligning mechanisms for the knee joint and one for the
ankle joint, which have been developed for orthotic devices.

Ergin et al. presented a device for robot-assisted rehabilitation that accommodates

transitional movements of the knee joint on the sagittal plane and its rotation. The authors
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claim that the results indicate the mechanism is adjustable and it’s a good candidate to assist
performing knee rehabilitation exercises, although the prototype dimensions are not
optimized to minimize the footprint of the robot [139].

Choi et al. introduced a novel compact self-aligning knee mechanism for walking
assistance devices in order to provide help for the flexion/extension of the knee joint [136].
This system has been integrated in an innovative wearable robot, the Samsung-Assist device
Lower-limb type (S-Assist L-type). This device compensates the centre of rotation by adding
two redundant DOF to the one DOF revolute joint, having the advantage that the mechanism
can perform the motion of the joint without individual deviation relative to the body, which
satisfies the wearers that feel minimum resistance during motion [136], [143].

Erdogan et al. presented a reconfigurable, powered exoskeleton for ankle
rehabilitation, the AssistOn-Ankle. This device features reconfigurable parallel mechanism for
delivery of both range of motion/strengthening and balance/proprioception exercises. The
former mechanism is a self-aligning mechanism, useful to cover the whole ROM of the human
ankle in an ergonomic manner and for strengthening exercises. On the other hand, the
mechanism responsible for balance/proprioception exercises supports the human weight and

adjusts the torques transferred to the ankle joint [144].

Figure 3-15 — Self-alignment mechanism incorporated in lower limb orthotic devices: (a) Prototype of the
mechanism incorporated in the knee joint, developed by Ergin et al. (2011); (b) Mechanism for the S-Assist knee
joint, designed by Choi et al. (2016), and (c) Prototype of AssistOn-Ankle device, developed by Erdogan et al.
(2016) [136], [139], [144].

3.4.2 MULTIPLE DEGREES OF FREEDOM AFOs

In Section 2.1, the complex biomechanics of the ankle joint was acknowledged by addressing
its motion around the three anatomical planes, and the deviation of the axes of rotation.

However, as mentioned in the previous section, the ankle joint of rehabilitative orthotic
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devices is often designed as a simple revolute joint, considering solely the tibiotalar joint, and
restricting the motion provided by the subtalar joint [137], [140], [145]—-[148].

The inversion/eversion motion in current developed AFOs is often accommodated only
through the flexibility of the material. In addition, regarding the exoskeletons reviewed in this
dissertation, only one did implement a two degree of freedom ankle joint (REX exoskeleton,
see appendix B-Commercially available powered lower limb exoskeletons for rehabilitation).
This limitation in normal ankle motion of the subtalar joint does not ensure a natural motion
to the ankle, and even adds to the discomfort of wearing the device [146]-[148]. Moreover,
the rehabilitation process might be jeopardized once the user does not strengthen the motion
around the frontal plane [146], [147].

Over the last two decades, there has been an eagerness to study and develop AFOs
that would enhance anatomical conformity, by ensuring an anthropomorphic design with
biomimetic features. After an extensive literature review, several studies that proposed
multiple DOF AFOs were found [145]—-[150]. The present dissertation will disclose three
published studies that proposed the development and validation of two DOF AFOs, and one
study presented the design of a three DOF AFO for rehabilitation training [145], [147]—-[150].

Agrawal et al. proposed an AFO with two degrees of freedom, corresponding to the
motions of dorsiflexion/plantarflexion and inversion/eversion. The motion in the sagittal
plane is actively controlled by a servomotor, and the frontal plane motion is passive with a
torsion spring and a damper. The orientation of each joint axis is fixed according to the
anthropometric data of the human ankle. This orthosis is set to assist subjects with ankle
dorsiflexors’ weakness and the authors claim that the prototype AFO with the subtalar joint
(P/S Axis represented in Figure 3-16 (a)) would introduce a greater functionality over current
marketed devices [148], [149].

Zhang et al. designed a quasi-passive three DOF AFO, which is proposed to be used in
medical institutions for rehabilitation training to improve ankle lesions. The device’s main
ankle motion mode is the dorsi- and plantarflexion movement (DF and PF, respectively),
accompanied by minimal motions of the other two DOF (internal/external rotation and
inversion/eversion, see Figure 3-16 (b)). The transmission method involves the combination
of a DC motor, an electromagnetic clutch, ball screw, a spring and steel wire, which is pulled

to propel the wearer along with the release of spring energy. The authors claim that the
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orthosis can warrant low energy consumption and ankle dynamic characteristics similar to

those of a natural gait [150].

Quick closure

Figure 3-16 — Multiple degree of freedom ankle-foot orthoses developed over the years: (a) Two DoF AFO for
robotic rehabilitation, designed by Agrawal et al. (2005); (b) Quasi-passive three DoF AFO developed by Zhang et
al. (2015), where IR and ER mean Internal and External Rotation, respectively (adapted from [149], [150].

Ranaweera et al. proposed in their study a two-degrees of freedom AFO with an
anthropomorphic design to minimize mechanical interferences between the user ankle and
the orthosis. The authors incorporated biomimetic features, such as a pair of helical spring,
introduced on both sides of the joint to imitate the ligaments of the human ankle joint
complex (Figure 3-17 (a)). These springs help maintain the foot unit at a neutral position by
restricting the motion range for Inversion/eversion through the maximum spring compression
(Figure 3-17 (b)). The range of motion is set by the definition of the link lengths and spring
heights. Moreover, the ankle unit supports PF and DF about a hinged joint, where the axis of
rotation is aligned accurately to the tibiotalar (or talocrural) axis of human ankle, and,
throughout the movement, the same unit is able to adjust its centre of rotation. The
evaluation of the AFO system revealed its effectiveness in meeting the complex kinematics of

the human ankle joint [145].
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Figure 3-17 — CAD model of the two-degrees of freedom AFO developed by Ranaweera et al. (2019): (a) Anterior
view of the ankle unit’s mechanism; and (b) Range of motion of the ankle unit for plantarflexion and dorsiflexion
and inversion and eversion (orthosis in supination mode, meaning PF + In + IR) [145].

Finally, Choi et al. developed a two DOF powered AFO that incorporated the tibiotalar
and subtalar joints. The orthosis is actuated by two pneumatic artificial muscle, a longer and
a shorter one, being the former responsible for the help of plantarflexion and inversion
movement, and the latter aids the plantarflexion and eversion motion, imitating the fibularis
longus muscle (see Figure 3-18 (a) and (b)). The authors of the paper state that the addition
of a subtalar joint not only minimizes the dislocation of the human ankle relative to the AFO
(misalignment) but also has a great advantage in rehabilitation that emphasizes balanced

walking, claiming that is a crucial help for stroke patients [147].

PartC

PartB

(a) subtalar jointi

Figure 3-18 - Pneumatic actuated AFO with two degrees of freedom, developed by Choi et al. (2019): (a) Model
of the proposed AFO, being the bolded arrows the force direction applied by the PAMs. Part A is the structure
surrounding the calcaneus and foot, part C surrounds the calf and thigh, and part B is the part that connects to
part A and C to form the subtalar joint and the tibiotalar (or talocrural) joint, respectively [147].
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3.5 USER-ORTHOSIS ATTACHMENT SYSTEM

In the previous sections, it was discussed the crucial domains of the development of a
wearable active lower limb orthotic device, such as the actuation system and the human-
device interface. However, a third aspect of an active AFO development is also tremendously
important: the design of its structure. The design of the wearable orthosis can comprise the
3D drawing of its geometrical shape, the selection of the material that will compose it, as well
as the production method chosen to manufacture the system [151], [152]. Herewith, the
present section will explore different designs of the structure that couples the orthotic device
to the user’s leg. Furthermore, it will be disclosed the various materials selected to constitute
the device, as well as the production method that can be chosen to manufacture the

prototype.

3.5.1 DESIGN OF THE GEOMETRICAL SHAPE

When providing a patient with an orthosis oriented for the lower limb, both the design team
and the orthotist must have a fundamental understanding of the biomechanical principles
inherent to the development of an orthotic device. There are three biomechanical principles
essential to the design of an orthosis, reported in the literature: the three-point force
systems, total contact, and kinaesthetic reminders. These key points are often used in
combination to achieve the clinical objectives of a lower extremity orthotic device, such as the
management and compensation of deformities and abnormal neuromuscular function. These
objectives are always required in the association with the protection of the tissues and healing
promotion [153].

A three-point force system is used to change the alignment of a joint through the
application of two forces working in opposition to a counterforce. The main goal of this system
is to help manage the deformities of the joint, by limiting the motion around the joint axes
[151], [153]. Furthermore, total contact of the device should be taken into account in order
to distribute the forces more evenly over the user’s lower leg. This biomechanical principle is
crucial to warrant that pressures are kept in reasonable magnitudes and thus ensuring that
tolerable and safe tensions are experienced by the patient’s soft tissues [153]. At last, another
important issue concerning the design of an orthosis is the kinaesthetic reminder, which will

be addressed in Section 3.5.2 [153]-[155].
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The geometrical shape of the shank structure or the overall AFO (in case of a passive
plastic ankle orthosis) can be drawn by using CAD (Computer Aided Design) software, such as
SolidWorks. Various designs of AFQ’s structure have been reported in the literature, regarding
devices that are still in a research phase and commercially available orthoses. However, two
types of AFOs designs stand out from the literature survey: the anterior and posterior AFOs
(A-AFO and P-AFO, respectively) [156]—-[159]. These types concern mostly passive plastic AFOs,
being the posterior leaf spring (Figure 3-4, Section 3.2) the most commonly used and
prescribed to individuals with gait disorders, such as hemiplegia [156], [157]. The difference
of walking performance regarding the use of an A-AFO or a P-AFO by individuals with drop
foot has been studied [156]—[158].

Park et al. reported that A-AFOs were less effective in maintaining ankle dorsiflexion
in the sagittal plane during the swing phase when compared to P-AFOs [158]. Furthermore,
another study of the kinematic features of rear-foot motion (shank-calcaneus rotation angle)
during hemiplegic gait using A-AFOs and P-AFOs claimed that the latter is better than the A-
AFOs in enhancing rear-foot dorsiflexion during a gait cycle. However, anterior AFOs did
reduce rear-foot inversion in both stance and swing phase, while posterior AFO only
decreased it in the swing phase [156].

On the other hand, more recently, a study has been conducted to compare walking
energy cost between the use of the two types of AFOs in people with drop foot. This
assessment reported that anterior AFOs resulted in lower energy costs of walking, meaning
that A-AFOs may enable people with drop foot to walk further with less physical effort
relatively to walking with P-AFOs. Additionally, the study showed that walking speed and step
length were significantly higher while using A-AFOs compared to using P-AFOs [157]. Lastly,
alongside the study conducted by Park et al., it was concluded that the level of perceived
comfort was significantly higher when walking with an A-AFO compared with a P-AFO [157],
[158]. The comfort is a crucial aspect to enhance people’s willingness to use a certain AFO,
being more important than the effect of the device on gait and balance [157]. In conclusion,
studies show that A-AFOs are more comfortable and, therefore, more likely to improve
compliance and walking ability than P-AFOs [157], [158]. The following section presents some

examples of both types of AFO designs.
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3.5.2 MATERIALS

Another highly important AFO’s design parameter is the material selected to compose the
device’s structure [151], [152]. Mechanical properties such as durability, fatigue strength,
corrosion and fatigue resistance and weight depend on the material type selected. Hence, an
ideal AFO design should implement lightweight materials to ensure that the final product is
easy to use, durable, cosmetic, resistant against environmental effects, and to warrant a
reasonable cost and an adequate production time [129], [151]. Metal, plastics, synthetic
fabrics and composites are the most common materials used for AFO manufacture [96], [151],
[152]. In addition, the choice of the material is a determining factor for the manufacturing cost
of the AFO [151].

Before the advent of plastics, ankle-foot orthoses were composed by steel or
aluminium with leather accessories. These AFOs included a steel shoe attachment (also
denominated stirrup), ankle joints with a single axis, uprights, and a calf band, also made of a
metal or plastic, with a closure leather strap (Figure 3-19 (a)) [96], [152]. The high mass density
of metals is counterpointed with its advantageous mechanical properties such as the
durability (fatigue resistance), corrosion resistance, and high tensile strength [34], [96], [151],
[152].

Plastic AFOs are preferred when compared to metal orthosis, because they are lighter,
easy to maintain, more appealing to the user, and they can be more easily casted, moulded or
extruded [96], [151], [152]. Plastics include thermoplastics and thermosetting plastics, which
are differentiated based on each one’s reaction to the application of heat [152], [160]. The
most commonly used thermoplastics in orthopaedic appliances are polyethylene (PE), more
specifically high-density PE (HDPE), PE foam plus ethylene-vinyl acetate (EVA), polyamide (PA),
acrylonitrile butadiene styrene (ABS) and polypropylene (PP) (Figure 3-19 (b)) [152]. On the
other hand, epoxy resin, unsaturated polyester resin and acrylic resins are examples of
thermoset plastic that may be used in the orthotic field, as they warrant excellent strength
and temperature-resistance [151], [152], [160]. The main disadvantages of using plastic in
orthopaedic applications are its low tensile strength and ductility (which results in parts that
require designs with higher thickness) [160].

Cushioning of the AFO structure (such as the shank structure) is another important

aspect of the design process, as it contributes deeply to the comfort of the final product [152],
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[153]. Both thermoplastic and thermosetting materials can be used to produce an expanding
foam structure, which can be applied to the interface to protect the wearer’s skin from the
device. Materials such as PE with EVA, and elastomers, e.g. neoprene rubber, soft
polyurethane (PUR) foam and silicone are used nowadays as padding of AFOs to provide
comfort, as well as shock attenuation (Figure 3-19 (c)) [152]. As aforementioned, kinaesthetic
reminder is one of the biomechanical principles that deals with the sensation of wearing the
device. This concept refers to the sensation of being in physical contact with the orthosis
which might also contribute to the achievement of an intended function [153]—[155].

Synthetic fabrics can be classified as being polymeric-base or mineral-base. The former
include polyester and polyamide fibres (commonly known as nylon) and the mineral-base
fibres comprise fiberglass and carbon fibre [152]. In regard to the latter synthetic fibres, these
materials have gained more attention over the last two decades, especially when applied in
fibre-reinforced plastics (FRPs), forming composites [96], [152], [161]. Composites provide an
enhanced strength, at the level of both compressive and flexural stresses, and stiffness to the
materials, being carbon fibre reinforced plastics (CFRP) widely selected for the manufacture
of the orthotics’ frame or structure (Figure 3-19 (c) and (d)) [9], [34], [129], [151], [152], [161],
[162].

Figure 3-19 - AFOs composed by different materials: (a) metal and leather AFO; (b) passive posterior AFO
composed by polypropylene; (c) Matrix Max with an anterior carbon composite frame and neoprene paddings
to ensure a soft interface between the orthosis and the tibial crest, (d) Nexgear Tango ankle joint inserted in an
anterior shank frame constituted by carbon-fibre composite and carbon-fibreglass webbing, and (e) construction
of an knee-ankle-foot orthosis (KAFO) using prepreg carbon fibre technology [163]-[167].

3.5.3 PRODUCTION METHOD

New designs and new materials lead to the development of new manufacturing methods

[151]. The most commonly used manufacture processes used in the field of orthotics are
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thermoforming, additive manufacturing (commonly known as 3D printing) and resin pre-
impregnated fabrics (or prepreg). The former is the process in which a thermoplastic sheet is
heated to its softning temperature, and then forced against the contours of a positive mould.
Orthotics companies resort to thermoforming method to manufacture passive thermoplastic
AFOs, which usually is personalized to the users, but can also be prefabricated [151], [168].
Vacuum moulding technique is reported to be the conventional manufacturing process
regarding personalized ankle-foot orthoses. This technique comprises the leg moulding
process and the AFO production phases, and it faces a few challenges, such as the long
manufacture time, limited design flexibility, consistency of the quality relying on orthotists’
skills, and the requirement of multiple clinical visit of the patient [151], [152], [168]—-[170].

Additive manufacturing (AM) or 3D-Printing, is a technique that provides a digitalized
platform (CAD software) for designing and manufacturing solid parts from digital files and has
become the medium of a new technological revolution in the medical field, which includes the
development of personalized AFOs [151], [152], [168], [169], [171]. In comparison with the
conventional manufacture technique of AFOs, 3D-printing presents a vast number of
advantages, such as the increased flexibility in design (as all the information is digitalized in a
software), higher dimensional accuracy, reduced labour-intensity, fabrication time (it takes
about a full day), and waste of material. Additionally, AM allows the reduction of clinic visits,
saving patients’ time, the repeatability of the manufacture, and the improvement of the
overall performance of the personalized AFO [151], [168], [169], [171].

Prepreg technology is a method of processing that consists in impregnating base
materials, such as carbon fibres, with epoxy resins, being the most preferable for orthotic
applications, since it’s easier to work with and generates lightweight materials [152], [167],
[172].

Although the aforementioned technologies are the most used in orthotic laboratories,
this section will explore more specifically the production method used in Orthos XXI:

Computer Numerical Control (CNC) machining.

3.5.3.1 ComPUTER NUMERICALLY CONTROLLED MIACHINING

CNC Machining (Computer Numerical Control) is a manufacturing process where computers

run programs that control how the machines will manufacture the desired product [173]—
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[177]. The implementation of this technology in industrial factories dates back to the 40s and
50s, when these machines were just NC (Numerical Control) and incorporated motors that
moved based on the information input given via punched tape, in which the code was
manually punched into data cards. However, once the programming languages started to
emerge, these instruments of manufacture evolved to CNC machines, which are fully
automated and driven by digital files with the cutting trajectories and tooling’s instructions
[173]-[175], [177].

The CNC machining process starts with the design of the parts in a CAD (Computer-
aided Design) software (Figure 3-20 (a)), in which the necessary technical specifications, such
as dimensions and geometries, are defined. The next stage involves the conversion of the CAD
file into a CAM (Computer-aided Manufacturing) software, which will extract the part’s
geometry information and create the digital programming code that controls the CNC machine
(Figure 3-20 (b)). Geometric code, referred to as G-code, and Machine or Miscellaneous code,
also known as M-code are the two most well-known CNC programming languages. The former
is used to tell a machine when, where, and how to move, determining the movement, voltage
and speed of the cutting heads. On the other hand, M-code controls the auxiliary functions of
the machine, such as use of coolant, tool change, program stops, amongst other tasks. Once
the CNC program is generated, the next step is to prepare the CNC machine for operation,
which includes the affixation of the workpiece directly into the machine and the attachment
of the required tooling used to remove the material from the workpiece (Figure 3-20 (c)).
Lastly, the final step is to run the CNC program that instructs the CNC machine to execute the
necessary machine operation in order to produce the desired product (Figure 3-20 (d), (e), and
(f)) [173], [177]. This process is suitable for a wide range of materials, including metals,
plastics, wood, glass, foam, and composites [173], [175], [177]. Moreover, CNC machining
finds application in a variety of industries, such as aerospace, electrical, industrial machinery,
clothing, automotive, and product design, which includes the fabrication of medical products,

with special focus on the orthotics and prosthetics field [173], [175]-[178].
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Figure 3-20 - Computer Numerical Control (CNC) Machining: (a) CAD software used for the design of the desired
part; (b) CAM software to create a digital programming code for posterior control of the machine; (c) Preparation
of the CNC machine; (d) CNC Milling; (e) CNC Electrochemical deburring; and (f) CNC Laser cutting machine
(adapted from [175], [177], [179]-[181]).

There are many different types of CNC machines defined according to the machining
technologies used to remove the material from the workpiece, including mechanical,
chemical, electrical, and thermal machining. Mechanical CNC machining operations
comprises CNC Milling (Figure 3-20 (d)), CNC Lathing or Turning, CNC Drilling, and waterjet
cutting. Furthermore, chemical machining processes include chemical milling, and engraving;
electrical machining includes the electrochemical deburring (Figure 3-20 (e)) and grinding;
and, finally, thermal machining operations comprise Electron Beam machining, CNC Lasers
(most typically used on sheet metal, as seen in Figure 3-20 (f)), Plasma Arc cutting, and
Electronic Discharged Machines (EDM).

In addition, CNC machines can be characterized based on the directions the cutting
tools can move: 2.5, 3, 4, and 5 axis. The 2.5 axis cutter is able to remove material from the
workpiece not only in the X and Y axes, but also in the Z axis. However, these types of machines
cannot perform simultaneous movements on the three axes (only 2 axes together), making it
a more limited technology than full three-axis CNC machine. In contrast, three-axis machines

can move simultaneously on the X, Y and Z planes, which most free-form surfaces require. For
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more complex parts, four and five-axis CNC machines are available as they include the
aforementioned degrees of freedom, plus one and two rotary axis movement, respectively
[174], [175].

Regarding the orthotic field, three-axis CNC milling machines are the most
represented machines, while machines with five DOF are rarely encountered in orthotic
practice. The reason for this is that CNC machine tools are most commonly used to produce
foot orthoses, primarily orthopaedic insoles (Figure 3-21 (a)), whereby three-axis CNC
machines satisfies most of the requirements with high degree of completeness. Nonetheless,
it has been reported the application of five-axis CNC machining in the medical field, for the
manufacture of body moulds and dentures in dentistry (Figure 3-21 (b)). Such systems enable
a more functional formation of a continuous surface and complex shapes that resemble a

certain part of the body [178].

Figure 3-21 - CNC Machining applied in the orthotics field: (a) Moulds for foot orthoses production; and (b) Four-
axis milling CNC machine used in a spinal orthosis mould production [178].
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In this chapter, the development of a conceptual solution for an adaptable wearable
active orthosis for powered ankle joint assistance in the sagittal plane is discussed and
presented. For this purpose, the design process includes a series of design methods or
tools that aid the designer in the concretization of the project: the objectives tree method,
the function analysis method, the performance specification method, the morphological
chart method and, finally, the weighted objectives method.

The following sections will explore each of these design methods, in order to
achieve the main objective that is to develop a final solution that culminates all the

requirements projected for the SmartOs ankle orthosis.

4.1 THE OBIJECTIVE TREE METHOD

The objective tree method consists in the formulation of the objectives in a diagrammatic
form, which elucidates the relation between different objectives. This tool is useful to
clarify the objectives of the project and to reach an agreement between clients and
members of the design team [182], [183]. To draw a complete tree diagram, one must
prepare a list of design objectives collected from the literature review and the discussion
with the design team, organise the list into sets of higher-level and lower-level objectives,
and finally draw a diagrammatic tree showing the hierarchical relationships and
interconnection between the objectives and sub-objectives. Worth noting that each
connecting link indicates that a lower-level objective is a means of achieving the higher-
level objective to which it’s linked. The tree diagram represents a perception of the
project’s problem structure, being its main aim to make the design objectives more
explicit and shed light on how a higher-level objective might be achieved and why a lower-
level objective is included [182].

Concerning the presented SmartOs project, the main objective is the design of an
adjustable, stable and wearable ankle-foot orthosis, that enables gait rehabilitation in
post-stroke patients. From this point forward, a set of objectives were established and

these were interconnected with sub-objectives, which represent the means to achieve
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the formers. The following Figure 4-1 illustrates the objectives tree of the design of the

project’s AFO.
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Figure 4-1 - Objectives Tree of the design of the SmartOs ankle-foot orthosis for gait rehabilitation of post-
stroke patients.

In order to develop an adjustable, stable and wearable ankle-foot orthosis for
rehabilitation of the ambulation capabilities of a stroke survivors, four higher-level
objectives were proposed: comfort, adaptability, functionality and safety/reliability. Then,
a set of lower-level objectives were established as ways of achieving each of the four
objectives. Next, a brief description of each objective and sub-objective is presented:

Comfort: Due to the fact that the AFO is meant to be used in rehabilitation sessions
which can last for several minutes, by individuals with impaired gait whose main aim is to
restore the ambulation ability, the comfort of the device is of extreme importance. In

order to achieve this objective, the designer must consider the shank and foot structure
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that couples the orthosis to the user and its adjustability to their anthropometric

dimensions.

©)

o

Shank/Foot structures: To ensure the comfort of the AFO to the

patient, the device must connect to the shank or leg, and the foot
of the user in a way that allows for a compliant use. For this sub-
objective, it's important to consider the materials of which the
structures are composed and the fabrication method (3D printing,
thermoforming or CNC machining). Moreover, the biomechanical
principles adressed should be taken into consideration as well.

Adjustability: Another aspect of the AFQ’s design that is relevant for
the wuser’'s comfort is its adjustability to the different
anthropometric dimensions of each patient that enters a
rehabilitation session. Hence, the orthosis’s structures must
implement systems that allow the user to adjust the AFO to their

shank’s height and width, and their ankle height.

Adaptability: The device must adapt to the user condition and must be easy for

the patient to adapt to the device. Consequently, the AFO should warrant proper function,

be intuitive for the user, allow the easy setting to the lower limb and must be switchable

to each patient’s impaired limb.

o

o

Proper function: In order to achieve a successful gait rehabilitation

after a stroke, the users must be submitted to exercises that mimic
the human gait movement. For this purpose, the device should
incorporate an electronic/mechanical system that enables the
compliant and right function of the human ankle. Furthermore, the
orthosis must implement a design that prevents robotic gait,
contributing as well for the gait mimetism, mentioned later on.
Intuitive use: Like any other electronic device, the active AFO should
be intuitive, easy for the user to learn and adapt to.

Easy setting: The setting and fitting of the AFO must be executed by

the user with the help of the therapist. Herewith, this task should
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be easily carried out in a relatively short time, so that the
rehabilitation session’s time is fully optimized.

Switchability: One of the requirements concerning the use of a
lower limb orthotic device for gait rehabilitation is that users with
impairment on different sides (left or right one) can use the same
device. Hence, the AFO must include a system that allows its setting
on both the right and left leg, enabling gait restoration on a vast

community of stroke survivors.

Functionality: Another one of the main objectives of the SmartOs project is to

develop an active AFO that can perform its function of gait restoration in post-stroke

patients in the best possible way. To achieve this objective, the gait mimetism function of

the system incorporating the AFO, as well as its weight, ergonomy and stability must be

considered in the design process.

(@]

o

Gait mimetism: The device should mimic the human ankle

movement during a gait cycle in such a way that the user is able to
perform the dorsi-/plantarflexion and in-/eversion movement while
walking on a horizontal or inclined plane. Therefore, the AFO should
provide for the correct kinematic and kinetic assistance, meaning
that the range of angles and torque provided must be in accordance
with the biomechanical information about the healthy and impaired
human ankle. Having these aspects in consideration helps the
rehabilitation process, and thus aids the AFQO’s users regain their
quality of life.

Lightweight: For the purpose of optimizing the energy consumption
of the user throughout the rehabilitation session, the AFO should
be as lightweight as possible. This sub-objective is a way to achieve
the functionality of the device since it allows for a more efficient
and less tiresome walking process. Hence, the materials selected to
constitute the AFO’s shank and foot structure and the overall design

must gurantee its weightlessness.
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o Ergonomy: In order to achieve a fluid walk, the user must be
provided of an ergonomic AFO, with a structural design that enables
comfort and compliance.

o Stability: Drag phenomena of the AFQO’s foot during a gait session
must be avoided, in order to prevent the feeling of discomfort on
behalf of the user. Furthermore, the alignment between its
articulation and the patient’s anatomical axis of the ankle is highly
important when it comes to ensuring the stability of the patient’s

ankle and rehabilitation success.

Safety/Reliability: The final key objective of the AFQ’s design is to warrant the
safety of the device use and the reliability of the components that compose its structure.
This is attained through the study and analysis of the mechanical strength of the materials
selected for the AFO and through the incorporation of a safety mechanism.

o Mechanical strength: The selected materials that will compose the

shank and foot structure of the AFO must ensure a mechanical
resistance to fracture and strain so that the user feels safe and
comfortable during the gait rehabilitation sessions. For this, a Factor
of Safety must be defined for the whole device, in order to validate
it in congruence with the stablished value.

o Safety mechanism: To warrant that the kinematic range of the

AFQ’s articulation is in consonance with the biomechanics of the
human ankle, and to prevent excessive angular movements, a

safety mechanism should be integrated into the AFQ’s articulation.

4.2 THE FUNCTION ANALYSIS METHOD

Design problems can have different levels of generality or detail, being that the level at
which this problem is addressed by the design team is crucial. Herewith, it can be useful
for the design team to consider the problem level at which is to work, and the essential
functions that a solution type will be required to satisfy. This way facilitates the

development of alternative solution proposals that fulfil the functional requirements.
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Thus, the function analysis method represents a means of considering and indicate the
essential functions that the final product should satisfy, and establish the problem level,
by implementing a boundary around these functions [182].

The purpose of the function analysis method is to concentrate on what has to be
achieved by the design, and not how it’s to be achieved. Hence, the designer must express
the overall function for the design in terms of the conversion of inputs into desired
outputs, through a simple “black box”. Inside this box, the fundamental purpose of the
product or device must be clarified. The overall function is then broken down into a set of
essential sub-functions, interconnected to each other and the inputs and outputs, in order
to achieve a feasible, working system. The “black box” is made transparent so that the
sub-functions and its interconnections are clear, and a system boundary that sets the
functional limits for the device is defined [182].

As aforementioned, the main goal of the SmartOs project and this master
dissertation is the design of an adjustable, stable and wearable active AFO that allows the
gait rehabilitation of post-stroke patients. Thus, the device to be designed must convert
the input (a patient with drop foot) into the output (the same patient with a stable and
comfortable gait). Figure 4-2 represents the “black box” containing the overall function of
this project.

Black box

Integration of an
adjustable, stable

Patient with a
stable and
comfortable gait

Patient with drop
foot

»

and wearable
active AFO

Figure 4-2 — Black box with the overall function of the SmartOs project, which is to convert the input “Patient
with drop foot” into the output “Patient with a stable and comfortable gait, through the integration of an
adjustable, stable and wearable active AFO.

Once the overall function of the project is established, the sub-functions that
comprise all the tasks inside the “black box” are defined. A block diagram consists of all
these sub-functions linked together by their inputs and outputs, to warrant the overall
function of the device that is being designed. This block diagram is called “transparent
box” and it sets the boundary of the system, defining the functional limit for the product

which is mandatory to ensure its feasibility. Figure 4-3 represents the “transparent box”
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of the present project, containing the sub-functions associated with the design of the

SmartOs device.

Transparent box
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drop foot

the AFO

Adjust to
patient leg’s
height

+

Fasten the
AFO

—

Adjust and
fix to patient

Enable active

assistance on

the sagittal
plane

Stahilize the
gait

Patient with
stable and
comfortable
gait

leg’s width

Adjust to
—W patient

ankle's height

Energy

Figure 4-3 — Transparent box of the SmartOs project, containing the sub-functions associated with the
design of the proposed rehabilitation device.

The patient who suffered a stroke, which jeopardized his/her ability to walk, and
starts a gait rehabilitation procedure must, firstly, couple the AFO to the leg. This AFO is
composed by materials that must warrant the safety, comfort and compliance during the
rehabilitation sessions. After the coupling of the device on the impaired foot (left or right)
it must be adjusted to the patient leg’s height, fasten to the desired height that suits the
patient, and width. Lastly, the foot structure of the AFO must adjust to the patient ankle’s
height.

The adjustment sub-functions are essential to ensure the proper alignment of the
AFO to the patient’s anthropometric features while preventing vertical calf band travel or
pistoning (proximal/distal sliding of the AFO’s shank structure on the leg), which results in
shear forces that may compromise the integrity of the skin and the success of the
rehabilitation process [5]. Morever, the adjustment of the foot structure to the user
ankle’s height is crucial to ensure the alignment between the axes of the device and the
user, before the start of the gait therapy.

Once the gait rehabilitation session is initiated, the AFO must enable active

assistance to the ankle joint, during the performance of dorsiflexion and plantarflexion
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movements (sagittal plane motion). This sub-function is possible through the
incorporation of an actuator on the device’s articulation. Herewith, energy (which can be
pneumatic, hydraulic or electrical energy) is a necessary input to the mentioned sub-
function. In association with the ankle movement assistance, the patient’s gait should be
stabilized as much as possible, which implies that the user’s ankle axis is in conformity
with the AFO axis during walking, in order to avoid axis misalignments that promote
detrimental parasitic forces and compensatory movements that cause discomfort and
inhibit rehabilitation, respectively. Finally, all of these sub-functions must culminate in the

crucial output of providing the rehabilitation patient a stable, safe and comfortable gait.

4.3 THE PERFORMANCE SPECIFICATION METHOD

Once the functions of the final device are defined, the next phase of the project is to
accurately specify the performance requirements of a design solution. To this end, the
performance specification method is used. This method limits the range of acceptable
solutions, setting up some boundaries to the solution space within which the design team
must focus on, and to posteriorly be used in the evaluation of the proposed solutions.
Summarily, the performance specification method aids the designer to define the
required performance that a solution has to achieve, and not any particular physical
component that may be used to achieve the performance [182].

Herewith, the first steps of this method are to consider and then determine the
level of generality at which to operate, considering the most general (product
alternatives) down to the least (product features). The highest level grants the design
team the freedom to propose different alternative ways of achieving the performance.
On another hand, the intermediate level concedes more limited freedom, focusing only
on different types of appliances, and, finally, at the lowest level of generality, the designer
would be constrained to considering different features, making a modification to existing
products. Once the level of generality at which the design process is to proceed has been
decided, the required performance attributes need to be identified. These can be similar
to or derived from the design objectives and functions, and the main goal is to define a
final list of performance requirements that contains all the conditions that a design

proposal or solution should satisfy. In other words, the specification should say what a
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product must do, not what it must be. Additionally, it may become mandatory to
distinguish within this list the attributes or requirements that are demands (D) and those
that are wishes (W). Demands comprise all the requirements that must be met, whereas
wishes are the attributes which the client, customer or design team would like to meet, if
possible [101].

Relatively to the SmartOs project, the lowest level of generality (product features)
was determined. This decision is justified considering that the project aims to modify an
existing ankle foot orthosis (H2 AFO, Technaid, seen previously in Section 3.2, Figure 3-6),
inputing the necessary changes to its structure and actuation, in order to develop a more
compliant and comfortable rehabilitation device. The requirements of the product were
already set by the SmartOs team. Next, Table 4-1 presents the demanded and wished

requirements for the wearable active AFO of SmartOs project.

Table 4-1 - Performance specification method for the SmartOs project.

Demands (D)
Requirements
Wishes (W)

=  Compliant design of the shank

structure:

W - 3D printed structure combined
with comfortable and
lightweight materials;

D - Adjustable to different users’
height (1.5 to 1.9 m);

D - Adjustable to different users’
body mass (45-100 kg);

D - Mechanical stiffness set

according to user’s comfort.

=  Compliant design of the foot

structure:
- Include lightweight, flexible and

comfortable materials;
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Demands (D)
Requirements

Wishes (W)
D - Easily replaceable from the
actuation system;
w - Thickness of the outsole < 1.5
cm;
D - Adjustable to different foot
sizes (EU: 35-45).
= Adaptable design:
W - Switchable to both right and
left foot
= Accurate functionality:
D - Electric actuator for ankle joint;
D - Assisted gait speed (0.5 to 3
km/h);
w - Nominal torque (35 to 80 Nm);
D - Alignment between the ankle
and orthosis axis;
D - Lightweight design (<1.3 kg).
= Reliable use:
D - Safety mechanism to limit

range of motion (-20 to 20° in

the sagittal plane).

4.4 THE MORPHOLOGICAL CHART METHOD

Generating alternatives or solutions is an essential aspect of the design process, as it
allows the design team to make a reasoned choice of the final solution, based on a wide
combination of means to achieve the planned sub-functions [182].

Hence, the morphological chart method aims to help the design team to identify

novel combinations of elements, components or sub-solutions that can be combined
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together to form a solution. This number of possible combinations can include existing,
conventional solutions, as well as a wide range of variations and completely novel
solutions. The main goal of this design method is to widen the search for possible new
solutions, by selecting the combinations of sub-solutions from the chart [182], [183].

The morphological chart method must begin with the list of features or functions
which are crucial to the product. These are usually expressed in an abstract manner of
product requirements or functions. Furthermore, the items in the list should all be at the
same level of generality and respect the necessary functions of the desired product
(defined with the previous method). To avoid situations of an unmanageably large range
of possible combinations of sub-solutions, one must keep the list of functions on about
four to eight functions. Posteriorly, for each function, the design team must list the means
or sub-solutions by which it might be achieved. For this, the list of means can include not
only the existing sub-solutions of the particular product but also new ones that the design
team find to be feasible. After the morphological chart is constructed from the previous
list, the selection of one sub-solution at a time from each row consists of the complete
range of all the theoretically-possible different solution forms for the final product. The
final step of this method is to identify the combinations of sub-solutions that form a
feasible conceptual solution. It’s important to notice that some of these combinations will
be either existing solutions, valid new solutions or impossible solutions. Each potential
solution can be considered and then hierarchically organized into better solutions (for
reasons of cost, performance, novelty, or material availability) that are chosen for further
development. Computer aid design is an important tool that helps the designer to search
for all the possible combinations of sub-solutions to incorporate in a feasible final product
[182].

For the SmartOs project, the morphological chart method was used to generate
solutions that would warrant the development of a wearable, adjustable, safe, and
feasible active ankle-foot orthosis. The presented sub-solutions for each sub-function
were designed during the internship in the company Orthos XXI and comprise all the
conceptual ideas gathered by the SmartOs design team. Table 4-2 is the morphological
chart containing all the possible means to achieve each sub-function required by the

project SmartOs.
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Table 4-2 — Morphological chart with all the solutions proposed to achieve each subfunction of the SmartOs project.

Conceptual Design

Solutions
1 2 3 4
Subfunctions
Lateral upright and straps Anterior shank structure Lateral shank structure
S » / i
Couple the AFO

Adjust to patient

leg’s height

Upright with bolt fixation
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Table 4-2 — Morphological chart with all the solutions proposed to achieve each subfunction of the SmartOs project (cont.).

Solutions
. 1 2 3 4
Subfunctio
Bolt and nut fixation Locking teeth structure with handles U-shaped bar with locking teeth Locking teeth mechanism with
structure insertable component (red)
Fasten the AFO
Strap with buckle Strap and shank structure’s holes Strap and metal clip system
TRUTY
Adjust and fix to

patient leg’s width
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Table 4-2 — Morphological chart with all the solutions proposed to achieve each subfunction of the SmartOs project (cont.).

Solutions
- 1 2 3 4
Subfunctio
Shoe insert with height adaptation (Exo- Shoe insert with height adaptation
H2 ankle) and w/o tibiotalar tilt and tibiotalar inclination
Adjust to patient
ankle’s height
Enable active
PMA Servomotor with gearbox SEA

assistance on the
sagittal plane

Stabilize the gait

Self-aligning mechanism

Two-Degree of freedom articulation
(with silent blocks)

77




Conceptual Design

The means to achieve the subfunction Couple the AFO comprise three different
designs of the user-orthosis attachment or coupling system: a lateral upright with straps,
an anterior and lateral shank structure, coupled on the anterior and lateral side of the
patient’s leg, respectively. The former design is already implemented on the ankle module
of the Exo-H2. One of the aspects of the design of this ankle orthosis that was set to be
improved was exactly the coupling system, which was considered to be quite
uncomfortable for the wearer. Thus, the SmartOs design team formed two different
concepts of an attachment system that were both based on the incorporation of a
structure onto the shank of the patient. These solutions were considered having in mind
the biomechanical principle of the total contact (with the leg in this case), which
demonstrates that, for the same force, an increase of the contact area results in the
mitigation of pressure.

The subfunction Adjust to the patient leg’s height can be accomplished through a
system consisting of a slider (green component) and an upright (black part), which is fixed
to the shank structure and would be pushed through the slider, in order to adapt the
height of the AFO to the point most comfortable for the patient. Moreover, another
solution proposed was a system consisting of an upright with a series of bolt fixations. In
contrast with the first solution, which embodies a continuous adaptation, this last solution
is a series system, with several levels of height adaptation, that ensures higher mechanical
safety of fixation compared to the continuous adaptation solution.

Alongside the solution of the height fixation system consisting of a bolt and nut,
three other solutions were designed to realize the subfunction Fasten the AFO. The
system with two handles would exert tension on the upright and lock itself in a locking
teeth structure, which is incorporated in the shank structure. Moreover, solution three
would comprise a U-shaped structure through which the upright would slide and locked
by the tension created by tightening of the red bolt. This system would also incorporate a
locking teeth structure to generate more friction and prevent unlocking situations. Finally,
the proposed solution four is a higher-scale locking teeth mechanism and would function
through the connection of the red component with the complementary teeth of the
structure fixed to the shank system. To avoid a situation of a detachment of the red part,
the user would have to rotate the exterior component (blue part) so that it’s horizontal,

as represented in the image.
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In order to Adjust and fix the AFO to the patient leg’s width, three solutions were
proposed. The first solution is a system composed of a strap attached to a soft material
cushion, which would be adjusted through a buckle fixed on the shank structure.
Furthermore, a system with three or more straps cushioned with a soft material and
positioned on the posterior side of the patient’s leg. The extremities of the straps would
have a layer of VELCRO® hook, which would go through the holes of the shank structure
and then looped back to fix on the VELCRO® loop of the strap. Finally, the final proposed
solution would be similar to the latter, but instead of the straps going through the holes
on the shank structure, they would be looped back around a metal clip attached to the
structure.

The subfunction Adjust to patient ankle’s height can be realized through the
implementation of a metal shoe insert. The first proposed solution would be the one
already incorporated in the ankle module of the Exo-H2, which has a height adaptation
system, similar to the one that allows for the adaptation of the leg’s height, but with a
lower range. To ensure better alignment of the orthosis axis of rotation with the user
ankle’s axis, the Orthos design team suggested the design of several shoe inserts, with the
same working principle as that of the Exo-H2, but with different sizes. Additionally, this
shoe insert would also comply with the tibiotalar axis, which is anatomically inclined, as
mentioned in Section 2.1.2.1. The inclination value of the component would have to be
defined correspondingly to the range of inclination of the tibiotalar joint (set to be
maximum 5°).

The means to achieve the subfunction Enable active assistance on the sagittal
plane can comprise all of the conventional actuation implemented in exoskeletons and
active orthoses. However, it was selected the most suitable actuation systems that have
been used in orthotic devices, especially on AFOs (see Section 3.3.4 and the appendix C-
Active ankle-foot orthoses for rehabilitation still in a development stage). Herewith, to
enable a powered assistance for dorsiflexion and plantarflexion motions, one can consider
actuators such as PMA, servomotor, and a SEA. PMAs present the advantage of being
lightweight and similar to the human muscle (biomimetic feature). In addition, SEAs were
considered for the present project in an earlier stage, due to its capability of storing
energy in the spring connected to the DC motor, which can be released in the propulsive

stage of the gait. Nevertheless, the SmartOs team ruled out any actuation system other
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than an electric motor, as it was defined as Demanded in the previous section.
Furthermore, due to the mechanical requirements of the human ankle (high torque and
low velocities), a gearbox must be incorporated in association with the DC motor. Hence,
the servomotor (brushless DC motor assembled with a gearing set, control circuit, a
position feedback component - encoder or potentiometer) would be preferable because
it is a known efficient solution. So, the space of solutions for this subfunction can be
reduced to only one feasible solution —the servomotor.

The final subfunction that the final product should accomplish is Stabilize the gait.
This can be achieved through a self-aligning mechanism, which would operate in a
similarly as the mechanisms addressed in Section 3.4.1. The CAD model of the mechanism
represented in Table 4-2 was designed previously by a member of the SmartOs team and
studied during the present master dissertation. This study was conducted with the aid of
an open source software dedicated to model musculoskeletal systems and dynamic
simulation of movement — OpenSim — with the main goal of assessing the validity of the
proposed self-aligning mechanism. The principle of the designed self-aligning mechanism
is to mitigate misalignments between the axes of the orthosis and the human ankle, by
compensating the centre of rotation with the addition of two redundant DOF to the one
DOF revolute joint. This mechanism was inspired on the knee self-aligning mechanism
developed by Choi et al. (see Figure 3-15 (b) in Section 3.4.1). Unfortunately, the results
of the executed simulations to evaluate the mechanism were not promising enough to
develop the apparatus (see appendix D-Self-aligning mechanism validation). Hereupon,
the proposed self-alignment mechanism was discarded from the design’s feasible
solutions.

As mentioned in Section 3.4.2, two degrees of freedom systems are reported to
minimize the dislocation of the human ankle relative to the AFO, presenting a great
advantage for gait rehabilitation. Therefore, the incorporation of a flexible component
was proposed by the Orthos design team. This part would allow the movements of
inversion and eversion to be performed in a passive manner, alongside with the actuated
movements in the sagittal plane. Regarding what flexible component would be selected
to ensure the passive DOF, a spring and a silent block were suggested. Although, the silent

block was considered a more accessible solution, in terms of cost and production.
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In the following section, the feasible combinations of sub-solutions will be

identified to set out the complete range of conceptual solutions. This will be executed by

selecting the valid sub-solutions for each sub-function and combining them into

conceptual solutions that may be considered for future development.

4.4.1 CONCEPTUAL SOLUTIONS

The morphological chart constructed in this section comprises the complete range

of all the possible different solutions for the final product. As aforementioned, the

complete range of solutions consists of the combinations made up by selecting one sub-

solution at a time from each row of sub-functions. Therefore, the total number of

combinations is very large. In this case, the complete set of possible solutions’

combinationis3 X 2 X4 X 3 X 2 X 3 X2 = 864. This combinatorial explosion calls for a

drastic reduction of the sub-solutions considered.

Herewith, the space of solution was reduced as follow:

The sub-function of Couple the AFO can only be achieved by solution 2
(anterior shank structure), due to the fact that is the concept that best
respects the biomechanical principle of total contact area, being the most
feasible solution;

The means to achieve the sub-function Adjust to patient leg’s height is
reduced to only solution 2 (upright with bolt fixation) for the reasons of
mechanical safety mentioned above;

Because of the previous selected solution, sub-function Fasten the AFO
should only be accomplished by solution 1 (bolt and nut fixation);

Even though the Orthos team found the second solution more preferable,
the sub-function Adjust to patient leg’s width can be realized through
solutions 1 and 2, discarding this way the sub-solution 3. The first solution
was selected to be further studied in the posterior method due to the
decision of the SmartOs team, that also considered the solution to be
feasible;

The sub-function of Adjust to patient ankle’s height can be accomplished

by both solutions 1 and 2. Solution 1 is already implemented in a developed
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AFO, so it’s a solution that is known to be practical, and thereby, must be
evaluated along with the novel solution proposed;

e As mentioned above, the sub-function Enable active assistance on the
sagittal plane can be reduced to only one solution, the servomotor;

e Lastly, as aforementioned, the proposed self-alignment mechanism was
discarded from the design’s feasible solutions. Therefore, only the sub-
solution of incorporating a two-degree of freedom system will be
considered to achieve the sub-function Stabilize the gait.

Hereupon, the total number of possible combinations of sub-solutions is
immensely reduced to 1X1X1X2X2X1X1 =4 conceptual solutions. The
following Table 4-3 presents a summary of the conceptual solutions that will be further
studied in the weighted objectives method, and the sub-solutions selected to compose
each one.

Table 4-3 — Summary of the formed conceptual solutions for the SmartOs project, and sub-solutions selected
to compose each one.

Conceptual
Sub-solutions selected
Solutions

Servomotor 4
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Table 4-3 — Summary of the formed conceptual solutions for the SmartOs project, and sub-solutions
selected to compose each one (cont.).

Conceptual
Sub-solutions selected
Solutions
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4.5 THE WEIGHTED OBJECTIVES METHOD

Once the range of alternative designs for a product is set, the design team is faced with
the task of selecting the best one. This choice can indeed be made by guesswork, intuition,
experience or even by arbitrary decision. However, it’s better that such decision is based
on some more rational, or at least open procedure. The evaluation of the alternatives or
conceptual solutions must be executed by considering the objectives defined for the
project. The result of this assessment is to determine the value or utility of a design
proposal with respect to the design objectives. Hence, it’s necessary to characterize each
objective, in order to obtain the value of importance in comparison with each other, i.e.
to weight the objectives [182].

The weighted objectives method provides a mean of assessing and comparing
conceptual solutions, using differentially weighted objectives. This method is based on
the numerical scores assigned to the performance of alternative designs measured
against the defined project’s objectives, which are also given a numerical weight [182],
[183].

The first step of the weighted objectives method is to list once again the design
objectives. Even though these objectives were established with the objectives tree
method, in a later stage of the design process, the early set of objectives may well have
become modified or may not be entirely appropriate to the designs that have been
created. Subsequently, this list of objectives should be rank ordered by systematically
comparing pairs of objectives, one against the other. The process of comparison can be
done by using a simple chart, in which each objective is considered in turn against each
other and given the value of 1 or 0, depending on whether the first objective is considered

more or less important than the second. Moreover, if any pair of objectives is regarded as
. 1 . . . .
equally important, a Evalue is assigned. Once all pairs of comparison are made, the row

totals indicate the rank order of the objectives, being the highest priority objective the
one with the highest value [182].

The next step is to assign a numerical value to each objective that represents its
weight relative to the other set of objectives. There are several ways to perform this task.
A simple way of doing this is to place the objectives in positions of relative importance on

ascale of 1to 10, or 1t0 100. So, this way if an objective is given for instance the maximum
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value of 10, then the other are placed in the positions with value relative to this.
Consequently, if an objective is given the value of 7, it means that it was valued as about
70% of the importance of latter objective. Furthermore, it’s necessary to establish
performance parameters or utility scores for each of the objectives. For this, a points scale
can be created, in which each parameter is assigned a utility score representing the worst
to best possible performance range [182].

Finally, the final stage of the evaluation is to consider each alternative design
proposal and assess its performance, by calculating it based on the established
parameters. The performance scores on each parameter for each alternative design
should take into account the different weights of each objective. Thus, the utility value of
an alternative design is calculated by multiplying the performance scores by the weight
value of each objective. These utility values are then used as a basis of comparison
between the alternative designs, which can be ranked in order of overall performance.
The participation of all members of the design team is recommended to ensure a
consensus regarding the selection of the final solution [182].

Herewith, in order to be able to evaluate the alternative designs proposed in
Section 4.4.1 it is necessary to have a set of criteria, which must be based on the design
objectives. The full set of objectives stablished with the tree of objectives method is no
longer appropriate at a later stage of the design process, as many of the defined objectives
have become deprioritized, at least for a first prototype. With this in mind, the new list of
objectives was created by selecting from Figure 4-1 the design requirements that were
more vastly considered during the gathering of solutions by the design team. Table 4-4
provides the design objectives to be used for evaluation of the conceptual solutions.

Table 4-4 — List of the design objectives for the SmartOs project, to be utilized for posterior evaluation of
the alternative designs.

A Structure’s comfort
B Adjustability

C Mechanical strength
D Lightweight

E Proper function

F Stability
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With the new list of design objectives established, it is necessary to assess them in
terms of relative importance. Therefore, a systematic comparison between pairs of
objectives should be done in order to obtain the relative weights. It is important to refer
that this design method was accomplished as a team effort, as the members of the design
team gave their perspective on the priority of each defined objective. As is normal, each
member of the design team gave different priorities to the defined objectives. Therefore,
in order to account for every opinion inside the team and to reach a team consensus, the
average importance given to each objective was calculated. Table 4-5 presents the rank

order of the objectives defined by each member of the design team.

Table 4-5 — Rank order of the list of objectives determined by each member of the design team. Values that
ranged from 6 (highest priority) to 1 (lowest priority) were given to each rank ordered objective.

Objective’s importance
Team
6 5 4 3 2 1
Team member #1 E B F A D C
Team member #2 E A C D B F
Team member #3 E A F D B C

Subsequently, each rank ordered objective was submitted to a calculation of its
importance value, which is nothing more than the average value assigned by the team
members. Table 4-6 clarifies this importance value calculation, which it will serve as a
guideline to the definition of the final rank order of the list of objectives.

Table 4-6 — Calculation of each objective’s final importance value, based on the rank order determined by
each member of the design team.

Objective Importance value calculation
5x2+3x1
A — =~ 4,33
3
B 5x1+2x2:
3
c 1x2+4x%1 _
3
3x2+2x1
D 3 ~ 2,67

86



Conceptual Design

Table 4-6 — Calculation of each objective’s final importance value, based on the rank order determined
by each member of the design team (cont.).

Objective Importance value calculation
6Xx3
E -6
3
- 4x2+1x1
3 =

With the importance value of each objective calculated based on the opinion of
each member of the design team, the final rank order of the objectives list is set through
a systematic comparison of pairs of objectives, as it's explained above. The relative
importance of each pair of objectives is determined by the values calculated in Table 4-6.
As a result, Table 4-7 represents the chart used to rank order the different objectives.
Table 4-7 — Chart of systematic comparison of pairs of objectives, to obtain the row total, which indicates

the rank order of objectives. Note that the value 1 and O refer to a more and less important objective,
respectively. The value % indicates that the objectives are considered equally important.

Objectives A B C D E F Row
total
A - 1 1 1 0 1 4
1
B 0 - 1 1 0 — 2,5
2
C 0 0 - 0 0 0 0
D 0 0 1 - 0 0 1
E 1 1 1 1 - 1 5
F 0 1 1 1 0 - 2,5
2

Once the rank order of the objectives is settled, a numerical value is assigned to
each objective. This value represents its weight relative to the other objectives. As
aforementioned, there are several ways of doing this, of which it was chosen a simple
scale of 1 to 10, where the objectives are placed in positions of relative importance. This
step is important to convert the ordinal rank order scale of Table 4-7 into an interval value
scale, which can be used for later arithmetic operations. Table 4-8 represents the scale of

1to 10, where the rank ordered objectives were appointed in relative positions.
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Table 4-8 — Rank ordered objectives placed in positions of relative importance on a scale of 1 to 10.

Weight Objective

10 E
9

8 A
7

6

5 B, F
4

3 D
2

1 C

Herewith, it is now possible to conclude that the most important objective is E
(proper function), which has been given the value 10. The other objectives are then given
values relative to this. Hence, the objective A is valued as 80% of the importance of
objective E; objective B and F were given the same importance, which is five times more
important than objective C (mechanical strength); and objective D is valued as 30% less
important than objective E.

With the relative weightings of each objective assigned, it becomes necessary to
convert the statements of objectives into parameters of performance that can be
measured. Thus, through an eleven-point scale (0 to 10) it is possible to compare
gualitative parameters, which represents the worst to best possible performance range.
The utility scores are then used to classify the performance on the established parameters
or objectives of each alternative design proposal. The eleven-point scale used to evaluate
the performance of the proposed conceptual solutions for each objective is represented
in Table 4-9. Finally, the final stage of this method is to evaluate each alternative design
proposal in terms of its performance in the established objectives. In order to accomplish
this, the point scores or performance measures on each objective for each conceptual
solution must take into account the different weights of each objective. Therefore, the
performance score is multiplied by the weight value of each objective, which provides

the result that indicates the relative utility value of that alternative for each objective.
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Table 4-9 — Eleven-point evaluation scale set to be used for the assessment of the performance of the

proposed alternative designs on each objective.

Eleven-point scale Objective
0 Totally useless solution
1 Inadequate solution
2 Very poor solution
3 Poor solution
4 Tolerable solution
5 Adequate solution
6 Satisfactory solution
7 Good solution
8 Very good solution
9 Excellent solution
10 Perfect or ideal solution

These utility values are then summed for each alternative design and used to

compare the proposed conceptual solutions. The total score of the overall performance

or utility value of each conceptual solution allows the design team to choose the best

alternative, which is the one with the highest sum value. Herewith, Table 4-10 presents

the weighted objectives evaluation chart, through which the best conceptual solution for

the development of an active AFO for rehabilitation is selected.

In regard to the structure’s comfort objective, all solutions consider metallic and

soft materials; however, conceptual solutions 3 and 4 ensure a more compliant use of the

device, due to the system that couples it to the shoe. This one takes in high consideration

the adaptation to the user’s ankle joint, which allows for a more comfortable gait.

Moreover, solution 3 comprises a width adjustment system composed of a larger area of

softer materials, which might provide for a more comfortable attachment.
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Table 4-10 — Weighted objectives evaluation chart for the proposed conceptual solutions regarding the SmartOs project. The utility value is calculated by the
multiplication of the objective’s weight by the performance score of that alternative on each objective. The overall utility value is the sum of all utility values concerning
each objective. The conceptual solution with the highest value is chosen as the best solution for the project.

Conceptual solutions

Objective Weight L 2 3 4
Performance Utility Performance Utility Performance Utility Performance Utility
score value score value score value score value
S G 8 6 48 5 40 8 65 7 56
comfort
Adjustability 5 3 15 3 15 9 45 9 45
Mechanical 1 4 4 9 9 4 4 g 9
strength
Lightweight 3 7 21 8 24 4 12 6 18
Proper function 10 5 50 5 50 7 70 7 70
Stability 5 4 20 4 20 7 35 7 35
Overall utility value 158 158 231 233

90




Conceptual Design

As aforementioned, solutions 3 and 4 provide for more efficient adjustability, which
take into account the anthropometric dimensions of individuals with heights that range from
1.50 and 1.90 meters. While with the first two solutions only one footplate with a certain
height regulation would be designed, on the last two, several shoe inserts would be
developed to cover the full range of a human ankle’s height and thus try to avoid any
phenomena of misalighment between the device and the user.

Concerning the mechanical strength objective, all the proposed conceptual solutions
would integrate practically the same resistant materials on their structure. Nevertheless,
solutions 1 and 3 would incorporate a plastic buckle which would be submitted to the stress
caused by the width adjustment. Therefore, even though this sub-solution would provide for
more comfortable use, it also would be more subjected to yield.

Although the design of several footplates with different heights tackles the
misalignment problem, the larger footplates (with a higher upright) also increase the weight
of the device, when compared to the incorporation of a single dimensioned footplate. Hence,
solutions 1 and 2 perform better at this objective. Furthermore, solutions 2 and 4 are
benefited by their width adjustment system that implements cuts on the shank structure,
which aids the decrease of the device’s weight.

All of the proposed conceptual solutions comprise the two-degree of freedom
articulation, which would be an important component to guarantee the device proper
function. However, solutions 3 and 4 incorporate the footplate, which considers the tibiotalar
inclination and implements an adjustment system that prevents misalignment. Hereupon
these concepts are considered to be a good solution when compared to the ones that do not
ponder the anatomical axis. Finally, for the same reason, these conceptual solutions were also
assessed as better solutions to ensure orthosis stability.

Herewith, once the overall utility value calculation was finished, the conceptual
solution 4 was defined as the best solution to further develop. However, as it will be explained
next, it was not possible to design all the parts of the conceptual solution. So, the next chapter
will address the detailed design of the selected conceptual solution, with the exception of one

part.
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This chapter discloses the detailed design of the conceptual solution selected in the
previous chapter for further development. It starts with the clarification of the design
process organization regarding the SmartOs wearable structure, followed by the design
of each part, disclosing the 3D drawing made in CAD software, SolidWorks®. Furthermore,
a structural analysis is performed with the subsequent FEM (Finite Element Method)
simulations that allow for design improvements of critical components that fail the tests.
These design changes comprise the selection of the materials available for manufacture
in Orthos XXI that ensure a better mechanical performance.

Even though that the actuation/articulation system was not part of this thesis
scope, the selected electric actuator and gearbox are presented, as well as the electronical
components that must be associated with it. Hence, the 3D CAD model is disclosed, but
it’s important to note that this part of the SmartOs design was developed by a member of
the SmartOs design team.

The standard version of the first SmartOs wearable active orthosis prototype is
presented, and a comparison of its technical specifications with those of the Exo-H2 ankle
module is carried out. Finally, the manufacture of the orthosis pre-prototype is presented,
disclosing the initiation of the whole device production.

It is also important to note that the two-degree of freedom apparatus (silent
blocks) mentioned in the previous chapter, was not designed as the design team
considered that this component wasn’t a high priority function to accomplish.

Nevertheless, this mechanism was placed in consideration for a future work.

5.1 SMARTOS DESIGN ORGANIZATION

As mentioned in Section 1.4, the SmartOs project comprises four aspects which the final
device will ensure. The design of the wearable active orthosis is the domain focused by
the SmartOs design team, being the main goal the development of the device’s structure
that warrants a proper attachment and assistance to the wearer. Thereby, one of the first
steps into the design process was the structuration and organization of this project’s

aspect. Hence, the design of the wearable active ankle-foot orthosis was divided into
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different parts and assigned it to each design team member. This organization allowed for
a more efficient and dynamic working process, which resulted in the assembly of a whole
set of solutions provided by different team members.

Herewith the wearable active orthosis was divided into four domains: the shank
structure, the fixation structure, the actuation system, and the foot structure. The
actuation system domain is unique and the only part that is not customizable to the user’s
needs. The rest of the orthosis domains comprise the necessary sizes in order to satisfy

the user’s anthropometric requirements (Figure 5-1).

Customizable SmartOs

orthosis domains —
dependent on the
user’s needs.

Unique SmartOs
orthosis domain -
single system applied
for all users.

Figure 5-1 — Schematic representation of the SmartOs wearable active orthosis organization into domains,
including unique (actuation system — green) and customizable domains (shank, fixation and foot structure
—orange, black and grey, respectively).

The module of the shank structure includes the 3D drawing of the orthosis’s
component that will attach to the patient/user’s shank, as well as the necessary parts to
associate with it, in order to couple to the fixation structure. Furthermore, this aspect also
includes the adjustment and fixation system of the shank structure to the user leg’s width
and the material considered and selected to ensure a proper cushioning of the same part.

The design of the fixation structure comprises the drawing of the CAD model
regarding both the proximal and distal fixation components, which must ensure an
efficient fixation of the shank structure to the actuation system, and the latter to the foot
structure, respectively. Moreover, the fixation structure must also include the orthosis
adaptation to the user leg and ankle’s height. Lastly, the design process wouldn’t be
completed without the fixation structure 3D drawing validation through simulation tools

provided by SolidWorks® software.

93



Detailed Design

The foot structure aspect of the wearable active orthosis design includes the shoe
selection and the attachment method to couple it to the distal fixation structure. All of
the mentioned aspects were assigned to the Orthos XXI design team.

Lastly, the actuation system domain was attributed to the University of Porto
design team and comprises the DC motor and gearbox selection most suitable for the
proposed application. In addition, the 3D drawing of the structure, in which the actuator

is to be embedded, is also a crucial task of this design aspect.

5.1.1 ANTHROPOMETRIC DIMENSIONS

As aforementioned, the fixation structure module of the SmartOs wearable
orthosis should implement a height adaptation function, to comply with the user’s height
requirements of the SmartOs project (see Section 4.3). Herewith, a literature study was
conducted to obtain the anthropometric values necessary to dimension the fixation
structure. Several studies were consulted, addressing not only the anthropometric
measures of Portuguese people but also of foreign individuals, especially from the EUA
and European countries [184]-[190]. Table 5-1 presents the anthropometric values
regarding the human knee and ankle height, and the calf circumference, for individuals
with height that range from 1.50 and 1.90 meters.

Table 5-1 - Anthropometric parameters necessary for the dimensioning of the fixation structure, respective
description and range of values concerning the height of 1.50 and 1.90 meters, reported in the literature.

Anthropometric parameters and Range of values (mm)
description
Ankle height — Vertical distance between
the standing surface and the level of the 52 - 82[184]-[187]

ankle circumference.

Knee height — Vertical distance between a
footrest surface and the top of the knee of 400 — 600[188], [189]
a seated subject. The knee is flexed 90

degrees.

Calf circumference — Maximum horizontal 270 — 450[189], [190]

circumference of the calf.
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Once the shank structure module is set to be coupled to the user’s shank, the
height adjustment system needs to approximately comply with the range regarding this
anthropometric feature. The previous table discloses the values required for this
definition, which can be computed by subtracting the range of values concerning the ankle
height from the values of the knee height. This way, it is known the adaptation that the

fixation structure adjustment complex needs to accomplish, which is 17 centimetres
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(Figure 5-2).
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Figure 5-2 - Representation of the anthropometric parameters whose values were collected from the
literature, as well as the range of values, respective to the distance between the ankle joint and the top of
the knee (in red).

Having defined the adjustment requirement, and due to its high value, the idea
proposed by the Orthos XXI design team was to design various sizes of both components
that compose the fixation structure, in order to ensure the defined adaptation. However,
because the design of several fixation structure sizes implicates a different mechanical
dimensioning for each component, it was decided that a proof of concept must be
designed first. The proof of concept is developed to demonstrate/verify the feasibility of
the SmartOs wearable active orthosis. This orthosis standard version would be projected
for male users with an average Portuguese height, and it would be instrumented with the
required electronic components. This way, the design team is able to produce a first
standard prototype, optimize and validate it, to further on produce the components
necessary to comply with the height adjustment requirement.

According to [191], a male Portuguese average height is 1.73 metres, and thus, the
fixation structure will be designed having in mind the approximate anthropometric values

for such user’s height. Hence, the following section discloses the detailed design of each
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of the aspects concerning the development of the proof of concept or standard SmartOs

wearable active orthosis.

5.2 COMPUTATIONAL MODELLING OF THE SOLUTION

This section discloses the three-dimensional model construction of the standard SmartOs
prototype. The CAD software used is both the versions 2013 and 2019 of SolidWorks®, in
order to ensure compatibility with the version used in Orthos XXI Company and the

version used by the other members of the design team.

5.2.1 ACTUATION/ARTICULATION SYSTEM

The actuation/articulation system is the only domain of the SmartOs wearable active
orthosis that is not customizable to each user’s needs, i.e. a single module is applied to all
wearers. The rest of the SmartOs modules described posteriorly are to be coupled to both
the proximal and distal sides of the articulation system.

Herewith, the first step to develop the actuation system is the electric motor
selection. To accomplish this, the human ankle mechanical requirements were explored
in order to select the DC motor that better complied the user’s needs. So, according to
the reviewed literature mentioned in Section 2.3.2 (Figure 2-19 (a)), the necessary torque
to provide for a post-stroke patient, in order for him/her to perform a normal stance
phase, is approximately 0.8 Nm per kg of the body mass (difference between the peak
plantarflexion values at the velocity of 0.78 m/s). Thus, theoretically the provided torque
range should be within 36 and 80 Nm (see project requirements in Section 4.3).

Furthermore, the modifications in the ankle angular velocity at various speeds
were studied in healthy subjects [192]. This study reported that, at minimum assessed
gait velocity of 0.4 to 0.59 m/s (1.44 to 2.12 km/h) the highest mean angular velocity
occurs at the pre-swing phase and it’s 130 + 22.87 °/s. Moreover, at the gait velocity of
0.8 to 0.99 m/s (2.88 to 3,56 km/h), the highest mean angular velocity is 234.10 + 39.81
°/s. As it’s specified in Section 4.3, the assisted gait speed is required to range between
0.5 and 3 km/h (0.83 m/s). Thus, the maximum angular velocity for the gait speed of 3
km/h would be 4.09  0.69 rad/s and, for the required speed of 0.5 km/h, the angular

velocity would be less than 2.27 + 0.4 rad/s. Due to lack of more information regarding
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the angular speed at the minimum required gait velocity, this value was taken into account
as a reference for the selection of the actuation system.

Having the ankle nominal torque and angular velocity determined, one can analyse
the several commercially available DC motors which are able to conform to these
requirements. Hence, the Maxon® motor EC 60 flat 60 mm, brushless, with 200 W (part
number 614949) was chosen to integrate the SmartOs active orthosis. The motor data,
namely the nominal speed and torque, is presented in appendix E - Selected DC motor
specifications. Due to the excessively elevated nominal speed (3240 rpm, or 339.3 rad/s),
a gear system is required to reduce this speed, and subsequently increase the output
torque. The gear units from Harmonic Drive® were regarded as being the best technology
to incorporate onto the actuation system, due to its compact design, lightweight and high
load capacity. The gear unit CSD Series was selected, more specifically CSD-25-100-2A-GR,
which has a mass of 0.24 kg and has a gear ratio of 100.

Table 5-2 discloses the output information of the motor associated with the gear
unit. Regarding the speed, the actuation system is able to provide 32.4 rpm (3.39 rad/s)
of angular speed, which is within the required kinematic range. Moreover, in theory, the
DC motor can provide for 6000 rpm of speed if the right voltage is supplied (48V as a
reference). Nevertheless, the maximum input speed of the gear unit (with grease
lubrification, which is the recommended for the application) is 5600 rpm (see appendix F-
Harmonic Drive® gear unit specifications and efficiency tables). Hence, the combined
output speed of 5.86 rad/s can be achieved, in the case of high-voltage supply.

As to the torque, although the DC motor provides for 0.536 N.m of nominal torque,
the efficiency of the gear unit at the speed of 3500 reduces it by approximately 60% (see
appendix F-Harmonic Drive® gear unit specifications and efficiency tables, at 20°C
temperature). Thus, the output nominal torque is 32.16 Nm, which is below the required
ankle torque. However, a Maxon® collaborator recommends that the DC motor provides
2 to 3 times the nominal torque (1.608 N.m) [193], which corresponds to a maximum
output torque of 96.5 N.m at the lowest efficiency of 60%. Once this value is not superior
to the repeatable peak torque of the gear unit (110 N.m), it's safe to state that the
actuation system can supply for the required torque.

The Exo-H2 implements an EC 60 flat 68 mm, brushless, with 100 W (see appendix

G-Exo-H2 system specifications, efficiency table and side calculations) associated with a
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harmonic drive with a gear ratio of 160 (CSD-20-160-2A-GR). Herewith, the provided
nominal torque, at the lowest efficiency of 50% (see the same appendix, at 20°C
temperature), was 17.7 N.m and the angular velocity was 24.1 rpom. When analysing the
speed, the selection of a lower gear ratio allowed for greater output nominal speed
(34.4% increase). As to the torque, with the new actuation system, the nominal torque
was increased by 81.7% and the recommended torque would be 0.663 N.m, which
corresponds to a recommended maximum output torque of 53.04 N.m. Therefore, the
increase of the power to 200 W and the decrease of the gear ratio allowed an increase of
81.9% of the maximum output torque. These calculations are explored in appendix G-Exo-
H2 system specifications, efficiency table and side calculations.

Table 5-2 — Comparison analysis between the output data of the selected actuation system for the SmartOs
wearable active orthosis and the required data for a human ankle joint.

Harmonic gear: Required R:::‘:Lriid
CSD-25-100-2A-GR kinematic inputs .
inputs
DC motor: @ Combined Gai d
EC 60 flat, 200W 2 | Efficency | B o| B Output ait spee
g (20°C, at E = § Input Peak
g 3500 rpm) 2 S _5 speed iE 2.88 - torque
a km/h | 3°°
km/h
S2 10
Nominal 2
Speed 3240 rpm 32.4rpm
3.39rad <2.27+
5600 (3.39 rad/s) 4,09 +
- rom 0.4 0.69 -
Maximum ¥ % = rad/s rad/s
Speed at 6000 rpm 56 rpm (5.86
48V DC rad/s)
100
. X1
Nominal 536 60% 47 ) ?(50366 00
T N. . N ’
orque mN.m (approx.) m — 3216 N.m
36-80
Peak ) ) N.m
Torque 2-3 % 110 1.6 x 100
(Maxon® Nominal <60% - Nm X (< 0.6)
recommen Torque <96.5N.m
dation)

It is worth mentioning that these theoretic output values are fully dependent of
the selected battery and controllers, which are not addressed in the present dissertation.
The selected Maxon® DC motor already incorporated hall sensors, which are
mainly used to detect the rotor orientation by measuring variations in the magnetic field

but can also be used to measure speed. However, an encoder should be also incorporated
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to provide data about the angular position, speed, and acceleration of the joint. Several
encoders were considered and, between the absolute modular angular encoder MCS 15
and the AksIM-2™ rotary absolute encoder, the latter one was selected [194]. This
encoder stood out for its compactness, with a ring design developed for applications with
limited installation space, which is crucial to guarantee a low width of the articulation
system.

Hereupon, the 3D drawing of the actuation/articulation system is presented in
Figure 5-3 (a) and (b). The encoder was mounted on the output of the motor to measure
the joint kinematic values (Figure 5-3 (b)). Moreover, this system will be encased with a
structure in order to protect the actuation components against dust (Figure 5-3 (c)). This
assembly comprises a proximal and a distal plate to ensure the connection between the

actuation system and the proximal and distal fixation structure, respectively.

Gearbox
Encoder

DC Motor

Figure 5-3 - Articulation/Actuation system CAD model: (a) View of the lateral part of the assembly, (b) view
of the encoder’s placement, and (c) motor case.

As it is specified in Section 4.3, a safety mechanism has to be implemented in order
to limit the range of motion of the system’s distal upright. Herewith, a mechanical stop,
similar to the ones addressed in Section 3.3.2, was designed to restring the distal part’s
movement within -20° and 20°, as illustrated in Figure 5-4 (a). To prevent a metallic
collision between the components, a rubber material will be placed on the faces

highlighted in Figure 5-4 (b).
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Figure 5-4 — Safety mechanism designed for the SmartOs articulation: (a) Dimensioning of the mechanical
stop, showing the limit of 20° in both the posterior and anterior sides of the sagittal plane, and (b)
Mechanical stop limits.

5.2.2 SHANK STRUCTURE

As mentioned above, the shank structure is the most proximal component of the SmartOs
orthosis, which serves to provide a fixation spot on the user’s impaired leg. Thus, this
component is essential to ensure an efficient coupling of the device on the wearer, which
ultimately contributes to the mitigation of misalignment and to the proper active
assistance to the patient’s ankle.

For the present master dissertation, an interview with an orthopaedist of Viana do
Castelo’s hospital was conducted with the purpose of acquiring more insight regarding
orthopaedic devices for post-stroke patients. Besides to ensure the comfort of use, Dr.
Rita Proenca claimed that the orthotic system must respect the ankle’s axis of rotation,
the shank structure should be coupled to the proximal part of the leg (a few centimetres
below the knee), and must permit the adjustment to the height and width of the patient’s
leg.

One of the attachment structure key aspects defined early on by the Orthos XXI
design team was to guarantee a high contact area, as a way of better distributing the
stress applied on the user’s shank. It was also decided that the shank structure should be
attached to the anterior side of the user’s leg once it is claimed to provide for more

comfortable coupling (as addressed in Section 3.5.1). Furthermore, with the same
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purpose it was thought that the shank structure should adapt and fixate to the leg through

the maximum number of straps. Hereupon, the shank structure was set to have such a
. 2 )
length that would cover approximately 3 of the patient’s leg.

Once this idea was established, the 3D drawing of the shank structure could be
initiated. Since the standard shank structure should comply with a leg of an average height
person, two versions of a shank structure were designed in congruence with a short and
large leg, to have a reference for the medium size. Hence, to aid the 3D drawing
dimensioning it was downloaded a 3D model of a human leg and created a model based
on a leg of a person with 1.50 meters height (once there was not any model available
online). The model based on a small human leg was set to be the approximate positive
mould for the smallest size (Figure 5-5 (a)). Moreover, after the dimensioning of the online
3D leg model on the SolidWorks® software, it was determined that this would serve as a
positive mould for the largest size shank structure (Figure 5-5 (b)). With the smallest and
largest shank structures created, the standard size would be designed with the respective
intermediate value of length and width. It is worth noting that the shown 3D drawings are

designed for the left leg.

(@)

Figure 5-5 — Three-dimensional model of the SmartOs wearable orthosis left shank structure: (a) Isometric
view of the smallest size shank structure, attached to an approximate model of a human leg (1.50 meters
height); (b) Isometric view of the largest size shank structure, coupled to a model of a large human leg, and
(c) Top view of the same shank structure, where are visible the bends of the sheet metal that are designed
to resemble the geometry of the human leg.

(b

To avoid circumstances of mechanical mal-functioning, the Orthos XXI design team

established that metal would be the material selected to compose the shank structure.
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Thus, the SolidWorks® tool Sheet Metal was used to design the component once this tool
comprises features useful for the adequate drawing and posterior manufacture. For
example, the Sheet Metal feature Sketched Bend allows the designer to add bend lines to
the sheet metal so that the part has a folded-up geometry, which should be as
approximate as possible to the geometry of the human shank. Through the assembly of
the structure with the human shank models available, the bend lines were dimensioned
in accordance with the most befitting geometry (Figure 5-5 (c)). Figure 5-6 illustrates the
Sketched Bend tool used to achieve the shank structure folded-up form, and the input
bend parameters. The bend radius parameter had to be defined in conguence with the
manufacture requirements of Orthos XXI, which could be consulted in the company’s
bending table (see appendix H-ORTHOSXXI bending specifications table). This table
discloses the force needed to be applied by the machine’s punch onto a sheet metal with
a defined thickness, in order to create a bend with a certain bend radius, tap length and
matrix “V” width. Thus, for a sheet metal with a thickness of 2 mm, the advisable bend

radius is 2,5 mm, as is shown in Figure 5-6 signalized in bold red.

Bend Parameters

N o—

Bend position:
(3w e
Blowm |

[Juse default radius

A | 0.25em -

A

Figure 5-6 — SolidWorks® Sketched Bend tool used to create a bend on the shank structure sheet metal, with
the bend radius parameter defined accordingly to the manufacture requirements of Orthos XXI.

Furthermore, in order to facilitate the manufacture process, certain design details
can be added to the CAD model. As it’s represented in Figure 5-7, triangle-shaped cuts
were made on the top and bottom part of the shank structures so that the bending
machine’s punch is properly aligned with the bending centreline defined in the 3D

drawing.
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Figure 5-7 — Design detail added to facilitate the sheet metal bending process. This way the machine’s punch
can be correctly aligned to the bending centrelines defined to achieve a folded-up geometry.

As it can be observed in the previous figures, four cuts were made on the shank
structures, through which straps are going to be inserted for the adjustment of the width.
The straps designed were inspired on the straps used in the XSens Motion Capture
technology for sensors placement in the human body. Simirlarly, in addition to the
function of adjustment, the straps are also meant to fixate EMG sensors in a specified
location of the legi.e. on the gastrocnemius medialis muscle (Figure 5-8 (a)). Furthermore,
another EMG surface electrode needs to be placed on the anterior part of the user’s leg,
to measure the activity of the tibialis anterior muscle (Figure 5-8 (b)). Herewith, the shank
structure needs to be prepared in a way that considers this electronic component, which

is discussed below.

Figure 5-8 — Locations to place the EMG surface electrodes necessary for the technology used in the SmartOs
project.

Hence, three groups of straps were formed: the top one, the lower one, and the

middle straps, being that each strap group has its length defined in accordance to the leg
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circumference values. The middle straps have the additional functionality of having to
fixate the EMG sensor (surface electrode) on the calf muscle. Figure 5-9 shows the 3D
drawing of a middle strap, composed by the same three different materials used in the
XSens strap. The middle strap serves to fasted the shank structure around the half portion
of the user’s leg with a largest circumference. Having this in mind, according to the values
presented in Table 5-1, the width adjustment ranges from 13.5 cm to 22.5 cm, consisting

of an adaptation of 9 cm in width, which can be achieved.

—

Neoprene

PU

~-VELCRO®

- VELCRO® Loop

Figure 5-9 — Three dimensional drawing of the middle adjustment strap composed by layers of different
materials.

As aforementioned, another EMG sensor needs to be placed on the anterior part
of the user’s leg. The shank structure requires a lining with a soft material that ensures a
comfortable attachment to the user, but also that enables the proper functioning of the
EMG sensors. One of the problems reported by the BIRDLAB team member regarding the
use of neoprene in straps is that this material overheats, which might cause problems to
the EMG electrode. Therefore, the solution found to prevent this phenomena to happen
on the middle straps was to reduce the thickness of the neoprene layer as much as
possible (2 mm). However, if neoprene was to be used for the cushioning of the shank
structure, it wouldn’t be advisable to reduce it to such thickness, once the component is
in contact with the bony prominence part of the human leg. Thus, gel silicone pads were
considered, since its use can be found in several applications that envolve skin-contacting
sheets to prevent pressure sores [153].

The shank structure incorporates a piece which has the function of coupling the
fixation structure, addressed in the next section (Figure 5-10 (a)). Moreover, this part is

designed to have a wedge form to assure that the fixation structure is perpendicular to
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the ground, and thereby, to the ankle’s axis of rotation, as is represented in Figure 5-10

(b).

€Y (b)

Figure 5-10 — Wedge part (red) incorporated into the left shank structure: (a) Function of coupling the
fixation structure, and (b) Function of warranting the perpendicularity of the fixation structure relative to
the axis of rotation of the ankle joint.

This section addressed the detailed design of the two sizes of the shank structure
that serve as a reference for the design of the standard shank structure. In addition, to
warrant the accomplishement of the requirement defined in Section 4.3 “Switchable to
both right and left foot”, another shank structure for the right leg was designed. The 3D
drawing is in all similar, with the exception of the wedge component location that is

attached to the right side of the shank structure, as seen in the following Figure 5-11.

Figure 5-11 - CAD models of the standard right and left shank structure, respectively. These components
were designed by using the smallest and largest size shank structure as a reference.

105



Detailed Design

5.2.3 FIXATION STRUCTURE

The fixation structure component of the SmartOs wearable orthosis comprises the
proximal upright, which allows the connection between the shank structure and the
orthosis articulation, and the distal upright that link the latter with the foot structure. The
present subsection addresses the setting process of the fixation structures into the other

components of the wearable orthosis, as well as the height regulation system.

5.2.3.1 PROXIMAL FIXATION STRUCTURE

Starting up with the proximal fixation structure, this orthosis part must provide
the connection between the actuation/articulation system and the shank structure by
fixating them with a series of bolts. This rather simple linking method came about to solve
a problem regarding the fixation system of the Exo-H2, which implemented a continuous
height regulation structure (two bars pushed one inside the other — sliding system). This
system was reported to experience some wear and failure, which jeopardized the entire
fixation structure. Figure 5-12 and Figure 5-13 show the installation process of the
standard proximal upright into the orthosis articulation system and the shank structure.
The first step of the setting is to couple the lower part of the upright to the top part of the
actuation system by using M6 bolts and nuts to hold both structures together (Figure

5-12).

Proximal fixation
structure

Actuation system
structure (top part)

L

Figure 5-12 — First step of the proximal fixation structure setting process: fastening of the upright to the
actuation system through M6 bolts and nuts.
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Subsequently, the connection of the proximal upright to the wedge component of
the shank structure is executed with two hex M6 bolts, being possible to extend to a
fixation with three bolts. These mechanical components are inserted through the inside
of the shank structure and tightened with a selected nut from the lateral side (Figure

5-13).

N
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Figure 5-13 — Final phase of the proximal fixation structure installation: fastening the shank structure to the
upright through two M6 bolts, with the possibility to increase the fixation to three bolts.

After a group discussion concerning the placement location of the shank structure,
it was defined that the top part of this component would be placed approximately 10 cm
below the top part of the knee. This definition would serve as a reference for the height
regulation system, to validate the accomplishment of the defined range of height values
for the standard fixation structure. Having this in mind, the shank height of a person can
be measured from the lateral malleolus of the ankle joint to a point below the knee joint.
According to the study conducted by Arezes et al. the knee height of a person with an
average height of 1.70 m is 53 cm [188]. Furthermore, by subtracting this value to the
approximate ankle height of a person with the same stature, the shank height can be
computed. The estimated value of 46.3 cm was obtained.

The standard shank structure designed would have the wedge component welded
to it, which allows a height adaptation of 4.5 cm, as is illustrated in Figure 5-14. The height
fixation is done in pairs through the fastening of bolts, which are distanced 1.5 cm apart
from the next level. Thus, this apparatus consists in a level-based height adaptation and a
pair fixation system, which is suggested to enhance the overall adjustment technique,

preventing bolts’ loosening and wear.
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45 mm

Figure 5-14 — Height adaptation ensured by the wedge component (red) integrated on the shank structure.
The level-based bolt fixation made in pairs allows for a height adaptation of 4.5 cm.

Having in mind the reference point settled for the shank structure placement
mentioned above and the height adaptation ensured by the same structure, the proximal
fixation structure should provide for a height adjustment ranging from 35 to 39.5 cm.
Herewith, Figure 5-15 illustrates the process of the height regulation system designed for

the standard SmartOs wearable orthosis.

eh@l 39.52cm
|

Figure 5-15 — Height adaptation system implemented on the SmartOs wearable orthosis, with the standard
proximal upright, ensuring the height adjustment from 35 to 39.5 cm. The measurement is executed from
the centre of the articulation system to the top of the shank structure.

After a discussion amongst the members of the SmartOs design team on whether

the shank structure’s straps were sufficient to ensure a proper attachment of the proximal
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fixation structure to the user, the conclusion reached was that another strap was needed.
This strap must be located as close as possible to the orthosis articulation to guarantee a
more rigid fixation. Hence, a metal plate was designed to be screwed on the proximal
motor bar, to which it will be attached a distal strap (Figure 5-16 (a)). The idea is similar

to the one implemented on Exo-H2 (Figure 5-16 (b)).

Figure 5-16 — Metal plate to incorporate a distal strap, which will serve as an additional fixation location to
ensure a proper attachment of the proximal fixation structure to the user.

5.2.3.2 DISTAL FIXATION STRUCTURE

There are two important aspects regarding this structure of the SmartOs wearable
orthosis: its capability to align and comply the orthosis axis of rotation with the ankle
joint’s tibiotalar axis of rotation. The former ability is achieved by the regulation system
within the sheet metal shoe insert. The adjustment of the actuation system is a crucial
feature of the device, as it ensures the proper alignment between the active assistance
and the patient’s anatomical axis of rotation. Herewith, it becomes essential as well that
the height regulation system of the distal fixation structure warrants a flexible and reliable
adaptation. Having this in mind, as opposed to the proximal fixation structure, it was
implemented a continuous height adaptation system (sliding system), fastened through
bolts to the plate that ensures the connection with the motor.

Additionally, the compliance of the device axis of rotation with the tibiotalar axis
of rotation is accomplished through the inclination of the bottom part of the metal shoe
insert. The degree of tilt of the structure was debated amongst the SmartOs consortium
members, especially with LABIOMEP director Professor Jodo Paulo Vilas-Boas, resulting in

the decision of implementing a maximum degree of inclination of 5° (Figure 5-17). The
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arguments presented in favour of the selected inclination were as follows: one should
never try to perfectly imitate an anatomical joint, as it is immensely complex; one should
always try to ensure the compliance of devices that are set to be used by an individual;

and finally, the only way to validate a concept is to test it.

Motor connection
plate

Metal foot
structure/Footplate

I
b e
1

Figure 5-17 — Metal foot structure angle of inclination relative to the ground (left value) and the motor
connection plate (right value).

An opening had to be designed on the motor connection plate for the strain gauge.
It was advisable to incorporate this latter component into the part that experiences a
constant strain, in order for this device to measure the deformation more effectively
(Figure 5-18). Subsequently, the metal foot structure would be coupled to this component

through M6 bolts to ensure a safe fixation.

Figure 5-18 — Strain gauge position spots on the sides of the hollow designed on the motor connection plate,
to evaluate the strain of the same part during the standard orthosis use.

As mentioned above, a continuous height adaptation system (sliding system) was

implemented on the distal fixation structure to warrant a more flexible regulation. To
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ensure a safer fixation, 4 bolts were implemented and, so, this system is projected to

regulate 5 mm in height, as it is illustrated in Figure 5-19.

Figure 5-19 — Height regulation system implemented on the distal fixation structure. The dimensioning of
this system was executed in congruence with the one designed for the established ankle orthosis, Exo-H2.

5.2.4 FOOT STRUCTURE

Another problem related to walking with the Exo-H2 reported by the BiRDLAB team was
the discomfort felt with the implemented solution for the foot structure. The Exo-H2
incorporated articulated footplates into rubber outsoles, on top of which the user would
attach and fix their shoe with VELCRO® straps.

To come up with a solution to this adverse characteristic, the Orthos XXI design
team suggested the use of a shoe instead of an outsole. The metal plate showed in the
previous section would be inserted into the sole of the selected shoe and safely screwed
to it. This concept is based on the foot structure implemented on HAL-5 (see Figure 3-13
(a) of Section 3.3.4). The shoe would be customizable to each user, which would consist
in not only a more comfortable solution but also a more hygienic one. Figure 5-20
illustrates the foot structure, showing a model of the shoe’s outsole, fixated to the distal
upright through a medial metal plate. These two components are fastened with two M3
screws. An insole with embedded FSR is set to be placed on this structure to monitor the
interaction with the floor. This information is further used for the segmentation of the

different gait phases.
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Medial metal plate

Figure 5-20 — Foot structure CAD drawing, showing the shoe’s outsole model to which a medial metal plate
is screwed to the distal upright.

5.3 MATERIALS AND STRUCTURAL DIMENSIONING

As already referred, the design and construction of the wearable ankle-foot orthosis
integrated in the SmartOs project was based on a produced active AFO — Exo-H2 (Technaid
S.L., Spain). The necessary design changes to the already established exoskeleton were
made, in order to ensure that the new prototype would respond positively to some of the
problems faced by the H2. Herewith, the materials chosen to compose some of the
components were different that those of the H2, as it’s discussed in the next subsection.

Furthermore, once the standard version of the SmartOs wearable orthosis CAD
model was developed, it became necessary to submit the critical components of this
model to a finite element analysis (FEA) to assess their performance in pre-defined
situations. Thus, the SolidWorks® Simulation tool (more specifically, the linear static

analysis) was used to test the 3D drawing.

5.3.1 MATERIALS SELECTION

Exo-H2 lower limb exoskeleton’s principal structure materials are stainless steel and
aluminium alloy 7005. According to the information available online, the several existing
types of stainless steel present a volumetric mass density that ranges from 7.6 to 8 g/cm3,
which corresponds to an excessively heavy metal. On the other hand, the type 7005
aluminium’s mass density is around 2.9 g/cm3. Moreover, this 7000-series aluminium alloy
presents a Young’s modulus of 70000 MPa, a Poisson’s ration of 0.33 and a yield strength

that ranges from 95 to 350 MPa [195].
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Due to the rather low mass density and good mechanical properties, aluminium
was the metal selected to compose the SmartOs structure. The three aluminium alloys
currently used for production in ORTHOS XXl are: Al 5083, Al 5754, and Al 6082. However,
another aluminium alloy with a higher mechanical strength was considered to compose
the structure’s components subjected to higher tensions: Al 7075. Table 5-3 presents the
mechanical properties of the mentioned aluminium alloys, which are necessary inputs for
the SolidWorks® static simulation.

Table 5-3 - Mechanical properties of the aluminium alloys available and currently used for production in
ORTHOS XXI [196]-[200].

Mechanical Properties
Alumintum E\::trl\c '(:)r Poisson’s MRS Uil
L . . Density Strength
Modulus Ratio (g/cm?) (MPa)
(MPa) g
Al 5083-H111 71000 0.33 2.66 115
Al 5754-H111 70500 0.33 2.68 80
Al 6082-T651 70000 0.33 2.70 240
Al 7075-T651 71000 0.32 2.80 475

5.3.2 CRITICAL COMPONENT SIMULATION AND DESIGN CHANGE

Once the standard version of the SmartOs wearable orthosis was achieved, its CAD model
had to be subjected to a validation process, to ensure its reliability. Thus, the components
submitted to the highest loads, and which fracture or yield would lead to the compromise
of the whole device, were selected to be tested.

SolidWorks® Simulation is a FEA program built into the software’s interface that
allows designers to test their designs and iterate on them. This program comprises several
simulation tools such as linear static, fatigue, thermal, frequency analysis and much more.
The simulation tool selected was the linear static analysis, which subjected the
components to steady-state load conditions to quickly analyse and iterate designs based
on stress, displacement, strains and factor of safety results [201]. The linear static analysis
makes a few assumptions such as that loads are applied slowly and gradually until they

reach their full magnitudes, where they remain constant; all materials in the model
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comply with the Hooke’s law (stress is directly proportional to strain); and that the
induced displacements are small enough to ignore the change in stiffness caused by
loading [202].

From the various components of the SmartOs orthosis, it was selected for
simulation those which its yield would compromise the whole device’s function. Hence,
both the proximal and distal fixation structures were submitted to a static simulation, to
ensure that the performance of such parts under the maximum load would not jeopardize

the patient’s safety.

5.3.2.1 PROXIMAL FIXATION STRUCTURE

Regarding the proximal fixation structure, it was defined that it should support a
torque of approximately 65 N.m (twice the actuation system’s nominal output torque)
without experiencing yielding. The project team decided to not use the maximum torque
required (80 N.m) to avoid oversizing the mechanical structure. Thus, the standard upright
was tested, simulating with different materials to assess which one would warrant a
superior FOS. Moreover, the bolts that hold the parts together are also analysed to
evaluate the best fixation conditions.

To simulate the proximal upright, the shank structure was excluded from the
analysis, since it would save processing time, and the wedge component was fixed. The
Fixed Geometry option sets all translational degrees of freedom to zero, and, once the
wedge component is welded to the shank structure, this option was used on the face
coincident with it. Additionally, the same option was used on the distal strap metal plate,
to simulate the fixation with this piece.

Regarding the contact condition, the Global Contact and Bonded option was
selected to save computing time, and this way the whole assembly acts as one part. In
order to simulate a more realist condition and also to reduce the computing time, Contact
Sets (No Penetration and Surface to Surface Contact) were defined to ensure that both
the coincident faces of the wedge component with the upright, and the latter one with
the actuation system are in contact. Moreover, a Bonded Contact Set was defined
between the distal strap and the actuation system so that the fixation between these two

components is not computed. This fixation will be validated further on.

114



Detailed Design

To assess the bolts that would link the upright, wedge component and the
actuation system plate, Bolt Connectors were used. This functionality allows the definition
of the bolts’ strength data and pre-load conditions, which provides a more realistic
analysis. Herewith, for each bolt connector, the tensile stress area and the pre-load
conditions were defined in accordance with the tables presented in I-Bolts mechanical
properties information. The calculation of the pre-load condition was executed through

the following mathematical equations:

Equation 1: F; =0.75 X F,
Equation 2: E, = A; X S,
Equation3: T=KXF; xd

where, F; is the axial pre-load, F, is the proof load, 4, is the tensile stress area, S, is the
proof strength, K is the friction coefficient, d is the bolt diameter, and, finally, T is the pre-
tension applied to the bolt. The proof load is computed through the values presented in
Figure 8-9 and Figure 8-10, and the value of the friction coefficient can be discovered in
Figure 8-11. Galvanized steel bolts have a friction coefficient of 0.2. The definition of the

simulation’s conditions of the proximal upright is illustrated in Figure 5-21.

Contact Sets Bolt Connectors

xternal
Loads

Fixture -

E Torque Value (.m): -

Figure 5-21 — SolidWorks® Linear Static Analysis definition of the simulation’s conditions of the proximal
fixation structure: Fixtures, Connections (including Contact Sets and Connectors) and External Loads.

Once the simulation conditions were established, it was defined the discretization

of the model with parabolic tetrahedral solid elements (High quality mesh). Parabolic
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elements are reported to yield better results, as they represent curved boundaries more
accurately and produce better mathematical approximations. A Standard mesh was set
with an element global size of 5 mm, in order to save computational resources and the
resolution time.

A first FEA analysis was conducted with aluminium alloy 5083-H111 as the
composition material of all structural components and galvanized steel as the bolts’
material (yield strength of approximately 204 MPa and computed pre-load of 4.1 N.m).
Figure 5-22 (a) shows the von Mises stress obtained and Figure 5-22 (b) and (c) present
the FOS results of the actuation system structure and the upright fixation method with
the wedge component (with two bolts M6), respectively. The highest von Mises stress was
applied on the actuation system upright and, as one can verify with Figure 5-22 (b), the
minimum FOS of this structure is 1.282. Since it is advisable that the FOS is superior to 1.5,
the aluminium alloy selected needs to have a superior yield strength. Furthermore, Figure
5-22 (c) shows that fixating the structures with two M6 galvanized steel bolts does not
provide for a reliable FOS, and, thus, a third bolt needs to be incorporated to distribute
the tensions more effectively. Therefore, the second trial of simulations will assess

Al6082-T651 as the structure material and a fixation with three M6 bolts.

von Mises (N/mm*2 (MPa))
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Figure 5-22 - Linear Static Analysis with SolidWorks® Simulation tool used to assess the proximal fixation
structure composed by aluminium alloy 5083-H111: (a) von Mises stress results after applying a torque of
65 Nm, (b) Factor of safety (FOS) results regarding the actuation system structure, and (c) FOS results
regarding the fixation of the upright to the wedge component and the actuation system with two galvanized
steel bolts. The red colour means that the calculated FOS is inferior to the desired FOS.
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Figure 5-23 (a) shows the improvement achieved with the change of the material
that composes the actuation system connection, where the calculated FOS increased to
2.671. In contrast, the additional M6 galvanized steel bolt still does not provide for the

desired FOS, as the computed value range from 1.1 to 1.18 (Figure 5-23 (b)).

3,000
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Desired FOS: 12
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Figure 5-23 - Linear Static Analysis with SolidWorks® Simulation tool used to assess the proximal fixation
structure: (a) FOS results regarding the actuation system structure composed by Al6082-T651, and (b) FOS
results regarding both the fixation of the upright to the wedge component (with three M6 galvanized steel
bolts) and to the actuation system.

Since it was noticeable that the yield strength of the steel had to be increased, a
bolt of class 8.8, which is a medium carbon steel, quenched and tempered, was selected.
Although in the Shigley’s table, presented in the appendix I-Bolts mechanical properties
information, a class 8.8 bolt size ranges from M16 to M36, in accordance with 1SO898-
1:1999, this property class of steel bolts ensures a minimal yield strength of 640 MPa to
all sizes below 16 mm (diameter) [203], [204]. The pre-load had to be updated with the
class 8.8 proof strength values. Hence, a final simulation was carried out with two
property class 8.8 M6 bolts to validate this design change.

Figure 5-24 (a) illustrates the increase of the FOS when this type of bolts is
incorporated. Although the computed FOS was not 1.5, it was concluded amongst the
design team that the fixation would still be reliable. In addition, a simulation was

performed to evaluate the distal fixation with the additional strap, by removing the Fixed

117



Detailed Design

Geometry option from the metal plate of the strap. Results show that this fixation is

needed to warrant a safe shank structure’s fixation (Figure 5-24 (b)).
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Figure 5-24 - Linear Static Analysis with SolidWorks® Simulation tool used to assess the proximal fixation
structure: (a) FOS results regarding the fixation of the upright with M6 class 8.8 steel bolts to the wedge
component and to the actuation system, (b) FOS results of the bolts when the distal strap fixation is
removed, showing that this additional component is needed to ensure a safer connection to the user, and
(c) Validation of the distal strap metal plate fixation with M5 screws.

Finally, the fixation of the metal plate for the distal strap to the structure was
assessed separately to save computing resources and time. Herewith, two M5 screws
were defined to perform the fixation, and the simulation FOS results show that these

components are able to ensure a proper fixture (Figure 5-24 (c)).

5.3.2.2 DISTAL FIXATION STRUCTURE

Similarly, the distal fixation structure was submitted to a static simulation to evaluate its
performance with the torque of 65 N.m. The results of the von Mises stress, displacement
and FOS were assessed, and the necessary design changes were conducted in order to
obtain the most favourable FOS.

To simulate only the results of the maximum torque exerted by the actuator, the
Fixed Geometry option was applied onto the bottom face of the footplate. Moreover, due
to the program’s incapacity to define Bolt Connectors in a situation of continuous bolt

hole, Rigid Connectors were used to simulate the footplate fixation to the motor
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connection plate. Furthermore, a Global Contact of No Penetration was defined to the
components of the assembly which were initially touching. This way is prevented the
interference between the motor connection plate and the metal foot structure. Contact
Sets were defined between the non-touching faces of the footplate and the bolts
representative components. The Bonded option was selected so that the stresses are
more concentrated in the location of interaction between the motor connection plate and

the bolts since these parts are joined together (“welded”) with the footplate (Figure 5-25).

Fixtures

External Loads

Rigid Connection

Figure 5-25 - SolidWorks® Linear Static Analysis definition of the distal fixation structure simulation’s
conditions.

The quality of the mesh was also established at the high option, but with the
parabolic element global size set to 3 mm and the option Curvature-based mesh selected,
so that the mesher creates more elements in higher-curvature areas automatically
(without need for mesh control). In addition, since the metal foot structure/distal upright
was modeled with sheet metal features, the simulation program automatically treated
the part as a sheet metal. This means that the part was converted to a shell mesh which
greatly reduces the overall size of the mesh, as the shell elements only mesh the exterior
surfaces of the sheet metal geometry and take into account the thickness during the
calculation [205].

Moreover, the aluminium alloys used for the first test were Al5754-H111 for the

shoe insert and Al5083-H111 for the motor connection plate. The first aluminium type
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was used because it’s the material currently used in ORTHOS XXI for the CNC Laser of
sheet metals with thickness below 8 mm. In addition, it’s important to note that the distal
upright’s thickness is 5 mm, which is twice the thickness defined for the Exo-H2 footplate.
The material primarly selected for the bolts was galvanized steel. Figure 5-26 (a) shows
the FOS results regarding the motor connection plate, where one can verify that a change
of material must be implemented, in order to ensure that the working stress is higher than
the material’s yield strength. In addition, the factor of safety results concerning the
galvanized steel bolts also show that these components would yield under such loads (FOS

of 0.863, see Figure 5-26 (b)).
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Figure 5-26 - SolidWorks® Linear Static Analysis results: (a) FOS results regarding the motor connection plate
composed by AI5083-H111, and (b) FOS results of the galvanized steel bolts.

Having these results in mind, the aluminium alloy selected for the motor
connection plate was changed to Al6082-T651 and the pieces representing the bolts were
defined as being class 8.8 steel bolts. Figure 5-27 (a) shows that the minimum FOS of 1.29
is found on the strain gauge opening, indicating that the higher stresses are concentrated
on the edge of this hollow. Therefore, a design change was implemented, in which the
rounded corners of the strain gauge opening were increased, as well as the lateral edges.
This way, a minimum FOS of 1.573 was achieved (Figure 5-27 (b)). Finally, the minimum
FOS regarding the bolts was immensely increased from 0.863 to 1.55, which consists of a
satisfactory result, once it represents that the class 8.8 bolt fixation is able to ensure a

safe connection between the parts (Figure 5-27 (c)).
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Figure 5-27 - SolidWorks® Linear Static Analysis results: (a) FOS results regarding the motor connection plate
composed by Al6082-T651, (b) FOS after the design changes implemented on the motor connection plate,
and (c) FOS results of the class 8.8 steel bolts.

Lastly, the strain gauge must be integrated in a place that experiences constant
deformation. Thus, the strain was computed and, as illustrated in Figure 5-28, the
deformation remained constant on the lateral sides of the device’s opening, which is

indicative that the strain gauge is placed correctly.
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Figure 5-28 - SolidWorks® Linear Static Analysis strain results on the strain gauge opening, showing that the
strain gauges can be placed its lateral sides, due to the constant deformation.

5.4 DISCUSSION OF THE RESULTS

The present master dissertation main purpose was to design and validate a first prototype
of the SmartOs wearable structure, which assembled four components, each with a
different function. With the CAD model developed and validated in a simulation
environment, a design comparison with the Exo-H2 can be executed to assess the
solutions implemented to tackle the main exoskeleton’s problems. Herewith, this section

will disclose the principal improvements achieved with the standard SmartOs design.
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Lastly, the SmartOs wearable ankle-foot orthosis features are presented, which include
the actuator specifications (motor and gearbox), structure materials, the implemented

sensory system and the device’s weight.

5.4.1 CoMPARISON WITH EXo-H2

The SmartOs wearable active orthosis was designed with the Exo-H2 problems in
mind, in order to improve certain functionalities of the exoskeleton. One of the main
issues regarding the established orthosis was the fixation mechanism of its uprights, which
experienced bolts loosening and wear, as reported by the BiRDLAB team. To tackle this
problem, the continuous height adaptation of the Exo-H2 was replaced with a
discontinuous regulation system. The orthosis’s level-based height regulation system was
suggested to enhance the overall adjustment technique by preventing bolts loosening and
wear, and, therefore, allow a safer connection to the user.

Furthermore, the distal fixation structure of the Exo-H2 incorporated bolts M4 to
fixate the footplate to the motor connection. This fixation was also reported to experience
loosening of the bolts, which resulted in the overall discomfort felt by the users. To
address this issue, superior size bolts were incorporated.

Concerning the materials selected to compose the orthosis structure, the
aluminium alloys available for production in Orthos XXI were tested to verify which one
worked better in the simulated components. Besides, aluminium was the preferable
material to implement on the SmartOs prototype, due to its low mass density, which is
almost three time less than the mass density of the stainless steel, used in the Exo-H2.
Moreover, through the static simulations was also possible to conclude that steel bolts of
the class 8.8 are a good solution to incorporate on the fixation structure.

The shank structure was designed with a higher area of contact than the one
provided by the leg’s straps of Exo-H2. This solution was implemented in order to comply
with the biomechanical principle of total contact area, which should be increased to
warrant that pressures are kept in reasonable magnitudes, and thus to provide the most
comfortable attachment. Furthermore, through the simulations carried out on the

proximal fixation structure, it was possible to conclude that the incorporation of a strap
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close to the orthosis’s articulation was indeed needed. With the additional strap, the
fixation of the device to the user is more rigid and safer.

Regarding the actuation/articulation system, the selected actuation system (DC
motor and gear unit) is able to provide more nominal torque, maximum torque, and
nominal speed than that of the actuation system selected for the Exo-H2. This is a positive
result, once it permits a full active assistance to lighter and heavier patients when
considering the maximum torque recommended by a Maxon® collaborator. Additionally,
although the weight of the selected harmonic drive was almost twice as high as the one
incorporated in Exo-H2, the mass of the DC motor and gearbox was reduced from 483 to
384 g. However, the width of the whole articulation system was increased by about 5 mm,
due to the positioning of the encoder on the output of the motor. Nevertheless, this
magnetic encoder, selected to replace the potentiometer implemented on the Exo-H2,
presents a higher accuracy.

One other aspect of the Exo-H2 that needed to be ameliorated was the foot
structure. Although the shoe structure has only been considered but not selected, nor the
footplate opening has been machined, it is suggested that the incorporation of a shoe into
the orthosis would ensure more comfortable use and gait. This is claimed because the
outsole and the straps used to fasten the user’s shoe of the Exo-H2 are replaced by one
shoe unit, which would be customizable to each user’s foot size. This way the same
outsole would not be worn by several users, as each one would get their own machined
shoe, which would warrant not only a more comfortable use but also a more hygienic one.

Finally, the designed orthosis represents a standard version of the SmartOs
wearable active orthosis oriented for average height Portuguese people, which implicates
that the adaptation feature to the required range of user’s heights was not fulfilled.
Nonetheless, once this proof of concept is constructed, tested, and validated, the height
adaptation functionality would be ensured by the manufacture of several sizes of both
the proximal and distal fixation structure. Similarly, the shank structure would also be

customizable.
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5.4.2 SMARTOS FEATURES

This section presents the final CAD model of the SmartOs wearable active orthosis
developed by the design team, which includes both the University of Porto and Orthos XXI
design team (Figure 5-29 (a), (b) and (c)). Finally, Table 5-4 is provided to summarize the
main technical features of the SmartOs orthosis standard prototype.

Table 5-4 — Technical specifications of the SmartOs wearable active orthosis standard prototype, including
the features that are set to be provided by the system.

Standard SmartOs — Smart, Stand-alone Active Orthotic System

Number of DOF 1 active in the sagittal plane
Target Market Post-stroke gait rehabilitation
Materials Aluminium alloys 5754-H111, 6082-T651
Mass (kg) 1.294
Actuator Servomotor (DC motor + Harmonic Drive)
Nominal
32.16
Actuation UL [
System (N.m)
Nominal
Speed 3.39
(rad/s)
Strain Gauge (for deformation measurement during use);
Sensory System to FSRs (for gait event detection);
be implemented
EMGs (for monitoring muscle activity).
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Figure 5-29 — SmartOs standard wearable active orthosis CAD model: (a) Isometric view of the assembly for the right ankle, (b) Isometric view of the assembly for the left
ankle, and (c) Exploded view of the assembly for the left ankle.
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5.4.3 DEVICE CLASSIFICATION

The FDA has established three regulatory classes (I, Il and Ill) based on the level of control
necessary to ensure the safety of the medical device. According to this federal agency, a
powered lower extremity exoskeleton is classified into class Il (General and Special
Controls), meaning that the device requires premarket notification 510(k), which is a
regulatory requirement stating that it must be demonstrated that the device is
substantially equivalent to one legally in commercial distribution in the United States
[206].

Regarding the criteria applied in Portugal, with the amendment of Directive
93/42/EEC by Directive 2007/47/EC, of the European Parliament and of the Council, of 5
September, this new directive has been transposed into national law through the
following diploma: Decree-Law 145/2009, of 17 June, establishes the rules to be followed
by research, manufacture, marketing, entry into service, surveillance and advertising of
DM and their accessories and transposes it to the internal legal order Directive
2007/47/EC, of the European Parliament and of the Council, of 5 September.

Decree-Law 145/2009, of 17 June, divides medical devices into four classes of risk:
Class | medical devices (low risk); Class lla medical devices (medium risk); Class llb medical
devices (medium risk) and Class Il medical devices (high risk). Through the analysis of the
classification criteria presented in Annex IX, the SmartOs orthosis seems to be a Class llb
medical device, once it is an active medical device that, because of its features, is
susceptible to supply or exchange energy to and from the body in a potentially dangerous
way, considering the nature, density, and place of application of energy. In this case, the
evaluation of conformity should follow the requirements stated in the Annex Il of the
Decree-Law [207]. Nevertheless, this classification needs further evaluation by the Orthos

XXI team and regulatory entities.

5.5 PRE-PROTOTYPE PRODUCTION

Due to lack of manufacture resources of the Orthos XXI Company, the standard prototype

of the SmartOs wearable active orthosis was not possible to be produced and assembled.
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Nevertheless, both the Maxon® DC motor and the Harmonic Drive® gear unit have been
ordered and the production is set to start once these components arrive.

Although the whole assembly was not manufactured, it was possible to produce
the shank structure to verify its dimensions and to assess its coupling in different legs. The
material used to manufacture it was aluminium alloy 5754-H111 and the bending process
was performed in a one DOF CNC machine (Figure 5-30 (a)). Additionally, the opening for
the wedge components and the straps, were cut in a CNC Laser with two DOF. Figure 5-30
(b) shows the shank structure attached to a leg of an individual with 1.5 m height.
However, the same component was tried out in other individuals with the average height

and its coupling was reported to be comfortable and satisfactory.

Figure 5-30 — Left shank structure for the standard SmartOs wearable active orthosis, produced in Orthos
XXI: (a) Lateral view of the produced component, and (b) SmartOs component attached to a leg of an
individual with 1.5 m height.
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This chapter discloses the conclusions drawn from the present master’s dissertation and
the curricular internship developed in the Portuguese company Orthos XXI, as well as the

prospect for future work.

6.1 CONCLUSIONS

This master’s dissertation initiated with the literature review regarding the anatomy and
biomechanics of the human ankle joint, and the rehabilitative lower limb orthotic devices.
From the former, it is possible to conclude about the high complexity of the ankle joint
and how the gait kinematics and kinetics are affected by the stroke phenomena. Chapter
3 disclosed the many components that integrate a lower limb orthotic device, from which
it was possible to understand the work that has been done in the past years, not only to
provide an intelligent and controlled active assistance to impaired individuals but also to
ensure the compliance between the user and the orthosis’s articulation, through self-
alignment mechanisms or even through multiple degrees of freedom articulations.

In this master thesis, the conceptual solutions for the SmartOs wearable active
orthosis’s required functions were proposed. To accomplish this, several design
methodologies were used. These methods revealed to be reliable tools, that facilitate the
design process and provide for an organized collection of ideas to answer the project’s
problems and goals. The performance specification method disclosed the SmartOs project
requirements, in which the wished and demanded features were defined. Thus, it
becomes necessary to conclude about the specifications that were accomplished and
about those that were not.

Firstly, regarding the compliance of the shank structure design, it was whished a
3D printed structure that comprised lightweight materials. However, after a group
discussion amongst the Orthos XXI design team, it was decided that a metal structure with

low thickness and lined with a comfortable, soft material would provide not only for a
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comfortable attachment to the user’s leg but also a safer one, due to the high mechanical
strength of the aluminium alloys. Furthermore, the produced aluminium shank structure
was attached to several individuals that considered the component to be lightweight.
Nevertheless, further tests are required to assess the comfort provided by its use.

In addition, the adjustability of the orthosis to users with stature within the range
of 1.50 and 1.90 meters was demanded. The idea was to design several proximal and distal
upright sizes, which would be easily coupled and detached from the articulation/actuation
system. This way, the final SmartOs orthosis would be a configurable device, that
comprised a single unit applied to all users (the actuation system) and three other
modules, customizable to the patient’s needs. This adaptation approach would ensure a
shank height regulation of 17 centimetres, which would be an increase in 23% comparing
to the height adjustment of the Exo-H2 (13 centimetres). Similarly, the distal fixation
structure would be able to warrant the adjustment necessary to comply with the ankle
height range, which would represent an important improvement when compared to the
Exo-H2, which only permits regulation of about 5 millimetres. Furthermore, the
manufacture of several distal upright sizes contributes to the mitigation of the
misalignment between the actuation system’s axis of rotation and the user ankle’s axis of
rotation. Although the concept of manufacturing different fixation structure’s sizes still
stands amongst the Orthos XXI design team, it was decided that was better to first
produce a standard SmartOs orthosis prototype (oriented for average height Portuguese
individuals), in order to validate the actuation and electronic systems, and the overall
comfort of the device. Herewith, the proposed standard version allows the shank’s height
regulation of about 4.5 centimetres, with the possibility of increasing this adaptation up
to 6 centimetres. This represents a decrease in height regulation when compared to the
one implemented in Exo-H2. However, the proposed fixation system would ensure a more
reliable fastening, with less wear and yield phenomena in regard to the bolts. Moreover,
the distal fixation structure ensures a regulation of 5 millimetres, which is similar to that
of the Exo-H2.

To achieve the compliance of the foot structure, it was demanded by the SmartOs
team that the structure would include lightweight and comfortable materials, be easily
replaceable from the actuation system and adjustable to different foot sizes. The solution

of comprising a shoe would ensure all of these demands, due to the fact that it would be
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acquired in a specialized shoe company that already guarantees comfort and
customizable characteristics. Besides, the incorporation of a shoe selected for a certain
patient would warrant a more hygienic solution than that of the Exo-H2 (an outsole worn
by all users). Furthermore, the solution of machining the shoe’s outsole, in order to
incorporate the distal upright/footplate, would allow the easy detachment and
attachment of the foot structure from the actuation system. This way, it would be possible
to couple the most appropriate shoe and configure the orthosis to be used on a certain
patient. Nonetheless, the whished requirement of the outsole thickness will not be
accomplished since a shoe with an appropriate outsole thickness is needed to ensure its
safe machining.

Moreover, the adaptability of the SmartOs orthosis consisted of ensuring its
attachment to the patient’s impaired limb (right or left). This wished requirement was
fulfilled through the design of two symmetric shank structures, which would ensure the
coupling of the remaining SmartOs modules on the lateral side of this structure.
Additionally, the foot structure solution would also ensure that the shoe for the impaired
foot would be the one selected to be machined. Herewith, the use of the SmartOs
wearable orthosis would not be limited by the impaired limb of the patient, as it happened
with the Exo-H2.

Concerning the accurate functionality of the device, all the wished and demanded
requirements were accomplished, with the exception of the alignment between the
orthosis and user ankle’s axes of rotation. Although the distal upright was designed to
comply with the tibiotalar axis of rotation, its height regulation system does not ensure
the adjustment of the actuation system to be aligned with the ankle axis of rotation. As
aforementioned, this task is set as a further development, with the production of the
orthosis’s customizable parts. Moreover, the integration of a silent block was suggested
in the conceptual design since it would ensure the flexibility of the orthosis’s joint,
allowing the motion in the coronal plane, which is suggested to mitigate misalignment
occurrences. Similar to the customizable parts, this solution is set for further
development.

The selected electric actuation system, which comprises a Maxon® DC motor and
a Harmonic Drive® gearboyx, is able to provide for the required gait speed and the wished

torque. This project phase was accomplished with the help of an engineer of Maxon®
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Company, who ensured these requirements would be guaranteed if the correct battery
and controller were chosen. Furthermore, the mass of the structure is 1.294 kg, which is
within the demanded requirement.

Finally, the reliable use requirement was achieved through the incorporation of a
safety mechanism into the actuation structure, which limits the range of motion from -20
to 20° in the sagittal plane.

Thus, the detailed design of all SmartOs proof of concept modules was disclosed
in Chapter 5, in which, both the implemented novelties (the shank and foot structure, and
the distal upright) and improvements are addressed. In this chapter, through the static
simulation performed in SolidWorks®, it was selected the aluminium alloys that best
enhanced the mechanical performance of the critical components. The aluminium alloy
6082-T651, used for manufacture of machined pieces at Orthos XXI, was selected to
comprise the majority of the SmartOs structural components, guaranteeing a factor of
safety of at least 1.5. Furthermore, class 8.8 steel bolts were chosen as the best fixation
components due to its high mechanical strength.

Due lack of time, derived from the delay of both the curricular internship at Orthos
XXI and the SmartOs project, it was not possible to produce the standard SmartOs active
orthosis. Nevertheless, the production process has been forwarded and both the Maxon®

DC motor and the Harmonic Drive® gear unit have been ordered.

6.2 PROSPECT FOR FUTURE WORK

As aforementioned, the rest of the standard SmartOs active orthosis components are
already set for production at Orthos XXI. After the orthosis is manufactured and the
ordered actuation system arrives, the device’s assembly will be performed. The battery
and controller will be selected by another project team member, and, posteriorly, the
orthosis validation will be executed, to assess the overall comfort, as well as the actuation
and electronic system. The cushioning of the shank structure (with silicone gel) will also
have to be produced and fixated to the component.

After the orthosis validation, the different sizes of the fixation structure will be

dimensioned and designed, in order to comply with the required range of user’s height.
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These customizable components must also be validated, through the evaluation of its
height adjustment system on several users with different statures.

Finally, the incorporation of silent blocks will be studied to further implementin a
second orthosis prototype. Moreover, its functionality must be assessed in order to verify
if the flexibility provided by such components allows more natural movement of the ankle

joint on the frontal/coronal plane.
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A. Overview information of the different types of AFOs

Table 8-1 — Overview of the passive, semi-active and active ankle-foot orthoses [10], [30], [34].

Type of
orthoses

Characteristics

Passive

Non articulated

Arti
cula
ted

Most popular daily-wear device due
to its compactness, durability,
lightweight and simplicity of design;
Usually single piece;

Fabricated out of lightweight
thermoformable or thermoplastic
materials;

Can provide assistance in the sagittal
plane during gait, while storing
energy;

Has proven to decrease walking
energy expenditure, improving gait
pathology;

Is able to store energy during
deformation of its spring-like design,
and enhance push-off during the
pre-swing phase.

Together with the nonarticulated
AFOs, is the most popular daily-wear
device;

Fabricated out of lightweight
thermoplastics or carbon composite;
Include a joint with a hinge, flexion
stops, and stiffness control
elements, like springs;

The mechanical components have
shown to prevent drop-foot by
locking the ankle in a suitable
position;

Can provide resistive force, and
ankle joint’s stiffness, initial angle
and range of motion adjustability;
Similarly, it provides assistance to
the user by preventing unwanted
foot motion with physical resistance.
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Limitations

Restricts normal
ankle joint
movement, which
affects functional
recovery;

Might cause
excessive knee
flexion moment, in
order to
compensate for toe
clearance;

Not able to ensure
walking stability;
High risk of tripping.

Limited
functionality;
Motion control
determined by
passive
components, which
have limited
robustness;

Not able to adapt to
changing
environment and
walking conditions;
The wearer might
experience poor
dynamic balance
and unnatural gait
pattern;

Cannot provide
direct positive
torque for the user
during the

Examples of

devices

WalkOn
Reaction AFO,
by Ottobock;
WalkOn Flex
AFO, by
Ottobock;
AFO
developed by
Ramsey et al.;
AFO
developed by
Allard et al.;
AFO
developed by
Wolf et al,;
AFO
developed by
Bregman et
al..

AFO by
Ottobock;
AFO by
Yamamoto et
al.



Semi active

Active

The effectiveness to prevent drop

foot and improve user’s comfort has
been shown; .
Integrate MR (Magneto-Rheological)
dampers or brakes, which can

warrant controllable braking torque;

Can manage that motion of the

paretic ankle by modulating the .
damping of the AFOs joint in real-

time;

Incorporate potentiometers, force

and moment sensors to control the

MR brake.

Can provide controllable assistive °
torque for the wearers in both dorsi-

and plantarflexion;

Incorporate actuators and a robotic
control system, which make for a

more compliant ankle motion;

Are able to interact with

unpredictable environments and
modulate the ankle movements .
accordingly;

Can ensure sufficient toe clearance

and prevent drop foot during swing
phase of the human gait;

Can integrate several types of

actuators to generate assistive

torque: electric, pneumatic,

hydraulic and series elastic actuators
(SEA).
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propulsive stage of
the stance phase.

Don’t provide for
active torque to
help the user to
propel the body
forward;

Are not able to
reduce the
metabolic cost of
walking.

Normally heavy;
Controllers and
power supply are
worn at the
wearer’s waist,
which increases the
user’s metabolic
cost and overall
discomfort;
Actuators have an
efficiency
associated with the
elements of
transmission, such
as the gearbox, in
the electric motors
case, or with the
valves of the
hydraulic and
pneumatic
actuators.

AFO by
Furusho et al;
AFO by
Svensson et al;
AFO by
Shibata et al.

AFOs by
Mooney et al;
AFO by Galle
et al;

AFO by Yeung
etal,;

AFO by Blaya
etal,;

AFO by Ward
etal,;

AFO by
University of
Michigan;
AFO by
Arizona State
Robotic Gait
Trainer;

AFO by
Okayama
University.
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B. Commercially available powered lower limb exoskeletons for rehabilitation

Table 8-2 - Exoskeletons commercially available and its technical and commercial features.

HAL For
ReWalk EksoGT Indego Therapy Keeogo
Medical Use HANK (2016) REX
Rehabilitation (2013)[113], (2013) [113], (2014)[113], Exo-H2
Devices (Year) - MLOS5 Series [123]-[125], (2016)[113],
(2012) [113], [116], [118], [118], [128], [120], [128], (2015) [83],
(2012) [112], [213] [126]-[128]
[114], [128] [209] [209] [210]-[212] [128]
[113], [208]
GOGOA
Parker Hannifin
Company Cyberdyne ReWalk Robotics Ekso Bionics B-TEMIA Mobility Rex Bionics Technaid
Cor
P Robots
Spinal cord

Target Market

injuries, brain
and

neuromuscular

Spinal cord injury

Hemiplegia due to
stroke,

Spinal cord injury

Spinal cord injury

Spinal cord injury,
stroke, multiple

sclerosis, Knee/hip

Hemiplegia due to
stroke,

Spinal cord injury

Complete spinal
cord injury,

stroke, multiple

Hemiplegia due to
stroke,

Spinal cord injury

osteoarthritis sclerosis
disorders
Stainless Steel and
Aluminium Aluminium and Aluminium, Carbon fibre,
Materials Carbon Fibre NS Aluminium 7075 aluminium alloy
alloy and steel tempered steel Carbon fibre aluminium
7005
Weight (kg) 14 25 23 12 6 12 45 11
User Max. Weight 100 100 100 100 NS 100 100 100

(kg)
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HAL For
ReWalk EksoGT Indego Therapy Keeogo
Medical Use HANK (2016) REX
Rehabilitation (2013)[113], (2013) [113], (2014)[113], Exo-H2
Devices (Year) - MLO5 Series [123]-[125], (2016)[113],
(2012) [113], [116], [118], [118], [128], [120], [128], (2015) [83],
(2012) [112], [213] [126]-[128]
[114], [128] [209] [209] [210]-[212] [128]
[113], [208]
. 1.50-
User height range 1.60 —1.90 1.60 - 1.90 1.55-1.91 NS 1.5-1.95 1.42-1.93 1.50-1.95
(m) 1.90
S
i Electric Electric Hydraulic Electric Electric Electric Electric Electric
<
180 (net torque
o | PeakTorque 30 125 NS 20 40 35 NS ( )
o (N.m) 35)
®
=}
]
< Max. Speed 0,56 0,56 0,56 0,56 NS NS 0,1 0.5
(m/s)
- Hip,
S Hip, Hip, Hip; Hip; Hip;
= Knee,
S Knee, Knee, Hip, Knee Knee Knee; Knee; Knee;
- Ankle
= Ankle (passive) Ankle (passive) Ankle Ankle (2 DoF) Ankle
< (passive)
Battery life; 1h30; 2h; 1h; 1h30; 4h 1h
1-4h 6h; Backpack
Placement User’s waist Backpack or waist Backpack User’s waist Structure Structure
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HAL For
ReWalk EksoGT Indego Therapy Keeogo
Medical Use HANK (2016) REX
Rehabilitation (2013)[113], (2013) [113], (2014)[113], Exo-H2
Devices (Year) - MLO5 Series [123]-[125], (2016)[113],
(2012) [113], [116], [118], [118], [128], [120], [128], (2015) [83],
(2012) [112], [213] [126]-[128]
[114], [128] [209] [209] [210]-[212] [128]
[113], [208]
Managed by
therapist through
an APP on tablet
Postural Handheld
Uses postural PCor
Self-initiated changes for interface
changes to trigger smartphone; Trajectory
(EMG detects stepping, Remote for PT; weight Self-initiated Joystick,
EMG and EEG tracking;

Control System

BES) and
remote

control

control
worn on the
wrist to change

modes

shift to
initiate steps,
SmartAssist

software

all transition, FES
controller, Assist-
As-Needed

software

(sensors on the

joints)

signal to control
the exoskeleton;
Assist-as-needed
and predefined
movement

patrons

computer -brain

interface (EEG)

General for all

users
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HAL For
ReWalk EksoGT Indego Therapy Keeogo
Medical Use HANK (2016) REX
Rehabilitation (2013)[113], (2013) [113], (2014)[113], Exo-H2
Devices (Year) - MLO5 Series [123]-[125], (2016)[113],
(2012) [113], [116], [118], [118], [128], [120], [128], (2015) [83],
(2012) [112], [213] [126]-[128]
[114], [128] [209] [209] [210]-[212] [128]
[113], [208]
Force
(exoskeleton’s
foot),
EMG
(posterior and Potentiometers,
anterior sides Inclinometer (torso Pressure Inclinometer Joint Hall Effect
i
Sensory System of the user’s (Crutches), Tilt sensors, . EMG and EEG (structure), Sensor,
. strap), . Joint sensors
(Placement) thigh), Force (Foot) Motion sensors Force (crutches) sensors; 27 on-board Foot/Ground
Potentiomete (legs) microprocessors Contact (Heel and
rs (joints), Toe)
Gyroscopes
(backpack),
Acceleromete
r (backpack)
Provides visual . .
. Provides vibratory APP on tablet PC
HAL Monitor GUI, feedback on the Matlab
. feedback or smartphones o
control Vibratory feedback handheld and LED indicators to verif application
Data Visualization interface from backpack and controller and NS .y NS (offline);
. . . on top of personalized .
(Screen in LED indicator on auditory . L . User interface
. . hip unit, visible to patient progress
real-time) user’s wrist controller feedback (smartphone)

wearer, Indego App

reports
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HAL For
ReWalk EksoGT Indego Therapy Keeogo
Medical Use HANK (2016) REX
Rehabilitation (2013)[113], (2013) [113], (2014)[113], Exo-H2
Devices (Year) - MLO5 Series [123]-[125], (2016)[113],
(2012) [113], [116], [118], [118], [128], [120], [128], (2015) [83],
(2012) [112], [213] [126]-[128]
[114], [128] [209] [209] [210]-[212] [128]
[113], [208]
Even or uneven
Flat, horizontal,
Flat surfaces Level surfaces Indoor, smooth terrain up to Flat or uneven Flat surfaces,
Use Environment stable, dry NS
(indoor only) and mild slopes surfaces 5 degrees of surfaces slopes and stairs
surfaces
inclination
Sit, stand, walk,
Sit, stand, Walk, sit down, turn, shuffle
Sit, stand, Sit, stand, walk, and Sit, stand, Sit, stand, walk and walk, run, turn, stand up, walk up sideways,
Supported Motions Walk

walk and turn turn walk and turn turn crouch, squat, and down slopes exercises to
kneel and stairs promote mobility
(e.g. Squats)
US9943458B2
US8773148B2
US9526668B2,
’ US20140196757A1,
USD749227S1 US20160250093A1, US20110066088A
Patent WO02017064720A3 US8968222B2 -- -- -- --
(design), ! 1
W02017006322A2,
USD786446S1 W02012052988A2,
. US8905955B2
(design),
W020100357
06
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HAL For
ReWalk EksoGT Indego Therapy Keeogo
Medical Use HANK (2016) REX
Rehabilitation (2013)[113], (2013) [113], (2014)[113], Exo-H2
Devices (Year) - MLO5 Series [123]-[125], (2016)[113],
(2012) [113], [116], [118], [118], [128], [120], [128], (2015) [83],
(2012) [112], [213] [126]-[128]
[114], [128] [209] [209] [210]-[212] [128]
[113], [208]
CA—-FDA CA-FDA approval
CA—-FDA
. approval & CE | CA—FDA approval & CA-FDA approval & &CE marking CA-FDA approval AEMPS approval
Commercial Status approval & CE CE marking
Marking & CE marking CE marking (€36.290 & CE marking for investigation
(Market Price) marking (€60.000)
TGA (€60.781) (€60.000 -€85446) or (€145.171) (--)
(€117.939)
(€86.978) £907/year)
Legend: CA — Commercially Available; FDA — Food and Drug Administration; CE — European Conformity; TGA - Therapeutic Goods Administration; NS — Not Specified; BES
- Bio-electric signals; PT — Physical Therapist; AEMPS - Spanish Agency of Medicines and Health Products.




C. Active ankle-foot orthoses for rehabilitation still in a development stage
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Table 8-3 — Overview of the developed active AFO for rehabilitation found in the literature review.

Devices (Year)

AFO by Blaya et al.
(2003) 7], [10], [130]

AFO by Boehler et al.
(2008) [10], [134]

AFO by Ward et al.
(2011) [10], [133]

AFO by Ferris et al.
(2005) [7], [10], [30],
[135]

AnkleRobot by Yeung
et al (2017) [10], [129]

AFO by Takahashi et
al. (2015) [10], [132]

University/Instituti

on

Massachusetts Institute

of Technology (MIT)

Arizona State University

Arizona State University,

Washington University

University of Michigan

Chinese University of
Hong Kong,
Hong Kong Polytechnic

University

North Carolina State

University

Target Market

Drop foot gait (caused by
stroke, multiple sclerosis

or cerebral palsy)

Stroke survivors

Stroke survivors

Gait study and

rehabilitation

Stroke survivors

Stroke survivors

Polypropylene with a

Carbon fibre and

Carbon fibre braces

Carbon fibre shank and

a spring)

Materials NS Polypropylene
metallic hinge ankle joint polypropylene shells foot segment
1 (0.5 at the ankle, and
0.5 at the user’s waist for
Weight (kg) 3.08 1.75 NS 1.6 0.53
the control box and
battery)
Robotic tendon actuator
c . Servomotor (DC motor,
2 ] SEA (DC motor and a (DC motor, custom
® S Robotic tendon actuator PMAs gearing set and control PMAs
2 5 spring) threaded lead screw, and
< < circuit)
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Devices (Year)

AFO by Blaya et al.
(2003) [7], [10], [130]

AFO by Boehler et al.

(2008) [10], [134]

AFO by Ward et al.
(2011) [10], [133]

AFO by Ferris et al.
(2005) [7], [10], [30],

AnkleRobot by Yeung
et al (2017) [10], [129]

AFO by Takahashi et
al. (2015) [10], [132]

[135]
70 (plantarflexion) and

Peak Torque 76.5 60 NS 16.7 25

(N.m) 38 (dorsiflexion)

1.25 (selected by the
1.09 (selected by tested

Max. Speed 1.81 tested able-bodied NS 1.2 (trial selected) 0.6 (faster speed) .

(m/s) subject)

subject)
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Devices (Year)

AFO by Blaya et al.
(2003) [7], [10], [130]

AFO by Boehler et al.
(2008) [10], [134]

AFO by Ward et al.
(2011) [10], [133]

AFO by Ferris et al.
(2005) [7], [10], [30],
[135]

AnkleRobot by Yeung
et al (2017) [10], [129]

AFO by Takahashi et
al. (2015) [10], [132]

Control System

Adjusts the joint
impedance during
different phases of a gait
cycle;

A spring-damper control
is applied to prevent
drop-foot during the

swing phase.

The spring can store
energy and release it to
help to propel the body

forward;

A seven finite state
machine was used to
control the velocity and
stiffness of the AFO (first
five states for stance
phase, and the last two
for swing phase);
The switch between
states is achieved
through the data given
by the encoders and

force sensors.

The spring can store
energy and release it at
the propulsive stage for

forward progression;

No predefined ankle
trajectory is defined by

the robot, as it only

controls the input side of
the spring, and the user
has to learn to properly
store and release the

energy.

The AFO is controlled
based on the EMG
amplitude;
Computer software
adjusts the air pressure
in each artificial muscle
so that the force is
proportional to the EMG

amplitude.

The control algorithm
uses the leg tilting ankle
and angular velocity for
real-time classification of
walking conditions: level

walking and stair
ascending/descending;
Furthermore, it uses foot
loading pattern to
identify the pre-swing
phase (when FSRs were
unloaded, i.e. foot lifted
off from the ground);
The level of motor
assistance is adjusted
according to the walking
condition (e.g. higher
powered dorsiflexion
was provided for stair

ascending).

The actuation timing is
controlled based on the
beginning of the
propulsive stage, by
collecting EMG signals
and GRF data to assist
the user ankle;

The magnitude of
assistance is proportional
to the EMG activity of
the patient’s

plantarflexors.

Sensory System
(Placement)

Encoder (lead screw and
spring);

FSR sensors (heel of AFO
foot); motor encoder;

EMG sensors;
Tension load sensor;

IMU (shank structure);
FSR sensor (AFO foot)

EMG sensors
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Devices (Year)

AFO by Blaya et al.
(2003) [7], [10], [130]

AFO by Boehler et al.
(2008) [10], [134]

AFO by Ward et al.
(2011) [10], [133]

AFO by Ferris et al.
(2005) [7], [10], [30],
[135]

AnkleRobot by Yeung
et al (2017) [10], [129]

AFO by Takahashi et
al. (2015) [10], [132]

Potentiometer (ankle
joint);
GRF sensors (foot),
FSR (shoe’s heel)

Force sensor (insole)

absolute encoder (ankle
joint); rate gyroscope

Force transducers.

GRF sensors
(instrumented treadmill)

Flat surfaces but is

Tested on treadmill (with

Level-ground walking,

Use Environment NS flexible to walking Tested on treadmill stair ascending and Tested on treadmill
harness) and overground
environment changes descending
Tethered/Untether Tethered Tethered NS Tethered Untethered Tethered
ed

Supported Motions

Ankle motion on the

sagittal plane.

Ankle motion in the

sagittal plane

Ankle motion in the

sagittal plane

Ankle motion in the

sagittal plane

Ankle motion in the

sagittal plane

Ankle motion in the

sagittal plane

Clinical trials

Increased walking speed;
Reduced the instances of
foot slap;

Better symmetry with
the healthy leg;

Assisted plantarflexion.

Kinematic and kinetic
data from a single able-
bodied subject;

The controller switches
states correctly;
The actuator generated
power comparable to a
healthy individual during

level walking.

Walking trials with three
stroke survivors were
conducted;

The results verified that
the subjects wearing the
AFO could increase the
cadence, ankle range of
motion, and the ability to
generate power;
Kinematic and kinetic
changes were more

remarkable while using a

Joint kinematic and PMA
force data collected from
one healthy participant;
Most kinematic profiles
were similar for no
orthosis and passive
orthosis conditions
(meaning that the AFO
was comfortable); Soleus
EMG amplitude reduced

while walking with

Tests with three stroke
patients were
conducted;
Results show that the
power assistance
provided by the AFO
could reduce drop foot
of the patients during

the swing phase.

Five stroke patients were
tested;
The AFO could increase
the plantarflexion torque

of the paretic ankle.
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Devices (Year)

AFO by Blaya et al.
(2003) [7], [10], [130]

AFO by Boehler et al.
(2008) [10], [134]

AFO by Ward et al.
(2011) [10], [133]

AFO by Ferris et al.
(2005) [7], [10], [30],
[135]

AnkleRobot by Yeung
et al (2017) [10], [129]

AFO by Takahashi et
al. (2015) [10], [132]

treadmill, suggesting that
positive results of
overground training

occur at a slower rate.

assistive plantarflexion

torque.
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D. Self-aligning mechanism validation

In an initial phase of the present master dissertation, it was proposed to study a self-aligning
mechanism conceptualized and designed within the BiRDLAB group. The study of its
functionality would involve the assessment of the kinematic and kinetic effects of
incorporating an AFO with the self-aligning mechanism on a musculoskeletal model. To
accomplish this, it was used OpenSim, a freely available, user-extensile software system for
developing musculoskeletal models and for simulating and analysing movement. OpenSim
was developed by the National Centre for Simulation in Rehabilitation Research (NCSRR) in
Stanford University (USA), and allows the creation of dynamic simulations of movement that
combine anatomical models with the physics of the musculoskeletal system [214].

The main purpose of the proposed self-aligning mechanism was to accommodate the
instantaneous centre of rotation (ICR), that occurs on the ankle joint during the movements
around the sagittal plane. Studies have been conducted to explore the magnitude of the
deviation in the ICR path [215], [216].

As aforementioned, the three-pulley mechanism designed was inspired on the self-
aligning mechanism developed by Choi et al. (see Figure 3-15 (b) in Section 3.4.1), in which an
additional passive DOF is created to mitigate the angular misalignment problem. The CAD

model of the self-aligning mechanism is illustrated in Figure 8-1.

il

Figure 8-1 — 3D model of the self-aligning mechanism designed within the BiRDLAB group, to accommodate the
ICR of the ankle joint.

Herewith, the self-aligning mechanism CAD model was incorporated into the OpenSim

software and studied through the following steps:
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1. Conversion of the components of the mechanism of the SolidWorks CAD
model into a STL file;

2. Collection of each body mass, mass centre and inertia matrix through the Mass
Properties tool of SolidWorks;

3. Creation of the self-aligning mechanism model with an existing
musculoskeletal model (Gait2354_Simbody) by writing the necessary code
(which includes the information in 2.) in XML, using Notepad ++ as text editor
(Figure 8-2). This also includes the definition of the kinematic relationship
between all the parts, i.e., to define each of the joints. OpenSim provides seven
types of joints, which can be seen in [217]. The shank structure of the AFO
attached to the left tibia through a Weldjoint, so that the bodies are fixed
together (Figure 8-3). A Pin Joint was then used to characterize the joint
between each component of the mechanism, due to the fact that the parts

only move on the sagittal plane (Figure 8-4);

<length units>meters</length_units>
<force units>N</force units>
<!--Acceleration due to gravity.-->
<gravity> 0 -9.80665 0</gravity>
<!--Bodies in the model.-->
<BodySet>
<objects>
<Body name="ground">
<Body name="pelvis">
<Body name="femur r'":>
<Body name="tibia r">
<Body name="talus r">
<Body name="calecn r'">
<Body name="tces r">
<Body name="femur 1">
<Body name="tibia 1">
<Body name="talus 1">
<Body name="calecn 1">
<Body name="toes 1">
<Body name="torso">
<Body name="1 AFO cuff">
<Body name="Driving link">
<Body name="Mid Pulley">
<Body name="Bottom Link">
<Body name="Bottem Pulley">
<Body name="AFQ foot">
</objects>
<groups />
</BodySet>

Figure 8-2 — Incorporation of the self-aligning mechanism on an OpenSim model (Gait2354_Simbody).
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<Body name="1 AFO cuff">
<mass>-0.938899134298787</mass>
<mass_center> 0 0.25 0</mass_center>
<inertia_ xx>0.0165640955828945</inertia_ xx>
<inertia_yy>0.00414102339572363<finertia_yy>
<inertia zz>0.0165640955828945</inertia zz>
<inertia xy>0</inertia_xy>
<inertia_ xz>0</inertia xz>
<inertia_yz>0</inertia yz>

<!——Joint that connects this body with the parent body.-->
<Joint>
<WeldJoint name="tibia cuff">
<!——Name of the parent body to which this joint connects its owner body.—->
<parent_b0dy>tibia_1<fparent_b0dy>
<!——Location of the joint in the parent body specified in the parent reference frame. Default is
<location in parent>0 -0.37563874 D<flocation_in_pa1ent>
<!-—Crientation of the joint in the parent body specified in the parent reference frame. Euler XY
<orientation in parent>0 0 0<fDrientation_in_parent>
<!——Location of the joint in the child body specified in the child reference frame. For 5IMM mode

<location>0 0 0</location>
<£!-—0Orientation of the joint in the owing body specified in the owning body reference frame. Eul
<orientation>0 0 O</orientation>
<!-—5et holding the generalized coordinates (g's) that parmeterize this joint.-->
<CoordinateSet>
<okbjects />
<groups />
</CoordinateSet>
<!——Whether the joint transform defines parent->child or child->parent.-->
<rewversexfalse</reverse:
</WeldJoint>
</Joint:

Figure 8-3 — Kinematic definition between the AFQ’s shank structure and the left tibia of the musculoskeletal
model of OpenSim.

<Body name="Driving link">

<mass>0.0281669740289636</mass>
<mass_center> 0 -0.04 0</mass_center:
<inertia =xx>0</inertia xzx>

<inertia yy>0</inertia_ yy>
<inertia_zz>0</inertia_zz>

<inertia xy>0</inertia xy>

<inertia xz>0</inertia_wxz>
<inertia_yz>0</inertia yz>

<!--Joint that connects this body with the parent body.-->
<Jointl>
<PinJdoint name="Cuff DrivingLink">
<!--Name of the parent body to which this joint connects its owner body.-->
<parent_body>1l AFO cuff</parent_body>
<!--Location of the joint in the parent body specified in the parent reference frame. Default is (0,0,0).-—->
<location_in parent>0 0 -0.043</location in parent>
<!=—Qrientation of the joint in the parent body specified in the parent reference frame. Euler XYZ body-fixed roi
<orientation_in parent>0 O lJ(/nIientaciﬂn_in_paIEnl:)
<!--Location of the joint in the child body specified in the child reference frame. For SIMM models, this vector
<location>D O D</location>
<!--0Orientation of the joint in the owing body specified in the owning body reference frame. Euler XYZ body-fixs
<orientation>0 0 1.047</orientation>
<!--5et holding the generalized coordinates (g's) that parmeterize this joint.-—->
<CoordinateSet>
<objects>
<Coordinate name="Cuff DrivinglLinkl":>
<!'--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.--3>
(m:iﬂnﬁtype)rntational(/mtinnﬁtype)
<!'--The wvalue of this coordinate before any value has besen set. Rotational coordinate valus is in ra«
<defanlt_value>0.0845545876884849</d=faulr_valus>
<!--The speed value of this coordinate before any value has been set. Rotational coordinate value is
{default_speed_value>u{/dafeult_speed_value}
<!--The minimum and maximum values that the coordinate can range between. Rotational coordinate rangs
<range>-1.5708 1.5708</range>
«!--Flag indicating whether or not the values of the coordinates should be limited to the range, abo
<clamped>troe</clamped:>
<!--Flag indicating whether or not the wvalues of the coordinates should be constrained to the current
<locked>false</locked>
<1--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim Funci
<prescribed_function />
«<!--Flag indicating whether or not the values of the coordinates should be prescribed according to tl
<prescribed:>false</prescribed>
«<!--Flag identifies whether or not this coordinate can change freely when posing the model to satisf:
<is_fzee_ta_satisfy_canstraints>false</is_fzae_to_satisfy_canstraint5>
</Coordinacex
</objects>
<groups />
</CoordinateSet>

Figure 8-4 - Kinematic definition between the first link of the self-aligning mechanism, which is connected to the
shank structure through a Pin Joint.
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4. Adjustment of the necessary location parameters with the help of the GUI

(Graphical User Interface) view (Figure 8-5), in order to correct the relative

positions of the parts.

Figure 8-5 — GUI view of the OpenSim with the musculoskeletal model and the AFO with the proposed self-
aligning mechanism attached to it.

5. In order to connect the foot structure of the AFO (AFO_foot) to the foot of the
musculoskeletal model a constraint must be implemented. OpenSim supports
three types of constraints (that can be seen in [217]), of which the Weld

Constraint was chosen so that both bodies have their location and orientation

fixed (Figure 8-6);

<Constraint3et>

<objects>

aint is disabled or not. Disabled means that the constraint is not active 1

</WeldConstraint>

</objects>
ups />

</ConstraintSet>

Figure 8-6 - Kinematic constraint between the AFQ’s foot structure and the calcaneum of the musculoskeletal
model of OpenSim.

6. Afterwards, the Inverse Kinematics tool in OpenSim was used to determine the
range of angles performed around the sagittal plane by the musculoskeletal
model, during two gait cycles (2.5s). Three situations were assessed: a model
using an AFO with the self-aligning mechanism, another with an AFO with a

simple hinge, and a model without any AFO attached. The results obtained can
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be seen in Figure 8-7. As one can verify, the kinematic curve regarding the use
of an AFO with a self-aligning mechanism was not similar to the curve
concerning the normal walking, without an AFO (24° of difference). This result
might also be due to the kinematic constraint defined for the model, which can
affect the kinematic behaviour of the model’s ankle without any realistic

background.

Kinematic evaluation

= ankle_angle_r_AFOWithSelfAlign
= ankle_angle_|_AF OwithSelfAlign
——ankle_angle_r_MoAFO
= ankle_angle_|_MoAFO
~=ankle_angle_r_AFOSimpleHinge
—ankle_angle_|_AFOSimpleHinge

gle_r, ankle_angle

ankle_an

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 225 2.60
time

Figure 8-7 — Plot of the kinematic effect of integrating in a musculoskeletal model an AFO with a self-aligning
mechanism and an AFO with a simple hinge, as oppose to the kinematic behaviour of a model without any AFO
attached.

7. Next, the Inverse Dynamics tool was used. This OpenSim tool calculates the
generalized forces necessary to achieve the model desired kinematics. The
output file of the inverse kinematics is used as an input in this tool. The same
three situations were studied, in order to assess the effect of the self-aligning
mechanism on the ankle moment during two gait cycles. The hypothesis tested
was if the ankle moment would decrease in the situation of walking with a self-
aligning AFO when compared to one with the use of an AFO with a simple
hinge. Figure 8-8 shows that the incorporation of an AFO with a simple hinge
in the model resulted in higher dorsiflexion peak relative to the incorporation
of a self-aligning mechanism and walking without an AFO. Moreover, the use
of an AFO with a self-aligning mechanism provided for a similar kinematic
behaviour of the ankle joint as the normal walking (SemAFO meaning without

any AFO).
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Figure 2

50
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=

[ak)

E o

EI

o — ankle_angle_|_moment_SelfAlignAFo
o

= 50 =ankle_angle_|_momeni_SemAFQ
a — ankle_angle_l_moment_SimpleHingeAFQ
s

=

m -75

-100

000 025 050 OF5 100 125 150 175 200 225 250
time

Figure 8-8 - Plot of the kinetic effect of integrating in a musculoskeletal model an AFO with a self-aligning
mechanism and an AFO with a simple hinge, as oppose to the kinetic behaviour of a model without any AFO
attached.

8. These results weren’t considered feasible due to limitations regarding the
definition of the kinematic behaviour of the self-aligning mechanism. The joint
connecting the first link of the mechanism to the shank structure was given the
kinematic values of the normal ankle, as a way of imitating the motor
actuation. However, the other joints of the mechanism were not given any
kinematic values, therefore, the self-aligning mechanism couldn’t be simulated
properly. In order to achieve a feasible simulations, the mechanism had to be
constructed and its kinematic behaviour during gait had to be evaluated. For
this reason, the self-aligning mechanism couldn’t be considered as a valid

solution to accomplish the sub-function Stabilize the gait.
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E. Selected DC motor specifications
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F. Harmonic Drive® gear unit specifications and efficiency tables
(CSD-25-2A)

Table1D.2
Unit CSD-20-2A CSD-25-2A
Ratio 50 100 1e0 50 100 160
Repeatable pezk torgue T, [Nm] El] 57 B4 ] i} 123
Averzge tarque T, [Nm] 24 34 34 EL: 75 75
Rated torgue T, [Nm] 7 28 28 7 47 47
Momentary peak torque standard T, [Nm] 69 76 76 127 152 152
Momentary peak torgue with enlarged Flexspline bore (BB) T, [Nm] 64 B4 B4 127 135 135
Maximum input speed (oil lubrication) [T 10000 7500
Maximum input speed (grease lubrication) [N [rom] 6500 5600
Average input speed (ol lubrication) 1*:___n['p'n: 6500 5600
Average input speed (grease lubrication) nw:mm[rpm] 3500 3500
Moment of inertia ] [x10* kem?] 0.090 0.282
Weight m [ke] 013 024
Ratio = 100, Size 17 - 50
a0
EO
'_,_._-'—"'_'_'_._ ||
70 — _.--J__'_'_,_,__..--—- 4
— 500 rpm -r._'_'___..-'-""'_'_ _'_'_'_,_.—-—'—'_'_'
- = ] T
=3 " oo f..:—-""ﬂff
= 50 i -r..'_,.-r"
o | ="
o 2000 rprm /_,.,-"‘
s 4o / —
3500 rpm
E[u) ﬂff__..-"""
20
10
-10 a 10 20 ad 40

Temperature ["C]
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Specifications of the Lower Limb Eobotic System.

G. Exo-H2 system specifications, efficiency table and side

Lower Limb Robotic System

MNumber of Degrees
of Freedom

6 degrees of freedom in the saziftal plane.

Ome for hip, knee and ankle in both right and left legs.

Type of Control

Posttion, Torque and Admittance in real ime control.

production matenial

Actuators Ratio 160 i
Strain Wave Geaning | Limit for repeated peak torgue 64 Tr [Bm]
(Harmonic Drive) Limit for average torque 34 Ts [MNm]
Rated torgue at rated speed 2000 rpm 28 Ty, [Nm]
Limit for momentary peak torque 76 Ty Nm]
Max input speed (01l Lub) 10000 pm
Max input speed (Grease Lub) 6500 pm
Limut for average wnput speed {01l Lub) 6500 pm
Lumit for average input speed (Grease Lub) 3500 pm
Moment of inertia 0.09x10* [kem’]
Weight 0.13 [kg]
Motors 1 Mommal voltage 24 v
specifications 2 Mo load speed 42350 rpm
(Hips, Emnees aznd | 2 No load cument 419 mh
ankles) 4 Nommal speed 3850 pm
5 Nommal forque (max. continuous forque) 221 miNm
6 Mommal cwrrent (max. continueons curent) 433 A
7 Stall torque 3740 mim
8 Starting curvent 78.2 A
9 Max. efficiency 86 Y
Characteristies:
10 Terminal resistance phase to phase 0.307 Ohm
11 Terminal inductance phase to phase 0.188 mH
12 Torgue constant 534 mNmA
13 Speed constant 179 pm/V
14 Speed’torque gradient 1.03 rpm/mNm
15 Mechanical ime constant 13 ms
16 Rotor mertia 1210 Zem”
Commmnication CAN buses.
Wifi
Bluetooth
Power supply 100 — 240V AC / 50-60 Hz (AC power line)
(Charger)
Battery Size (H) mm
LiFePO4 Size (W) mm
Size (L) mm
MNommal capacity Typ Al
Normal capacity Min Ah
Normal veltage v
Mormal Power Wk
Dhscharging system 8 (const) A
Dhscharge fime (23 £ 3°7) =15 hour
Principal  stmeture | Stainless Steel and type 7005 zlummum.

Exoskelaton sensors

Joint Position based on potentiometer: power supply: 3 VDC — range: -100
to 100 degrees — analog output — rezolution: 0.5 degree.

Joant Interaction Torque: power supply: 5 VDT — range: 40 to 40 Nm -

analog cufput — resolution: 1 Nm.

Foot'Ground Contact (hell and toe): power supply: 5 VDC — digital binary

output.
Dumensions 1.180mm tall
150mm long ({z1de view)
230mm wide (front view)
Weight approx. 11 kg,
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Ratio = 160, Size 20- 50

8
. | — T —
.--""-._.-.'.-.-r-‘

500 rpm

1000 rpm

40 EZD:V
30

3500 rpm

Efficiency [%)]

TS ] 0 20 30 20

Temperature [*C]

Nominal Output Speed.: Te0 — 24.1rpm
32.4-24.1
Increase (%): ————— X 100 = 34.4%
24.1
Nominal Output Torque: 221 x160x0.5=17.7N.m
32.16 — 17.7
Increase (%): x 100 =81.7%
17.7
Recommended
Maximum Output Torque: (221x3) x160x0.5=53.04N.m
I (%): 96.5 = 53.04 100 = 81.9%
ncrease (%): 53 04 =81.9%
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H. ORTHOSXXI bending specifications table

g@ 1 13|16 2 |25 3 35| 4 5 |&5] & w13 14]| 18|17 |20 )22 ) 25|31 | 3550|6378 - TABELA DE
CE
ZE 4 |55 7 |85 11|14 |155(175 22|28 ]| 35|44 | 56|63 | 70| 78|88 |98 |112|140|175|224 280|350 = QUINAG EM
o
2a
(=3
ﬁ']l:'j & 8 w12 |16 |20 )22 25|32 |40 50|63 |80] =20 100110125 ]140] 160 00 | s00
0,8 8 & 4
1 14 7 5
1,25 19 El &
e
o P
1,5 18 10 ]
2 28 14 |12 | 11 Q
2,5 32 21| 18 | 13 E
3 36 19 | 13 =
4 52 wn
5 63 ©
o
& m
8,5 )
- cC P - Forga em toneladas/metra
: =]
- e
hd & - Espessura da chapa em mm
10 E
B L |
12 r - Raio interior em mm
1]
14 (&)
- L || a - Comprimento min. da aba em mm
16 o
18 w . .
. v - Largura do "V" da matriz
20
o5 O || At 10mm de espessura;
= 8 x esp.
30 Acima de 12mm de espessura:
40 v =10 x esp.
Os valores da tabela referem-se a quinagem no ar para ago macio de 400-450 N/mm2
(Para outros materiais corrigir os valores proporcionalmente de acorde com a nova tens3o de ruptura. Ex. Para aluminio com 200N/mm2 (=20kgf/mm2) dividir o valor da tsbels por 2. 3
Para ago inox com 700N/ mm2 (=70kgf/mm2) multiplicar o valor da tabela por 1,6.) 'i

I. Bolts mechanical properties information

Nominal Coarse-Pitch Series Fine-Pitch Series
Maior Tensile- Minor- Tensile- Minor-

Diameter  Pitch Stress Diameter  Pitch Stress Diameter
d ] Area gﬂr Area ;ﬁr P Area ;Qn Area Ar
2

mm mm mm mm mm mm

1.6 0.35 1.27 1.07

2 0.40 2.07 1.79

2.5 0.45 3.39 2.98

3 0.5 5.03 4.47

3.5 0.6 678 6.00

4 07 8.78 7.75

5 0.8 14.2 12.7

6 1 20.1 17.9

8 1.25 36.6 328 1 39.2 36.0
10 1.5 58.0 52.3 1.25 61.2 56.3
12 1.75 84.3 76.3 1.25 92.1 86.0
14 2 115 104 1.5 125 116
16 2 157 144 1.5 167 157
20 2.5 245 225 1.5 272 259
24 3 353 324 2 384 365
30 3.5 561 519 2 621 596
36 4 817 759 2 Q15 884
42 4.5 1120 1050 2 1260 1230
48 5 1470 1380 2 1670 1630
56 55 2030 1910 2 2300 2250
64 b 2680 2520 2 3030 2980
72 [ 3460 3280 2 3860 3800
80 6 4340 4140 1.5 4850 4800
%0 [ 5590 5360 2 6100 6020
100 [ 6990 6740 2 7560 7470
110 2 2180 9080

* The equations and data used to develop this table hove been obtained from ANSI 81. 11974 ond 818.3.1-1978. The minor
diametes wos found from the equation d, = d —1.226 B9, ond the pitch diameter fiom d, = d — 0.649 519 The mean of
the pitch diometer ond the minor diameter wos used fo compute the tensile-stress areg.

Figure 8-9 — Dimensions and areas of the different bolt’s sizes [218].
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| Metric Mechanical-Property Classes for Steel Bolts, Screws, and Studs*

Minimum  Minimum  Minimum
Size Proof Tensile Yield

Property Range, Strength,” Strength,'  Strength,!
Class Inclusive MPa MPa MPa Material Head Marking

4.6 M5-M36 225 400 240 Low or medium carbon @

4.8 ML.6-MI6 310 420 340 Low or medium carbon p — N

()

58 M5-M24 380 520 420 Low or medium carbon 7 = N

()

8.8 MI16-M36 600 830 660 Medium carbon, Q&T 7 : N

()

9.8 ML.6-MI16 650 900 720 Medium carbon, Q&T
109 M5-M36 830 1040 940 Low-carbon martensite, =

S @

A J

12.9 M1.6-M36 970 1220 1100 Alloy, Q&T N

©

Figure 8-10 — Metric Mechanical-Property classes for steel bolts, disclosing the proof and vyield strength of

different sizes bolts.
Bolt Condition [ ¢

Nonplated, black finish 0.30
Zinc-plated 0.20
Lubricated 0.18
Cadmium-plated 0.16
With Bowman Anti-Seize 0.12
With Bowman-Grip nuts 0.09

Figure 8-11 — Friction coefficient K of different bolt conditions. Notice that zinc-plated corresponds to the
conditioned of galvanized steel bolts.
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