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After a broad introduction to the medical and biomechanical background and detailed review of
orthotic devices, two newly developed lower limbs exoskeletons for paraplegics are presented in this
study.

There was found out the main challenges of designing devices for paraplegic walking can be
summarized into three groups, stability and comfort, high efficiency or low energy consumption,
dimensions and weight. These all attributes have to be moreover considered and maintained during
manufacturing of affordable device while setting a reasonable price of the final product.

A new economical device for people with paraplegia which tackles all problems of the three groups
is introduced in this work. The main idea of this device is based on HALO mechanism. HALO is a
compact passive medial hip joint orthosis with contralateral hip and ankle linkage, which keeps the
feet always parallel to the ground and assists swinging the leg. The medial hip joint is equipped with
one actuator in the new design and the new active exoskeleton is called @halo.

Due to this update, we can achieve more stable and smoother walking patterns with decreased
energy consumption of the users, yet maintain its compact and lightweight features. It was proven by
the results from preliminary experiments with able-bodied subjects during which the same device with
and without actuator was evaluated. Waddling and excessive vertical elevation of the centre of gravity
were decreased by 40% with significantly smaller standard deviations in case of the powered
exoskeleton. There was 52% less energy spent by the user wearing @halo which was calculated from
the vertical excursion difference. There was measured 38.5% bigger impulse in crutches while using
passive orthosis, which produced bigger loads in upper extremities musculature. The inverse dynamics
approach was chosen to calculate and investigate the loads applied to the upper extremities. The result
of this calculation has proven that all main muscle groups are engaged more aggressively and indicate
more energy consumption during passive walking. The new @halo device is the first powered
exoskeleton for lower limbs with just one actuated degree of freedom for users with paraplegia.
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GLOGER, Michal. Ekonomicky dostupny aktivni exoskeleton pro dolni koncetiny pro paraplegiky,
Katedra Robotiky, Fakulta strojni, VSB-TU Ostrava, 114 stran, 108 obrazkd, 31
tabulek. Skolitel: prof. Dr. Ing. Petr Novak

Prvni ¢ast prace je vénovana obsahlému Uvodu do zdravotnické a biomechanické terminologie a
detailnimu souhrnnému predstaveni ortopedickych pomucek. Nasledné jsou predstaveny dva nové
vyvinuté exoskelety aplikovatelné na dolni koncetiny paraplegika.

Bylo zjisténo, Ze hlavni uskali konstrukéniho navrhu asistencnich zafizeni pro paraplegiky lze
shrnout do tfi hlavnich skupin, jako prvni je stabilita a komfort, druha je vysoka ucinnost a nizka
energetickd narocnost uzivatele a do tfeti Ize zahrnout rozméry a hmotnost zafizeni. Toto vSechno je
navic podminéno pfijatelnou vyslednou cenou produktu.

Novy ekonomicky dostupny exoskelet pro paraplegiky, ktery fesi problematiku vSech tfi zminénych
skupin je predstaven v této praci. Hlavni myslenka tohoto zafizeni je postavena na mechanismu HALO
ortézy. HALO je kompaktni pasivni ortéza s mediadlnim kycelnim kloubem umisténym uprostred mezi
dolnimi koncetinami. Specialni medidlni kycelni kloub je kontralaterdlné propojen s kotnikem
soustavou ocelovych lanek co? zajistuje paralelni polohu chodidla se zemi v kazdém okamZiku chiize a
navic asistuje zhoupnuti koncetiny. Tento medialni kycelni kloub je redesignovén a v novém provedeni
je vybaven jednim aktuatorem, nové reseni aktivniho exoskeletu dostalo ndzev @halo.

Diky tomuto vylepSeni lIze dosahnout stabilnéjsi a plynulejsi chlize svyrazné redukovanou
energetickou ndrocnosti uZivatele pficemZz dochazi k zachovani nizké hmotnosti a kompaktnosti
zafizeni. Toto bylo dokazano béhem predbéznych experimentl se zdravymi subjekty, béhem kterych
byla testovana aktivni chlze se zafizenim vybavenym odnimatelnou pohonnou jednotkou a pasivni
chlize se stejnym zafizenim bez této aktivni jednotky. Nadmérné naklanéni se béhem chize ze strany
na stranu a nadmérna vychylka pohybu tézisté téla ve vertikalnim sméru byly sniZzeny o necelych 40%
s velmi vyznamné mensimi standardnimi odchylkami v pfipadé chdze s pohonem. Z rozdilu vychylky
pohybu tézisté téla ve vertikalni poloze bylo vypocitano snizeni energetické naroc¢nosti uzivatele 0 52%
pfi chlzi s aktivni konfiguraci @halo. Pti pohybu s pasivni ortézou byl naméren o 38,5% vétsi reakéni
silovy impuls v berlich, coZ znamena narUst zatéZze pro svalovy aparat hornich koncetin. Pro podrobné
vySetfeni zatéZze ramennich kloubtd byl aplikovan model inverzni dynamiky. Vysledek tohoto vypoctu
jednoznacéné indikuje agresivnéjsi a hlubsi zapojeni vSech svalovych skupin ramenniho kloubu a tim
vySsi spotfebu energie uZivatelem béhem pasivni chlize. Nové asistencni zafizeni @halo je prvnim
exoskeletem svého druhu pro paraplegiky s jedinym pohanénym stupném volnosti.
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2 List of labels and abbreviations

DESCRIPTION UNIT
X, position vector of CoG of i!" segment m
Meotal total mass of the subject together with device kg
m; mass of i'" segment kg
N position vector from the glenohumeral joint to the marker on the tip
TSGR of the crutch m
7 position vector from shoulder joint to the i'" segment centre of gravity m
Mu’ inertial moment due to i segment Nm
Pproximal | POWer of the proximal segment of the joint w
Pjistal power of the distal segment of the joint W
ﬁpmximal linear velocity of the proximal segment of the joint m-s~!
Vyistal linear velocity of the distal segment of the joint m-st
5pmximal angular velocity of the proximal segment of the joint rad st
Ogistal angular velocity of the distal segment of the joint rad-s™!
W angular velocity in glenohumeral joint rad-s™1
Tg = 1\7fs moment in a shoulder joint Nm
ﬁs power flow in glenohumeral joint (shoulder joint) w
55 relative angle vector between upper arm segment and trunk segment rad
a; inertial acceleration of i segment m-s”?
g gravitational acceleration m-s”?
F; force vector acting in glenohumeral joint (shoulder joint) N
ﬁGR ground reaction force vector N
Mg moment of output shaft from the bevel gearbox Nm
GRF ground reaction force
CoG centre of gravity
DoF degree of freedom




3 Introduction

3.1 Structure of this work

Section 1 — Introduction Chapter

Introduction chapter contains medical background and explanation of a terminology used
in this work as well as the description of the focus group of the future potential customers. But
the main contents of this section is an explanation of the motivation for this work together
with the aim and the main objectives and the structure of whole thesis is presented as first.

Section 2 - Orthoses and Exoskeletons for lower limbs chapter

Main terminology in the field of orthotic devices is discussed here as well as denotation and
use of terms “Active Orthosis” and “Exoskeleton”. A Broad review of orthoses for lower limbs
is in details presented here in order to be able to choose appropriate components and
materials for designing new active exoskeletons which will meet the main objectives. As the
final part of this chapter all important requirements which the new design of a powered
exoskeleton have to meet are summarised and listed in the requirement list.

Section 3 — Design of new Exoskeleton Ortholeg 2.0

Two new powered Exoskeletons which were designed for the purpose of this study are
presented as next. First new exoskeleton Ortholeg 2.0 is presented in this chapter. Exoskeleton
Ortholeg 2.0 was designed in the Universidade Federal do Rio Grande do Norte (UFRN), Brazil
and some of components were manufactured to test their actual functionality. Manufacturing
processes and benefits of this new system are discussed in this chapter.

Section 4 - New active exoskeleton @halo and passive orthosis Halo

Second new active exoskeleton @halo and its passive version Halo are presented in details
in this section of the work. Exoskeleton @halo was developed in the Department of Robotics
Science & Engineering of Chubu University, Japan. Mechanical design and control system of
novel exoskeleton are explained and described in details in this chapter.

Section 5 - Experiments procedure and experimental set up

Exoskeleton which meets requirements from the requirement list and which fits better the
aims of this work is selected in this section. Exoskeleton @halo was chosen as better solution.
Walking with active @halo device and passive Halo orthosis was tested during preliminary
experiments. All necessary details about experiments such as experimental set up,
experimental trials, data acquisition techniques and description of equipment used during
experiments are presented in this chapter.

Section 6 - Gait Analysis and evaluation of walking with Halo and @halo

Scientific methods of processing and evaluating data from preliminary experiments are
discussed in this section. Walking patterns of active @halo and passive Halo device are
compared. Parameters for comparison are step length, velocity, centre of gravity
displacement, force impulse in crutches and loads in shoulder joints. Utility of @halo device is
validated based on this comparison.

Section 7 — Conclusions



Overall contribution of this work for scientific discipline and practise are discussed in this
chapter as well as recommendation for further research.

3.2 Motivation

As many as 500 000 people suffer a spinal cord injury every year according World Health
Organization (WHO) statistics. People after SCI are two to five times more likely to die prematurely
and their economic participation is much lower. Life of people with some form of paraplegia or
tetraplegia changes rapidly, school enrolment and employment rate drops significantly with global
unemployment rate of more than 60% and substantial individual and societal costs emerge. After such
consequences 20-30% of people with spinal cord injury show clinically significant signs of depression,
after rapid physiological deterioration psychical state of patient comes as next. This brings negative
prognoses for future overall health improvement. Very important aspect at this stage is access to
professionals and equipment in the field of rehabilitation and assistance and support services. Talking
about rehabilitation technology unfortunately only as low as 5-15% of people in low- and middle-
income countries have access to the assistive devices they need. This alarming facts were reflected into
WHO's Global Disability Action Plan where its second objective is:

e To strengthen and extend rehabilitation, habilitation, assistive technology, assistance and
support services, and community-based rehabilitation.

From this point is obvious, that despite of fact that development in this field is growing, there is still
not enough done to cover global needs. This work focuses on people with paraplegia, who end up on
wheelchair. In order to carry on in healthy life it is important to undergo regular rehabilitation
procedures and try to activate body as much as before trauma, the best way how to achieve that is to
put a wheelchair aside. Walking and being able to move from one place to another without wheelchair
can be beneficial not only because of increased upright mobility, so to reach hardly accessible objects
became possible, but there are many other benefits which can allow disabled people to live healthier
life. Advantages discussed in many surveys and studies can be:

e Reduction of spasticity and potential muscle atrophy by stretching back and legs muscles which
are continuously contracted and thigh over time

e Improvement of lower extremities contractures leading to deformity and rigidity of joints by
augmenting range of motion which keeps joints more flexible

e Prevention of Decubitus ulcers caused by prolonged sitting
e Qverall poise improvement
e Possible improvement of functionality of some internal organs e.g.

o augmentation of natural bowel movements and improvement of digestion and
stomach functionality

o Improvement of bladder function and decreasing urinary tract infections
o respiratory system and better breathing capability;
o Cardiovascular system by improving circulation of blood in all body

e decreasing bone osteoporosis by natural loading of bones

e And psychological effect like increased self-confidence and self-esteem and good way how to
cope with depression
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Many studies outcomes may speculate unequivocal proofs of such and other benefits. Vast majority
of these results are however based on plain surveys not on scientifically proven facts. The most
important aspects which are fundamental for promising overall health improvement of paraplegics are
frequency and the length of use of orthotic devices which was generally consistent conclusion (M.T.
Karimi et al. 2011). The life-long usage of assistive equipment can be the key for happier life with
overall physiological and psychological improvement. Long term rehabilitation procedures at hospitals
are time consuming and expensive and many patients discontinue attending this sessions in early
stages. Unfortunately vast majority of users gave up using assistive technologies like exoskeletons or
other orthotic devices outside therapeutic rooms as well. The main problems with orthoses and
exoskeletons use are:

e High energy expenditures, metabolic costs
o Mobility speed on wheelchair is incomparably higher than with orthoses

e long and uncomfortable donning and doffing of orthoses, sometimes even not possible without
assistance of second person

e Big forces applied on upper limb musculature while using crutches
e Price of such equipment in case of some actuated configurations

In order to cope with this situation, there is vital and important to focus on development and
manufacturing of such device, which can tackle these problems.

3.3 Aim

Today’s products and research in the field of active assistive robotic devices for lower extremities
are mostly focusing on adapting normal walking patterns, which means increased number of degrees
of freedom. This way we can achieve high stability and low metabolic costs, but price is much higher
and design can became bulky (Dollar a Herr 2008). Brief survey, conducted during international
championship Czech Open 2015 - Para Table Tennis where were questioned nearly 50 players in
category TM1-5 (sitting classes), showed surprisingly very sceptic view of responders on current
technology, nearly 80% answers were clearly pointing out imbalance between usefulness (efficiency),
price and complexity of devices. This results clearly indicate need of simplification and significant
reduction of price in order to increase future demand and interest of users. The aim is rather focus on
simple lightweight, compact and economically accessible solutions similar to reciprocal gait orthosis
(RGO) or hip guidance orthosis (HGO) (Harvey et al. 1998), (Winchester et al. 1993). RGOs stabilize
ankles, knees, hips, and trunk to provide upright posture and due to a reciprocal link between hip
joints, more stable walking with reduced metabolic energy consumption can be achieved (Moore a
Stallard 1991), (Rose 1979). It was found out coupling contralateral joints is a good way how to increase
efficiency of paraplegic walking. A successful walking with these orthoses is however derived from
upper body strength. Most of the users failed to continue using these devices outside therapeutic
rooms due to inability to control horizontal pelvic rotation and hip flexion, which results in no
symmetrical gait with large deviations in stride lengths and velocities. Balance and stability is
maintained by use of crutches, this can produce big forces acting on upper limbs. Such excessive load
can in case of long term use lead to shoulder pain or the incidence of some diseases. Fear from falling
due to low stability was reported as another factor of giving up regular independent walking (M.T.
Karimi et al. 2011).
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The main aim is to develop affordable actuated exoskeleton for users with complete or incomplete
paraplegia which will provide them with smoother walking patterns, increased stability, reduced
amount of the force applied on the upper limbs and decreased overall energy consumption. Thus the
users can feel safe and comfortable, walk with quick adaptation and less effort and therefor decide to
use such exoskeleton regularly in daily life. New device will became every day assistance for
maintaining better overall health of paraplegic users by introducing upright mobility in their lives.

3.4 Objectives

The process of determining the main objectives of design of device, was taken entirely from user’s
perspective. According user’s needs we can divide these objectives into four groups:

1. Walking with device must not be toil
1.1. Efficiency - Energy consumption of users must be reduced to level close to normal walking.
1.2. Modularity - User can decide whether to use passive or active setting of assistive device.

2. Walking with device should be enjoyable and pleasant. Presence of fear is unacceptable:
2.1. Stability - Fear from falling significantly reduces desire for everyday regular use.
2.2. Safety - Safe means mainly increased stability and construction and control without failure.
2.3. Comfort - Perfect fit and effective force transfers from device to user.

3. Users must be independent, because the independence is as well the purpose of this device:
3.1. Lightweight, easy to carry, compact device which is quick and easy to
3.2. Don/Doff directly from a wheelchair are the key elements.

4. Sorry, | am not a millionaire... yet.
4.1. Economical, affordable solution for everyday use at home
4.2. Maintenance free and robust design is enclosing the list of important features.

o o s e e o e s o e e vw  me wm mw mm

@ Idon’t feel like hiking now, let’s just walk.
Efficiency - Energy consumption of users must be reduced to level close to normal walking.
Modularity - User can decide whether to use passive or active setting of assistive device.

(@) Let me enjoy it, I don't like to stress out.

Stability - Fear from falling significantly reduces desire for everyday regular use.

Safety - Safe means mainly increased stability and construction and control without failure.
Comfort - Perfect fit and effective force transfers from device to user.

® Ilove my independence!
Lightweight, easy to carry, compact device which is quick and easy to
Don/Doff directly from a wheelchair are the key elements.

® Sorry, I am not a millionaire... yet.
Economical, maintenance free and robust solution is enclosing the list of important features.

S T e e e —
N RS R S S S S S R

O S S S B SN S B BEE S N B EE SN SN B B SN B B B Em e S e e e e e e e

Figure 3.1 The main objectives — Flyer
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3.5 Medical Background

Some of the medical terminology used frequently in this work is explained here. This study focuses
on biomechanical evaluation of gait patterns, thus it is fundamental to explicitly explain particular
terms from medicine related fields.

Anatomy of spine and spinal cord is explained in this chapter as well as common diseases which
could lead to paralysis of lower limbs with consequent need for rehabilitation.

3.5.1 Spine and spinal cord

The spine consists of 33 bones build up one on top of the other, see Figure 3.2. Flexible tendons
and ligaments are attached to spinal column and connects to strong muscles in order to carry out its
main function to support body and protect the spinal cord from its injury. The spinal cord is about 45
cm long and is about thickness of thumb. It runs in the spinal canal from the brainstem to the 1st
lumbar vertebra. At the end of the spinal cord, the cord fibres split and continue down through the
spinal canal to tailbone before branching off to legs and feet. The spinal cord serves as an information
super-highway, relaying messages between the brain and the body. The brain sends motor messages
to the limbs and body through the spinal cord allowing for movement. The limbs and body send
sensory messages to the brain through the spinal cord about what we feel and touch. Sometimes the
spinal cord can react without sending information to the brain. These special pathways, called spinal
reflexes, are designed to immediately protect our body from harm. The nerve cells that make up spinal
cord itself are called upper motor neurons. The nerves that branch off spinal cord down to a back and
neck are called lower motor neurons. These nerves exit between each of vertebrae and go to all parts
of body.

3.5.2 Common diseases and reasons for lower limb rehabilitation

There are several reasons for rehabilitation of lower limbs, one of the most common reason is
recovering of function after orthopaedic surgeries like arthroplasty e.g. after hip joint replacement
patients often start physical therapy straightaway. Besides of diseases of bones, joints and structures
connected to them, there are several diseases which may commonly result in functional loss in lower
extremities, most common are, (Cuccurullo 2015) :

e Stroke

Sudden local or sometimes global neurologic deficit secondary to occlusion or rupture of blood
vessels supplying the brain. AFO greatly improve gait mechanisms and efficiency by preventing
the passive or active plantar flexion in swing and stance phases. With use of AFO there is also
less need for hip and knee flexion and pelvic elevation to gain foot clearance. An orthosis which
can assist in knee extension improves stance stability during the period of decreased muscle
tone.

e Cerebral Palsy (appears in early childhood)

Lower limb orthoses can effectively improve the gait of some children with this disease, ankle
foot orthoses are often used in this case.

e Post-polio syndrome
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Postpolio syndrome (PPS) is a neurologic disorder characterized by progressive muscular
weakness, pain, and fatigue many years after the acute paralytic infectious disease caused by
the poliovirus. Orthoses and assistive devices can help to stabilize the patients’ unstable and
painful joints and can improve energy consumption of patients during ambulation. With knee-
ankle-foot-orthosis (KAFO) and crutches, energy expenditure can be reduced by 25% during
ambulation.

e  Guillain-Barrie syndrome

GB syndrome is disorder in which the immune system of the body attacks some of the
peripheral nervous system. Symptoms of this disease include sudden weakness or loss of
reflexes and tingling sensations in legs, arms and other parts of your body. AFO orthoses can
be used in this case in order to support weakened lower limbs.

e Transverse myelitis

Transverse myelitis is a rare neurological syndrome. It is an inflammatory disorder of the spinal
cord. KAFO or AFO can be prescribed in case of paraplegia or foot drop which resulted after
acute form of disease.

e Amyotrophic lateral sclerosis (motor neurone disease group)

This is a specific disease that causes the death of neurons which control voluntary muscles.
KAFO may be used to improve locomotor functions.

e footdrop

AFO are usually prescribed to improve gait pattern and support flexion of ankles.
e Spinal cord injury (SCl)

SCl is damage to the spinal cord. This disease is one of the most common reasons for lower
extremities paralysis, thus will be discussed in detail in following chapter.

3.5.3 Spinal cord injury and the levels of the lesion

The term ‘spinal cord injury’ refers to damage to the spinal cord resulting from trauma (e.g. a car
crash) or from disease or degeneration (e.g. cancer). There is no reliable estimate of global prevalence,
but estimated annual global incidence is 40 to 80 cases per million population. Up to 90% of these
cases are due to traumatic causes, though the proportion of non-traumatic spinal cord injury appears
to be growing according WHO Fact sheet N°384 November 2013.

Symptoms of spinal cord injury depend on the severity of injury and its location on the spinal cord.
Symptoms may include partial or complete loss of sensory function or motor control of arms, legs
and/or body. The most severe spinal cord injury affects the systems that regulate bowel or bladder
control, breathing, heart rate and blood pressure. Most people with spinal cord injury experience
chronic pain.

Tetraplegia (or quadriplegia) is impairment or loss of motor and/or sensory function in the cervical
segments of spinal cord due to damage of neural elements in spine. Tetraplegia results in impairment
of function in arms, trunk, legs, and pelvic organs. Paraplegia is impairment or loss of motor and/or
sensory function in thoracic, lumbar, or sacral segments of spinal cord. Trunk, legs, pelvic organs may
be involved while having paraplegia, but arm functionality is not affected.
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C4 injury
Tetraplegia
or
Quadriplegia

CS injury
Tetraplegia
or
Quadriplegia

High-Cervical Nerves (C1 — C4)

e damage is the most severe of the SCI

e Paralysis in arms, hands, trunk and legs

e Patient may not be able to breathe, cough, or
control bladder or bowel movements.

e Ability to speak is sometimes impaired or
reduced.

e Requires complete assistance with activities
of daily living, such as eating, dressing,
bathing, and getting in or out of bed

e May be able to use powered wheelchairs with
special controls to move around on their own

Low-Cervical Nerves (C5 — C8)
Corresponding nerves control arms and hands.

C5injury

e Person can raise his or her arms and bend
elbows. Likely to have some or total paralysis
of wrists, hands, trunk and legs

e once in a power wheelchair, can move from
one place to another independently

C6 injury

e Paralysis in hands, trunk and legs, typically
speak and use diaphragm,

e Can move in and out of wheelchair and bed
with assistive equipment

C7 injury

e Nerves control elbow extension and some
finger extension, straightening of arm and
movement of shoulders is possible.

e Mostly independent  with
technology

e C8injury

e Nerves control some hand movement should
be able to grasp and release objects

e Mostly independent  with
technology

assistive

assistive
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T6 injury

Paraplegia

L1 injury

Paraplegia

—

Thoracic Nerves (T1 —T5)
Corresponding nerves affect muscles, upper chest,
mid-back and abdominal muscles.

Cervical
vertebrae

L C1-C7
e Arm and hand function is usually normal.

e Injuries affect the trunk and legs

e (Can use a manual wheelchair

e May drive a modified car

e (Can stand in a special standing frame
e May be rarely able to walk with braces

Thoracic Nerves (T6 —T12)
Nerves affect muscles of the trunk (abdominal and

back muscles) Thoracic
) ) vertebrae
e Normal upper-body functionality n T1-T12

e Fair to good ability to control and balance
trunk while in the seated position

e Should be able to cough productively (if
abdominal muscles are intact)

e (Can use a manual wheelchair

e (Can learn to drive a modified car

e (Can stand in a special standing frame

e May be able to walk with braces

Lumbar Nerves (L1 - L5)

.. . L Lumbar
Injuries generally result in some loss of function in ertebrae
the hips and legs. May need a wheelchair but may L1-L5
also be able to walk with braces.

e Injuries result in some loss of function in the
hips and legs.
e may need a wheelchair

e

e Can walk with braces SQ1C!?SLJ5M
Sacral Nerves (S1 — S5) ¢
e Some loss of function in the hips and legs.
e Most likely can to walk Coccyx
C1-C4
Figure 3.2 Spine
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3.6 Focus Group

The main focus group are the users with SCI T6 — T12 — symmetrical complete and incomplete
paraplegia, hemiplegic group of the users however can be considered as well.

As discussed in the previous subchapter there are many more diseases and reasons for lower limb
paralysis. This means the end-user group does not need to be such specific and can be widen to any
person with lower limb paralysis. The level of paralysis needs to be consulted with doctors and
physiotherapists, who can give the best recommendation of proper solution for upright mobility.

3.7 Biomechanical Background

This work focuses on quantitative analysis of the motion based on data collected during walking
experiments performed with novel active exoskeleton. This approach requires basic understanding of
biomechanical terminology which is presented in this chapter. Definition of space in which
experiments were performed, such as planes and coordinate systems are presented here as well as
anatomical terms, description of movement of body segments, stride cycle or determinants of gait.

3.7.1 Space definition

Movement during experiments was performed in space defined by planes, global coordinate
system and local coordinate systems attached to each body segment.

According general rules we term sagittal plane as travelling plane which direction is defined by
anteroposterior axis. If we relate to global coordinate system (GCS), this axis would be in parallel with
X axis. Frontal or coronal plane is in which vertical movement is evaluated and direction is defined by
vertical (longitudinal) axis witch is in parallel with Z axis of GCS. Transverse or horizontal plane is plane
where lateral movement appears which direction is defined by mediolateral or horizontal axis, this axis
is in parallel with Y axis of GCS, all planes and GCS is shown on Figure 3.3.

3.7.2 Denotation of Segments

The main segment naming as it will be used throughout all this work is shown on Figure 3.4. Upper
limbs consist of upper arms, forearms and hands segments. Upper arms are connected to trunk
through glenohumeral joint (shoulder joint), upper arm then performs relative movement with respect
to trunk segment. A forearm is connected to the upper arm via an elbow join and a hand to the forearm
via a wrist joint. Lower limbs consist of thighs, legs (shins) and feet segments. The thighs are connected
to the trunk via a hip joint and perform relative movement with respect to the trunk segment. The Legs
are connected to the thighs via a knee joints and the feet via an ankle joint.
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Figure 3.3 Definition of space, denotation of planes and axes

Figure 3.4 Denotation of segments
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3.8 Anatomical terms

In this subchapter the most important terms regarding definition of position of segments or
anatomical landmarks with respect to reference point of the body are described, (Hamill a Knutzen
2009). Investigation of movement and position of the centre of gravity (COG) of the body is one of the
key elements of the analysis chapter of this work, this is why it is fundamental to set the proper naming
and terms, which can vary in different literatures, for the graphical representation of these terms see
Figure 3.5.

e Absolute and relative Angles

First of all in order to discuss joints kinematics, we must define the joint angle. Absolute angle is
angle between related axes of GCS and coordinate system of segment (LCS). Angle between two
segments LCSs is called relative angle. In the evaluation chapter of this work for instance, there relative
angle between trunk and upper arm segments is needed in order to calculate power flow through
glenohumeral joint.

e Movement or position of COG — mediolateral

In order to describe directions of movement of the COG of body following terminology needs to be
defined. The term medial refers to a movement towards mid-axis (vertical axes) or position relatively
close to the middle of the body. The opposite of medial movement is lateral. Lateral movement
describes motion away from mid-axis or on sides of the body. Lateral position is far from the middle of
body. The term mediolateral movement of COG describes movement of COG towards and away from
the middle of the body or towards sides. This movement occurs in horizontal direction in direction of
horizontal (mediolateral) axis. Mediolateral movement is referring to so called waddling in following
chapters of this work.

e Movement or position of COG — anteroposterior

Forward or backward bend result in anterior or posterior movement of COG of the body. This
movement occurs in sagittal plane and in direction of anteroposterior axis. In following chapters this
movement of COG is called anteroposterior or sagittal movement. Forward progression is another
term which occurs in this study and refers to movement of the COG of body in travelling direction.

e Movement or position of COG — Vertical elevation

Superior and inferior are used to describe segment or COG of segment position with respect to
body, former is referring to point closer to the top of the body or above the reference and latter is
below the reference. Movement of COG of body related to superior and inferior direction is described
in following chapters as movement in vertical direction or vertical elevation

e Proximal and distal relative position

Proximal and distal are used to describe the relative position with respect to a designated reference
point. Proximal point is the point closer to reference and distal is further form the reference. If we
take the glenohumeral joint as the reference point, then the wrist joint is distal point and the hand is
distal segment, but the elbow joint is proximal point and the arm is proximal segment.

e |psilateral and contralateral location

The term ipsilateral describes activity or location of a segment positioned on the same side as a
particular reference point. Actions, positions, and locations on the opposite side can be entitled as
contralateral.

19



Superior

> Lateral
<———— Medial

Anterior

~
>

Posterior

&
<

Inferior

Figure 3.5 Terms defining position of segments or anatomical landmarks
3.8.1 Movement of segments description

| order to be able to investigate movements of the segments and describe their relative positions
with adjacent segments, we need appropriate terminology (Hamill a Knutzen 2009), for the graphical
representation of these terms see Figure 3.6.

e Flexion and Extension

Flexion is movement of two connected segments during which relative angle between these
segments decreases. The Upper limbs fundamental position is with arms in relaxed posture at the sides
with the palms facing in toward the trunk. The Relative angle between trunk segment and the upper
arm is in this moment 180°, while rising arm forward flexion occurs in glenohumeral joint until we
reach horizontal position (arm parallel with the ground) when relative angle decreases to 90°. Same
with elbow joint, starting angle between upper arm and forearm is 180°. Flexing or banding in elbow
joint decreases angle between these two segments. Extension is movement opposite to flexion, angle
between two adjacent segments is increasing.

e  Abduction and adduction

Abduction is a movement of the segment to sides out of the mid-axis of the body. Adduction is
opposite to abduction, it is a movement towards the mid-axis of the body. Raising an arm to the side
is an example of abduction.

e Medial and lateral rotation

A rotation can be either medial (also known as internal) or lateral (also known as external). Example
of lateral rotation of arm from upper limbs fundamental position is rotating palms from facing in
toward the trunk to facing forward.
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Figure 3.6 Movement of segments description

3.8.2 Gait analysis terminology

The gait cycle consists of one stride. The stride generally begins by one leg initial contact (the heel
strike of the stance leg — the first manikin on Figure 3.7 in this case the right leg) following by the
loading response through the foot flat until the toe off where midstance begins. Terminal stance
follows after midstance and ends by heal strike of swing leg - black left leg. Last part of stance phase is
preswing which ends by toe off of stance leg. Swing phase consists of initial swing, mid swing and
terminal swing. Initial swing starts just after the toe off of the stance leg. The gait cycle ends same as
begins by the heal strike of the same foot. The stance phase is approximately 60% of the gait cycle,
leaves swing phase just 40%. This applies to normal slow walking patterns. All attributes of the gait
cycle pattern including proper naming of each event during stride is on Figure 3.7.

NEW |||ma] Loading Mld- Terminal Pre- Initial Mld- Terminal
GAIT CYCLE Response Stance swing swing swing

TERMS | (_X_\ ) . ) ) hl_\ 1

I
CLASSIC Heel Foot
GAIT CYCLE strike flat
TERMS

Midstance Heel Midswing

0 STANCE PHASE 60 SWING PHASE 100

% of GAIT CYCLE

Figure 3.7 Gait cycle phases description and terms
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e Determinants of GAIT

These factors are applied in normal human gait to minimize the excursion of the body’s COG and
help produce forward progression with the least energy expenditure.
The six determinants of gait are (Cuccurullo 2015):

i Pelvic rotation
ii. Pelvic tilt
iii. Knee flexion in stance phase
iv. Foot mechanisms
V. Knee mechanisms

vi. Lateral displacement of the pelvis

i. Pelvic rotation

The pelvis rotates as we lengthen leg just before load response. Medial rotation of pelvis occurs
on the side of the swing leg and reaches its maximum just before heal strike where its value is
approximately 4° anteriorly on the swing side and 4° posteriorly on the stance side. In double
support phase lower limbs are maximally lengthened and pelvic rotation helps to avoid sudden
COG drop.

ii. Pelvic tilt

The Pelvis drops on the swing leg side by approximately 4°-5° during the midstance. This pelvis
movement lowers COG and thus contributes in decreasing COG excursion in vertical direction and
helps to avoid sudden COG jump up.

iii. Knee flexion in stance

Small bending in the knee joint of the stance leg helps to reduce vertical elevation of the COG
of body during midstance. The knee flexion in stance is thus decreasing the energy consumption
and more over acts as spring-like shock absorber during the heel strike impact.
iv. Foot mechanisms (ankle plantar/dorsiflexion mechanisms)

Ankle plantar flexion during initial contact prevents sudden COG drop. Controlled dorsiflexion
during loading response contributes in smoother progression of COG in vertical direction.
V. Knee mechanisms

Knee which was slightly bended after loading response and midstance phase extends now in
the beginning of terminal stance. This knee extension is followed by ankle plantar flexion, stance
leg is straightened which reduces the pelvis drop during swing leg heel strike.

Vi. Lateral displacement of the pelvis

Last important aspect to be mentioned is pelvis lateral displacement. In order to maintain
stability during midswing, pelvis moves laterally towards stance leg and moves COG of the body
above the base of support.

Determinants 1-5 reduce displacement on the vertical plane. Determinant 6 reduces
displacement on the horizontal plane.
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e (Cposture stable static posture of Paraplegics

Last to be mentioned in this chapter is special posture, which enables complete paraplegics to stand
even without hip support. If the ankles and hips are locked while wearing for instance Scott-Craig
orthosis than stable static position can be achieved by leaning the trunk backwards, creating so called
C posture, moving the pelvis anteriorly and shifting the COG of the trunk posteriorly.

e Paraplegic passive walking

Patients with complete loss of motor control of lower limbs can still walk using special passive
orthotic devices if there is a will to do so. The patients can walk with Scott-Craig orthoses or Reciprocal
Gait Orthosis (RGO) and crutches or walker using a swing-to or swing-through patterns and thus
ambulate with a four-point gait.

Orthoses types, their description and manufacturing processes are explained in details in the
following chapter.
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4 Orthoses and Exoskeletons for lower limbs

Orthotic devices or braces are those applied externally on injured body parts. This means, orthotic
device is not substitution of missing body part, in this case we talk about prosthesis.

The word orthosis is derived from the Greek word “ortho” — to make straight, (Cuccurullo 2015).
The word orthosis is singular and orthoses is plural. One of the main tasks of orthotic devices is to
straighten bones, but there is much wider variety of reasons why we use such devices. Orthoses for
lower limbs can enhance walking performance and assist during daily activities, prevent deformities,
relieve pain, protect limbs and spine, control spastic and augment weak muscles or relieve stress in
damaged or diseased joints,

Regarding design constraints general rule is applied in all orthotic devices. In order to support and
control joints properly three points of pressure principle is needed. This means, orthosis is in contact
with wearer’s body in three areas, one principal force is acting in one direction and two counterforces
are acting opposite. In case of deformities in wrist (Fw), spine (Fs) or knee (Fk) we can design orthosis
using three points of pressure principle according Figure 4.1.

Figure 4.1 Three points of pressure principle — examples for wrist, spine and knee
*  Orthosis vs. Exoskeleton

Besides of the word — orthosis — there is another term — exoskeleton — which is used in nowadays.
Word Exoskeleton comes from the hard outer shell found on insects and certain animals, this was an
inspiration in a process of naming devices which are closely attached to users body and augment users
abilities, but would be incorrectly identified as orthoses.

Logical difference between exoskeleton and orthosis for lower limbs can be understood as follows,
(Dollar a Herr 2008):

Exoskeleton for lower limbs is defined as a mechanical or electromechanical device that is
essentially anthropomorphic in nature, is “worn” by an operator and fits closely to his or her body, and
works in accordance with the user’s movements. In general, the term “exoskeleton” is used to describe
a device that augments the performance of an able-bodied wearer.

The term orthosis for lower limbs is typically used to describe a device that is used to increase the
ambulatory ability of a person suffering from a leg pathology.
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* Active and passive orthosis and exoskeleton

Active or powered devices is device which receives an energy from some external source. In case
of electromechanical design, this source is battery. In case of pneumatic mechanism, compressed air
is needed etc.

The passive devices use an energy accumulated by a user. It can be the energy stored in springs or
some mechanisms which use simply gravity or the energy harvested from different parts (joints) of the
body.

To conclude, the difference between the terms orthosis and exoskeleton seems to be quite clear.
The word exoskeleton however became such popular, that we can’t generally follow this division.
Many researchers are using name exoskeleton for lower extremities for devices specifically designed
for rehabilitation or as assistive walking aids for paraplegics.

Some can say that exoskeleton can be just such device which comply with definition of robotic
device, this can be partially true, but unfortunately there are many devices called exoskeletons which
does not follow this either.

Because there is no consistent rule, for the purpose of this thesis terminology which comply with
following rules will be followed:

e Powered Exoskeleton

Powered exoskeleton for lower extremities is anthropomorphic robotic device, which is tend to be
universal to fit vast variety of the users, and can be intended to augment the performance of an able-
bodied users or daily performance of disabled users, who have to live with disability without much
hope for improvement. This device has to be mobile, not fixed or stationary, as for instance
rehabilitation robotic devices in rehabilitation centres. Powered exoskeleton for lower limbs can be
mobility solution but does not need to be medical device.

e Active Orthosis

Active orthosis for lower extremities is powered anthropomorphic device, which is_generally
designed for specific user. Such orthosis does not need to be robotic device. Active orthoses generally
is used for rehabilitation purpose and for users with lower limb paralysis, where an improvement of
functionality is expected. Such device is generally categorized as medical device and can be mobility
solution.

e Denotation of device to be developed within this work

From above description, and from aims of this work, there will be now on used term Powered
EXOSKELETON for newly invented device.

4.1 Usability of Orthoses

Orthoses are widely used devices not only after trauma like spinal cord injuries or stroke. Orthoses
help improve and protect painful or lax joints and correct overall posture by supporting flail joints.

Orthoses become everyday companion for improvement of quality of life. Orthotic devices are
prescribed to vast variety of users from small babies, active youngsters to elderly people. All groups
have different needs and constraints to design of such devices. Development in this field indicates
significant progress in nowadays especially in the field of material engineering and attractive designs.
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There is necessary to implement new lightweight materials, in order to relieve loaded muscles and
increase flexibility in non-affected parts of body or such materials which can reduce skin infections or
pressure soars in portions of body which are in direct contact with device.

Another aspect is appearance. Modern orthoses tend to have futuristic designs using progressive
3D printing or prepreg materials with fibres reinforcement layup technologies. There is increasing
demand for such fashion accessory products. It is very important that users feel safe and stable but
psychological aspect of wearing orthoses is as well essential in process of accepting this companion in
everyday life.

4.2 Materials in orthotics

All different kind of materials are used in manufacturing of orthotic devices. Orthoses generally
consists of parts form metal, plastic, see (Showers et al. 1985), rubber, different kind of textiles,
composite materials with different kinds of fibres reinforcements and in older orthoses leather was
commonly used. Some examples of materials, which can be used are in Table 4.1, as wide range of
material modifications exists average values are mostly stated in this table.

Table 4.1 Materials in Orthotics

Tensile Flexural/
. T Densi M
Material y.pe. e”s'tay strength od.ul.us
Description [kg/m?3] . Elasticity
yield [MPa] (GPa]
METALS
Aluminium 2024-T3 * 2780 >=290 73
Basic strips Mod. of E
6061-T6 * 2700 276 69
Strong alloy for bigger payloads Mod. of E
7075-T6 * 2810 462 71
Premium quality big payloads Mod. of E
Stainless Steel 17-4 - - -
303%, 316, 440 8000 240-1280 193 -200
Titanium Ti-6AI-4V 4430 950 114
Strength comparable to steel, but only 60%
of the density. More resistant to corrosion.
Magnesium Very light weight, not very strong 1780 130 45
alloys
PLASTICS
Poly - propylene Rigid, impact resistant, Various types 940 32 1,31
Copolymer Rigid yet flexible 960 30 1,30
LDPE More flexible and softer 920 10,7 0,217
HDPE High durability and strength 960 26 1,1
Kydex Superior formability, even more rigid 1350 39,6 2,48
ABS High strength and stiffness economical 1006 41 1,86
|g|idur J from Low wear and very low coef. of friction 1500 73 2,42
IGUS Mod. of E.
COMPOSITE fibres (Used prepreg materials with fibres reinforcements)
Pre-preg Carbon Bidirectional epoxy M9.6 - 3K 2x2 Twill
fibres in epoxy Bidirectional epoxy M9.6 - 6K 2x2 Twill
resin* Unidirectional epoxy M9.6 G300

*Values depends on number of layers and manufacturing procedure
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4.3 Orthoses for lower limbs

As mentioned in the beginning of this chapter, orthoses for lower limbs are generally manufactured
and fitted to specific user, with particular disorder. This way mechanical orthotic joints match users
anatomic joints and are aligned according them. Load transfer, efficiency and correct performance is
increasing with level of manufacturing precision. Designers are usually using 3-point pressure system
for proper positioning of limbs in orthosis and it is important to consider this system in prescription
procedure. Orthotic devices can be attached to user’s body laterally, medially or bilaterally. Lateral and
bilateral attachments are widely used and further described in this chapter. Medial attachment may
be used only in case of special paired orthoses.

Orthoses can be divided into groups according to which joints or parts of the body they are meant
to be determined. We divide orthoses for lower limbs as follows:

e Orthopaedic shoe

e Foot orthoses - FO

e Ankle foot orthoses - AFO

e Knee ankle foot orthoses - KAFO

e Hip knee ankle foot orthoses - HKAFO

4.3.1 Orthopaedic shoe

The orthopaedic shoe is special footwear solely adjusted to the customer or patient, manually
manufactured based on a medical prescription. The task of an orthopaedic shoe is to compensate,
suitably for the impediment, or treat in the best possible way individually defined disease and
dysfunction of the customer so that he can participate in social life with as little restrictions as possible.
Shoe itself is foundation of healthy walking patterns and it is first important element for restoration of
correct posture and gait (T. Borchers 2010).

*  Construction of Orthopaedic shoe:
i Last construction

Classical lasts are made of wood or plastic. Lasts are manufactured with the help of individual
measures and according to the desired shoe form. They make visible individual dysfunction of the
customer that have treated.

ii. Production of upper

An upper is the upper part of the shoe. It consists of several glued together or sewn together parts.
It give the shoe its look and its designated use. Here special attention has to be paid to a fashionable
esthetic design, so that the customer feels good in his shoe.

iii. The midsole

The midsole effects the durability/solidness, the cushioning ability as well as the security (steel
sole) of the shoe. It is mostly made of sole leather, rubber, plastic or metal and is inserted between
welt and outsole. The outsole, which has direct contact to the environment, is fixed to the welt and
mid sole.
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iv. The outsole

The outsole is the top layer of the shoe regarding the manufacturing process and it is the tread
area later. It is made of different materials such as for example leather, rubber, or different plastics.
(T. Borchers 2010).

Figure 4.2 Manufacturing procedure of shoe, example from Matsumoto Gishi co. Japan
* Rocker bar and rocker bottom shoes
Rocker bar: located proximal to metatarsal heads; improves weight shift onto metatarsals.

Rocker bottom: builds up the sole over the metatarsal heads and improves push off in weak or
inflexible feet. May also be used with insensitive feet.

4.3.2 Foot orthosis

Foot orthosis is inserted inside the shoe, and usually support foot from heel to metatarsal heads
but can be extended as part of insole up to toes. It may be sometimes called orthopaedic insole. Foot
orthosis plays an essential role in stabilizing the foot during walking, such stabilization leads to proper
joints alignment and correct weight acceptance by lower extremities especially during initial contact
and loading response phases of the gait cycle. The manufacturing procedure of such custom orthosis
is step-by-step presented in Figure 4.3.

Figure 4.3 Manufacturing procedure of foot orthoses - orthopaedic insole
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433 AFO

The ankle foot orthoses are used to reduce weight bearing and this way prevent deformities or
stabilize during walking and thus correct abnormalities. AFOs are widely used orthoses inside
therapeutic rooms but as well in daily life due to its undeniably positive impact on corrections in gait
patterns and reduction of energy cost during ambulation. AFOs can be static, dynamic or
active/powered configurations are recently available as well, (Cuccurullo 2015).

* Dynamic AFO

The dynamic AFO is equipped with springs or designed to have a spring-like performance for a
dynamic dorsiflexion or plantar flexion assistance and passive contra flexion resistance. Orthosis with
dynamic dorsiflexion assistance keeps a foot dorsiflexed during swing phase to increase toe clearance
in order to avoid stumbling and increase safety. Orthosis with neutral dynamic plantarflexion helps
users with dorsiflexion weakness to walk more naturally and can as well assist knee extension during
loading phase in case of slight knee impairment.

* Active AFO

Path of least resistance is the way which the body automatically goes during rehabilitation, this is
the biggest obstacle in the process of recovering healthy walking. Active AFO comes together with
actuator which requires external source of energy (electric or pneumatic). Such active orthoses can be
used to support portion of lower body with decreased functionality in order to act against its
resistance. For instance active plantarflexion impulse during preswing phase elevates pelvis and helps
to decrease or avoid circumduction gait by supporting hip weakness of patients with hemiplegia.

As usual function of orthotic devices AFOs moreover supports ligament instabilities and together
with anteroposterior functionality provides mediolateral support as well. As it was already mentioned
in previous chapters of this study, AFO is useful for a variety of conditions such as spastic hemiplegia
or diplegia caused by cerebral infarction or cerebral palsy.

* Traditional conventional orthosis

The Traditional conventional AFO orthosis is generally of bilateral configuration (l.b), Il.b and V.a
type. This orthoses consists of lather calf bend attached to steel holder. This holder is attached using
rivets to metal uprights and these are connected to double-Klenzak ankle joint which allows regulation
of range of motion of plantarflexion and dorsiflexion. Stirrups are rotating in this joint and are usually
integrated with shoe, see Figure 4.4. There can be springs implemented directly into Klenzak ankle
joint or another type of joint can be used here as shown on Figure 4.5.

Calf band

fo reguation
for regulation of Metal upright

range of motion

| Double Kl k joint |

Steel stirrup

Integrated shoe

Figure 4.4 Traditional conventional orthosis
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Figure 4.5 Traditional conventional dynamic orthosis with Gait Solution spring joint (left) and new
modern look (right)

e Moulded

The Moulded AFOs are commonly fabricated from preheated thermoplastic materials stretched on
patients cast of leg. Preparation of cast, application of heated up thermoplastic material and the final
product is illustrated on Figure 4.6. Modern nowadays widely used AFOs are fabricated from a prepreg
advanced carbon composites, this AFO orthoses are lightweight as plastic once but have much better
rigidity and strength, its only disadvantage price. Such orthosis usually keeps the foot up during swing
phase but may reduce heel strike impact forces and increase stability in stance and toe-off, for different
types of modern moulded carbon AFOs see Figure 4.7.

Figure 4.6 Process of fabrication of plastic moulded AFO

272

Figure 4.7 Modern moulded type of AFO - from composite carbon fiber reinforced material
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*  Broad division of AFOs

Based on studies of ankle foot orthosis (AFO), (Shorter et al. 2013), (Faustini et al. 2008), (Sawicki
and Ferris 2009), (Rouhani et al. 2014), (Bregman et al. 2011), (Kim et al. 2013) prosthesis and all
different types of exoskeletons for lower limbs we can summarize types of ankle design as follows
according:

I. Symmetry IV. Actuator position VI. Feedback
a) Bilateral a) Direct actuation a) With sensors
b) Unilateral b) Non-direct actuation b) W/O sensors
II. Wearing V. Range of motion VII. Material composition
a) External a) Limited motion a) Homogenous
b) Integrated b) Free b) Multi-Material
¢) Inserted c) Solid or Static

II1. Actuation

a) Active
b) Dynamic
c) Special
. Il
|Shoe| H
| Shoe
a b a. b. ¢
”I‘ IV-
1
[] B = EI
[1 1 .
a. b. d. a. b. Upright § l
V. v, Vi Joint § i
J_. n Stirrup\
1 -! 1 1 1 b FootDIaf R
a. b. c. a. b. a. b. Bilateral
Figure 4.8 Broad division of AFOs
. Symmetry

» Bilateral solution provides with better fixation and stability, but is heavier and bulky.
* Unilateral solution is compact, lighter, more esthetical, but less stable and rigid.
.  Wearing
* External is popular with universal powered exoskeletons for its fast donning/doffing.
* Integrated solution is popular in traditional designs, ugly irreplaceable shoe is
disadvantage.
* Inserted is well accepted by users due to esthetical benefits.
Ill.  Actuation
* Active AFO is described above, is good for acceleration of rehabilitation process.
* Dynamic AFO is described above, this type is the most used AFO in the world.
* Special actuation may harvest energy from different portions of the body or using
gravity.
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IV.  Actuator position
* Direct actuation is when an actuator is directly in the axis of actuated joint.
* Non-direct placement of actuator means distribution of energy to the joint through
some mechanism.
V. Range of motion (ROM)
* Free motion provides mediolateral stability that allows free motion in
dorsi/plantarflexion.
* Solid ankle allows no movement indicated with severe pain or instability.
* Limited motion allows motion to be limited in one or both directions.
VI. Feedback
* Sensor can provide with information which helps evaluate process of rehabilitation
or ambulation and protects users against overload or injury, it is normally part of
active AFOs.

VIl.  Material composition
* Homogenous orthoses are usually moulded types from plastic or composite fibre

reinforced materials
* Non-homogenous are major group consists of many parts made of different

materials.

Design elements of AFO

a. Foot support elements
A foundation of AFO orthosis is the foot support element. This element can be the

integrated shoe or sandal or just a footplate inserted into users shoe. Integrated shoes are
firmly connected to steel stirrups. Footplates are in case of multi-material AFO combined with
steel stirrup or in case of homogenous AFO directly part of stirrup, more about manufacturing
procedures of footplates in chapter 3.

b.  Stirrups and uprights

Stirrup is a metal attachment riveted to the sole of the shoe; split stirrups allow for shoe
interchange solid stirrups are fixed permanently to the shoe and provide maximum stability.
Metal upright is rod, which is connected to ankle joint and formed by orthopaedic technician
according customers cast shape.

c. Ankle Joints

There are many types of ankle joints in orthotics, but all are basically following principle of
Double-Klenzak joint. For understanding how such joint works, see Figure 4.9. Thanks to set
screws and pins we can set limits for dorsi/plantarflexion. Springs help to diminish impact

forces and prevent drop foot.
o | Set screws
Cj 5\ for regulation of

f

range of motion

\ Double-Klenzak

type of joint

—~ Springs and pins

Figure 4.9 Most common AFO ankle joint (double-Klenzak type with springs)
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4.3.4 KAFO

Knee Ankle Foot Orthoses (KAFO), see Figure 4.10 is proximal extension of the AFO to control knee
motion and alignment. KAFOs with locked knees are used in knee-flexion contractures or during
rehabilitation of patients after stroke. KAFOs with locked knees can be used by paraplegics to walk
using swing-through gait, such device is known as Scott-Craig orthosis. Different kinds of orthotic knee
joints are on the Figure 4.11. KAFO can have same as AFO bilateral or unilateral design.

Thigh bands

i

I' r‘ Metal upright
| |

Knee Joint

f

[

AFO

Figure 4.10 KAFO
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Figure 4.11 KAFO knee joints

Offset axis free motion joint
More closely fits to axis of rotation of anatomical joint.
e polycentric free motion joint

Virtual centre of rotation more closely fits to axis of rotation of anatomical joint.
e Drop lock

Metal ring drops over top of the joint such way preventing flexion.

May be secured by spring and ball.
e Bale lock

Lock is disengaged by pulling bale up. Lock engage automatically when orthoses is extended.
e Other locks
Orthotic knee joints may offer the patient security even though not full extension can be
reached, such joints may have several locking positions allowing for instance just limited
flexion and extension.
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4.3.5 HKAFO

Hip-Knee-Ankle-Foot Orthosis (HKAFO) is KAFO with extended later upright to which hip joint with
pelvic band are attached. Hip joint can be same as knee joint. This type of orthoses is used for patients
with hip instability and weakness.

4.4 Cuffs, Bands and cushions

Cuffs are moulded from plastic materials. If bigger rigidity is needed than stronger and thinner
composite materials can be used, e.g. carbon fibres in epoxy resin.

Proper interface between plastic and metal parts and user’s body is fundamental to avoid ulcers,
pressure soars or excoriation. Different types of cushion materials are firmly glued to orthoses or
removable and washable. Vast variety of new types of fabrics and plastic foams are available on
market. Silicon inserts, polyurethane foam or polyamide fabrics are commonly used.

Historically consistent solution for tightening orthoses and ‘closing’ limbs inside remains Velcro
tapes. This universal tape can safely secure the limbs inside orthoses and provides with simple
adjustment option. More recent is application of BOA tightening system. The Boa System is custom
built for each unique product and use case, they all contain three integral parts: a micro-adjustable
dial, super-strong lightweight laces, and low friction lace guides. Each configuration is engineered to
optimize fit and provide precision, adaptability, and control.

4.5 Lower limb Passive Orthoses for individuals with paraplegia

Two KAFOs and the swing-through walking gait can be the way for paraplegics to walk. Besides of
two-legs-aligned walking gear, there are alternating walking (first one leg than another) orthoses
available. The relationship between the residual function level and the type of orthosis vary depending
on whether symptoms of paraplegia are incomplete or complete, the cases of symmetrical paralysis is
discussed in this subchapter.

Simple trunk orthosis connected to two HKAFOs (THKAFOQ) can be prescribed in case of lost flexion
in the hip joint (level of paralysis higher than L1). Alternating walking with such device can be rather
difficult because of very high variability in step length and large energy consumption, walking with such
device is toil. Reciprocal gait orthosis is better to be prescribed for such users.

We can divide alternating walking orthosis as follows:
I.  Two lateral hip joints
e RGO (Reciprocal Gait Orthosis)

o Double cable RGO

o Isocentric bar RGO

o ARGO (Advanced RGO)
Il. Medial single hip joint

o Walkabout
o Primewalk

o HALO (Hip and Ankle Linked Orthosis)
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Characteristics and performance parameters to be investigated — summary:

45.1

Stability in anteroposterior and mediolateral direction

Energy consumption

Temporal parameters of gait — velocity, cadence, stride length

Spatial parameters (COG) — waddling, vertical elevation, anteroposterior excursion
Determinants of gait — pelvis rotation

DON and DOFF of device directly from a wheelchair

Dimensions and weight — proportions of device

Economically accessible — affordability

Appearance and aesthetics of device

O O O O O O O O O

RGO

RGO (Reciprocating Gait Orthosis) has two lateral hip joints, bilaterally attached HKAFO (bi-axial
system). RGO has contralateral linkage between hip joints — flexion on one side is forcing extension on
opposite side. RGOs stabilize ankles, knees, hips, and trunk to provide upright posture and due to a
reciprocal link between hip joints, more stable walking with reduced metabolic energy consumption
can be achieved (Moore and Stallard 1991), (Rose 1979). It was found out that coupling contralateral
joints is a good way how to increase an efficiency of paraplegic walking. Upper body strength however
determines a success of walking with these orthoses. There are several types of RGO, double cable
RGO, classical isocentric bar RGO and advanced RGO (ARGO), (Baardman et al. 1997). ARGO has single
push pull cable system and knee joint with pneumatic cylinder, ARGO is on Figure 4.12.

Advantages and disadvantages of RGO:

v

ANENENENEN

Temporal parameters
Spatial parameters
Pelvic rotation 15-20°
Trunk support

Hip axis alignment
Anteroposterior stability

Poor lateral stability

Hard to don/doff

Bulky and heavy
Aesthetically unattractive

X X X X

Single push pull
steel wire cable i
of ARGO | |

Isocentric bar
of classic RGO

Hip support

Knee Joint with
pheumatic
cylinder

AFO

Figure 4.12 ARGO and isocentric bar
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4.5.2 Walkabout

Walkabout is the first from the group of single medial hip joint orthosis. This group is characterized
by no trunk support. All orthoses consists of two KAFOs connected with different types of medial hip
joint. Walkabout is the simplest one with basic hinge type joint with stoppers. Centre of rotation in the
hip is shifted below the hip axis and this makes the pelvis rotate more to compensate this shift, (Onogi

et al. 2010).

Advantages and disadvantages of Walkabout: x  Anteroposterior stability
v Mediolateral stability X Energy consumption
v Easy to Don/Doff X  Spatial parameters
V" Light and compact x  Temporal parameters
v Affordable solution x  Pelvic rotation

1:\ ~\
)\
}
=, e
- 'r. =
\-“ Simple hinge joint .u
‘: Wi I:)s o gersJ and _-I
' h:l;jrs !'_'

Figure 4.13 Walkabout orthosis - two KAFOs connected by hinge joint

453 Primewalk

Another single medial hip joint is slider type joint with stoppers - Japanese PRIMEWALK, (Onogi et
al. 2010), . Thanks to special curved guide and sliding mechanism virtual centre of rotation is shifted
closer to the hip joint. The pelvic rotation is decreased due to this invention, but still not comparable
with values of normal walking. Spatial-temporal parameters and energy consumption are better in
comparison with Walkabout, but still not satisfactory in comparison with normal walking.

Q
Virtual center of
rotation
%, P Y
Ny . A —
b ]
e i i Q“
= = =
8 ]k‘l Ir
Primewa
[—-"_'" slider type joint \-..::l
== axis of rotation 4"—’
shifted towards hip

Walkabout

User’s hip joint

v Centre of rotation™

Swing
_

Primewalk

Figure 4.14 Primewalk orthosis, explanation of pelvic rotation and principle of centre of rotation
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There are two factors why pelvic rotation still remain, (Genda et al. 2004):

l. Lack of assisting mechanism for hip flexion
Il. Fixed ankle joint causes instability when the step length become longer, this is
explained on Figure 4.15

00 0

With fixed ankle joint, When one leg swings Rotation in needed
feet are parallel to the forward, feet and to get stability again,
floor only when both floor are not in this happens

legs are aligned. parallel anymore, automatically.
Stable position. thus very unstable.

Figure 4.15 Why does pelvic rotation still remain with Primewalk?
Advantages, disadvantages and neutral parameters of Primewalk:

v" Mediolateral stability
v Easy to Don/Doff
v" Light and compact

X Anteroposterior stability Temporal parameters
x  Pelvic rotation - Spatial parameters
- Energy consumption
- Price

4.5.4 HALO Orthosis

HALO (Hip Ankle Linkage Orthosis) is compact medial hip joint orthosis with contralateral hip and
ankle linkage. These two joints are coupled by steel wire rope inserted in pulleys and Bowden. Each
hip joint is equipped with one pulley. The dorsiflexion at one foot causes flexion of the opposite hip
joint through the wire connected to the pulley. The joints linkage keeps feet always in parallel with the
floor to avoid stumbling and assists swinging of the leg. This setting reduces pelvic rotation to a normal
level and enables longer and more stable strides (Genda et al. 2004). However, the users have to
usually undergo long training periods to master technique of walking, before using HALO orthosis
independently.

During development of the HALO orthosis several updates were made, one of them is putting Velcro
fastening tapes on back side of thighs and calves to shift support bands on anterior side to make it easy
Don/Doff from the wheelchair.
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.

Figure 4.16 HALO orthosis

Left Side Pulley  Right Side Pulley

Medial hip joint ‘

Contralateral Linkage ‘

Left KAFO Right KAFO

Figure 4.17 HALO orthosis description and principle of HALO joint

e HALO principle
Principle of walking with HALO orthosis is shown on Figure 4.18.
When the dorsiflexion of the left ankle occurs, then:
1. The wire connected to the left heel is pulled,
2. the force in wire cause the left pulley at the hip joint rotate,
3. this makes the right leg swing forward with the left pulley.
4. The left leg extends relatively to the right leg and the left pulley rotates,

5. the wire that connects with the right heel is pulled and causes right ankle plantarflexion,
thanks to this the right foot is parallel to the ground.

The rotation ratio between hip and ankle joint is set at 2:1 so that the feet are always parallel
to the floor.
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\ — Hip

Figure 4.18 HALO orthosis walking principle

Advantages, disadvantages and neutral parameters of HALO:

v" Mediolateral stability
Anteroposterior stability
Temporal parameters

Pelvic rotation in normal level

Light and compact .
Easy to Don/Doff - Energy consumption
- Esthetics (redesign)

x  Complex adjustment system

- Anteroposterior stability
- Spatial parameters

AN N NN

Smooth gradual activation of ankle moments

4.5.5 Evaluation of passive orthoses

From characteristics and performance parameters, advantages and disadvantages of discussed
passive orthoses is obvious dominance of Primewalk and HALO orthoses. Study focusing on
comparison of Primewalk and HALO was conducted. Energy consumption, temporal parameters and
pelvic rotation were investigated. According this study, the performance of users with HALO orthosis
was in all aspects better, see Figure 4.19, (Genda et al. 2010).

Summarized results of comparison:

* Temporal parameters
* 10 m walking experiment at full speed
* T9 -HALO-35.0 m/min - 2.5 x faster
* T9 -PW -14.0 m/min
e T7-HALO -24.8 m/min—1.7 x faster
e T7-PW -14.3m/min
* Longer strides and cadence
* Energy cost
*  60%-T9 (PW:29.0J/kg/m, HALO: 17.8 J/kg/m)
e 75%-T7 (PW: 21.4 J/kg/m, HALO: 16.0 J/kg/m)
*  Pelvic rotation in the horizontal plane
*  +30 for Primewalk
e +10 degrees for HALO - within the range of normal gait
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Figure 4.19 Speed and energy consumption of HALO, Primewalk and normal walking

4.6 Active Exoskeletons for paraplegics

e REX

The REX for Clinical Use and Personal Use is the premiere commercial exoskeleton for individuals
with complete lower body paralysis. The REX is designed to be:

o Self-supporting and secure.

o Alleviate complications due to prolonged wheelchair use.

o Developed for Robot-Assisted Physiotherapy (RAP).

o Elevates users from a sitting position into a robot-supported standing position.
o Reduces burden on therapists performing standing therapy.

o One of the most robust and expensive solutions

For a while exoskeletons that take full control of the gait cycle where receiving a lot of flak for not
being as capable as their variable assist counterparts. New research findings in the middle of 2016
have demonstrated, however, that devices such as the REX have a place in the medical industry. It has
been discovered that even though the REX moves the rehabilitation participant by itself, it can still
provide medical benefits. Exoskeletons that take full control of the user’s legs are now starting to be
used as a stepping stone towards rehabilitation with variable assist robotics.

e Indego®

The Indego® can be used for therapy as a gait training tool. The Indego Personal can also be
employed as a supplementary mobility aid to a wheelchair. In addition to being able to see people
eye-to-eye, research using this and other assistive medical exoskeletons has shown a strong correlation
between standing up and a multitude of secondary benefits. These positive effects include but are not
limited to improved bowel control, increased bone density and reduction in pressure sores. Indego
design specifications:

o Hip-knee powered exoskeleton

o Li-ion batteries

o Total assembled device weight of 12kg (261b)
o Modular
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o Ability to export data using an iOS app
o Bluetooth connectivity

o Color LED and vibration user feedback (note: Recent independent research has shown
haptic feedback to be instrumental in some gait rehabilitation cases)

o Built in functional electrical stimulation (FES) interface (select models)
e  ReWalk

Key attributes:

o Approved by the FDA for clinical and home use for individuals with spinal cord injury
(SPI).

o Battery powered hip-knee exoskeleton.

o Proven to work in clinical, home and city environments.

o Regqularly being improved and iterated (the 2016 ReWalk is now 6th revision)

o Controlled by subtle changes in the user’s center of gravity.

o @Graphical user interphase for the physiotherapist’s control.

o Structured training program for the rehabilitation teams purchasing the device.

The ReWalk Rehabilitation System is optimized for use in a clinical setting. It is used as a tool to
augment the capabilities of regular physiotherapy by providing a high number of consistent and
reproducible steps. ReWalk Rehabilitation is also used as a stepping stone towards individuals
preparing to acquire ReWalk for personal use.

o ExoGT

The Ekso GT is a powered hip-knee medical rehabilitation exoskeleton developed by Ekso
Bionics. This is the first exoskeleton to be approved by the FDA for those recovering from a stroke. It
is also approved for use with individuals with spinal cord injury. The Ekso GT™ is a robotic exoskeleton
for comprehensive gait therapy which provides a superior rehabilitation experience for patients and
therapists alike. The Ekso GT™ is a tool to supplement professional physiotherapists, not replace
them. The use of this exoskeleton allows for a greater number of consistent steps with the appropriate
weight shift to be conducted in every rehabilitation session.

The Ekso GT is approved by the FDA for use with:

o hemiplegia due to stroke

o SClat levels of T4 to L5 and levels of T3 to C7
Design features of the Ekso GT:

o Acuated powered hip-knee exoskeleton

o \Variable Assist controls, the Esko GT can apply power from 0 to 100% as needed on a
step by step basis.

o Adjustable on the fly assistance level and operation mode

o Encourages correct body posture
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Figure 4.20 EXO GT, INDEGO, REwalk, REX (from left to right) exoskeletons

* HAL

HAL (Hybrid Assistive Limb) from Japanese University of Tsukuba is not device built for people with
paraplegia, but due to its progressive PR and success in the field of exoskeletons generally it should
not be omitted. HAL is robosuit which function is closest to exoskeleton definition, it was built to
extend and amplify human body functions but as well to support rehabilitation and physical training in
medical welfare field. Research is being carried out assuming application to heavy work support at
factories or rescue activities during disasters, but in hospitals as well. The most characteristic feature
of the HAL control method is that the wearer's intention is estimated and assisted by the surface
myoelectric potential. In general, there is a time shift called EMD (Electro Mechanical Delay) from the
measurement of the surface myoelectric potential until the tension actually occurs in the muscle.
Therefore, by measuring the surface myoelectric potential, it becomes possible to predict the intention
of the wearer prior to the start of operation and generate the assist torque, thereby realizing a system
that moves as desired by the wearer, (Wall et al. 2015)

* WPAL

Another device is WPAL, this is tend to be mobility solution (walking assist) for people with
paraplegia and has already demonstrated successful clinical trials. WPAL has a total of six actuators
symmetrically two in hips, knees and ankles attached medially on two KAFOs connected by medial hip
joint. Position feedback control algorithm is tracking joint angles pattern of normal walking as a basic
template recorded from healthy subjects. Walking rate, stride and joint angle is set as offset from this
basic walking pattern and represents target to be controlled. There were conducted step training,
walking training, treadmill walking training, walker assisted walking training with five subjects with
paraplegia. As a result, walking distance increased by 5 to 20 times compared with the case without
device. Improvement was also seen in PCl (physiological cost index) which is an index of energy
consumption during walking, (Hirano et al. 2012), (Tanabe et al. 2013).
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Figure 4.21 WPAL exoskeleton

e ORTHOLEG 1.0

Ortholeg is active exoskeleton for lower limbs designed for users of weight between 50 - 60 kg and
height 1.55 - 1.65 meters, see Figure 3.1, (Araujo et al. 2015). The prototype is basically a mechanism
consists of a set of rigid links joined by rotational joints. Each joint has one degree of freedom and
corresponds to human leg structure. Ortholeg first prototype has electromechanical actuators in knees
and hips, ankle joint is fixed and does not provide with any degree of freedom. Ankle joints are
connected to rigid external soles. Each rotational joint is equipped by Maxon 24volts/150W DC
servomotor with encoder and planetary gear box connected by coupling to recirculating ball screw.
Torque of motor shaft is transferred to ball screw where transformation of rotational to linear
movement is made through nut riding along ball screw axes. Exoskeleton requires usage of crutches.

Figure 4.22 Ortholeg — first prototype
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4.7 Other Walking assist equipment

In this short subchapter, assistive walking aids are briefly presented (Cuccurullo 2015). Nearly all
currently available active orthoses or powered exoskeletons requires some kind of additional walking
assist equipment. Generally crutches are the most used and desirable, but some applications which
requires wider base of support need walkers to be applied.

4.7.1 Crutches

e Axillary Crutches
Components

— Padded axillary piece (on top)
— Two upright shafts

— Handpiece (in middle)

— Extension piece

— Rubber tip

Advantages: inexpensive, adjustable, easier to use

Disadvantages: need good strength and ROM in upper limbs, ties up hands. Increased cardiac/
metabolic demand

e Forearm Crutches/Lofstrand crutches

Components:

— Forearm cuff with narrow anterior opening

— Forearm piece bent posteriorly and adjustable

— Moulded handpiece

— Single aluminium tubular shaft

— Rubber tip

Advantages: lightweight, easily adjustable, freedom for hand activities

Disadvantages: needs more strength, requires more skill, and better trunk balance

e Platform Crutches

Advantages: Do not need weight bearing through wrist and hand (i.e., fractures, arthritis of wrist
or hand. or weakness triceps or grasp)

Disadvantages: awkward, heavy

4.7.2 Walkers

Walkers are recommended for bilateral weakness and/or incoordination of the lower limbs or
whole body, or whenever a firm, free standing aid is appropriate (i.e., multiple sclerosis or
Parkinsonism) to increase balance and to relieve weight bearing either fully or partially on a lower
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extremity (allow the upper extremities to transfer body weight to the floor). Walkers are suitable as
well for unilateral weakness or amputation of the lower limb where general weakness makes the
greater support offered by the frame necessary (i.e., osteoarthritis or fractured femur) and as general
support to aid mobility and confidence (i.e., after prolonged bedrest and sickness in the elderly).

Advantages: Provide a wider more stable base of support. To provide a sense of security for patients
fearful of ambulation

Disadvantages: More conspicuous in appearance Interfere with development of a smooth
reciprocal gait pattern (e.g., decrease of step length with step-to-gait pattern) Interfere with stair
difficult to manoeuvre through doorways or bathrooms.

Types

— Lightweight walking frame

— Folding walking frame

— Rolling walking frame

— Forearm resting walking frame
— Hemi-walking frame

4.8 Requirement list

The summary of the driving requirements of design of new exoskeleton based on review of orthotic
devices from this chapter and the main objectives of this work is listed in Table 4.2. The price limit was
determined from manufacturing costs of orthotic devices for lower limbs and from the fact the final
product must be affordable. One of the main objectives is an independent usage of the device including
donning and doffing directly from the wheelchair. The user needs to be able to safely manipulate with
the device in order to fulfil this objective. Weight limits of the device need to be set firstly to follow
ergonomic standards of maximum loads of manual handling for disabled people on a wheelchair (focus
group) and secondly to maintain the efficiency of the device (high power-weight ratio). From this two
reasons, there is great emphasis placed on lightweight of the exoskeleton. The weight of user limit was
derived from the average weight of European man (according to Wikipedia).

Table 4.2 Requirement list

Requirement Value or description

Mediolateral stability Walking independently without assistance
Anteroposterior stability Walking independently without assistance
Price max € 8000

Weight of device max 10 Kg

Weight of user up to 70 Kg

Low energy consumption of user Evaluated from vertical elevation of CoG
Don/Doff independently from a wheelchair YES

Modularity Possibility of switching to passive option
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5 Design of new Exoskeleton Ortholeg 2.0

First new exoskeleton Ortholeg 2.0, which was designed for the purpose of this study is presented
in this chapter. The project of designing of the exoskeleton Ortholeg 2.0, see was performed in the
Universidade Federal do Rio Grande do Norte (UFRN), Brazil and some of the components were
manufactured to test their actual functionality. Manufacturing processes and benefits of this new
system are discussed in this chapter.

Figure 5.1 Ortholeg 2.0 — CAD model

5.1 Used materials

The main objective of this study is not detailed research in the field of material engineering, but it
was significant to study different materials available on market, before actual designing process. Brief
summary and description of selected materials with the most appropriate properties was done in
previous chapter. Key properties are tensile yield strength, flexural modulus or density. There are more
types of materials, suitable for our application, which are currently available on worldwide market.

e 1
LEE

IGLIDUR J

{
/,/

AL7075-T6

- A

COPOLYMER

Pre-preg
Carbon fibers or
Glass fibers

in epoxy resin

Figure 5.2 Materials used for manufacturing of Ortholeg 2.0
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There were selected and purchased materials from Table 4.1 for new design of Ortholeg 2.0,
illustrated on Figure 5.2. Main frame of device and joints are mainly from the aluminium 6061 and
7075. Some parts of fixtures and cuffs (connection parts to users) are made from High Density PE and
Copolymer. Support and connection in lumbar region is made from more rigid Kydex. Joints and moving
parts of mechanism are equipped by components from plastics Iglidur J with very low coefficient of
friction. Components from Prepreg carbon were implemented for better energy transfer between
user’s body and device.

New Ortholeg is lighter, using modern materials of premium quality. Design using tubes and clamps
makes it more compact, modular and secures best-fit for users of variable body proportions. Ankle and
knee joint design is described in following sections of this paper.

5.2 Ankle and Shoe insert

Experiments on current design of Ortholeg have conclusively proven urgent need of flexible soles
and ankles. Fixed ankle and rigid sole have negative impact on users gait cycle, on wearing comfort
and consequently on power consumption of device itself.

Thus study in field of construction of ankle which provides users with some degrees of freedom was
triggered and in addition different sole materials, shapes and wearing options were probed.

Ortholeg was designed for paraplegic users, which continues to be main requirement. As already
mentioned, rigid passive design is not in consideration (concept V.c. on Figure 4.8 can be excluded).
Solution should be furthermore very economical and universal so all users from different social
backgrounds can afford it. Expensive customised homogenous ‘one piece’ AFOs does not comply with
this criteria (concept Vll.a. on Figure 4.8 can be excluded). Sensory subsystem is not considered in this
stage of the project but design should include possibility of future implementation of such components
(concept Vl.a. on Figure 4.8 can be excluded). We are trying to develop as light device as possible,
motors in ankle are excluded, (concept lll.a. on Figure 4.8 can be excluded).

Furthermore only these types of the ankle joints from Figure 4.8 which comply with the mentioned
requirements were considered and following three different concepts of ankle joint were designed and
moreover analysed.

A. Achilles Spring (bilateral, non-direct, semi-active)
B. Adjustable symmetric joints (bilateral, direct,semi-active)

C. Adjustable one-side joint (unilateral, direct, semi-active)

A) B) Q)

Figure 5.3 Variants of ankle joint design
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Analysis of the best design for our device was conducted concerning following criteria,
manufacturing and overall price, user-friendly design, variability and adjustability, reliability, weight
and size, wearing comfort and safety issues. Upon of results from value analysis and discussions with
experts from field of orthopaedics and prosthetics was chosen adjustable unilateral joint, which final
design arise from merging B. and C. concepts from Figure 5.3 as the best solution for Ortholeg 2.0, see
Figure 5.4. Adjustable ankle joint contains compression springs. These springs job is to lift foot during
swing phase. Parameters of springs were calculated using segment method, if we consider weight of
one foot 1.38 kg, compression springs with force around 35N in full compression can be used.

‘y-

’

s+ Adjustable ankle
Carbon fiber g joint with springs

shoe insert )

Figure 5.4 Final solution of ankle Joint

5.3 Manufacturing

Shoe insert was manufactured from prepreg carbon in combination with stainless steel stirrup. A
prepreg consists of a combination of a matrix (or resin) and fibre reinforcement, in our case primarily
carbon fibres. This material was chosen because it’s ready to use in the component manufacturing
process without any other special expensive machinery. Prepreg has very good ratio resin to
reinforcement thanks to automatic manufacturing processes of plies, which makes this material the
best option for our lightweight device. Prepreg is available in UD (unidirectional) form and in
bidirectional fabric form. Unidirectional prepreg has very good mechanical properties in one direction
but weakens unequally in perpendicular direction. Fabrics consist of at least two threads which are
woven together and have equal properties in both directions. Shoe insert which was manufactured
from fibre-reinforced composites was necessary design so that the fibre orientation produces
optimum mechanical properties, this can be approach only by appropriate layup of different types of
prepreg materials.

According mechanical and physical properties stated by manufacturer of purchased material and
maximum ground reaction force (GRF), (Marasovic et al. 2009), we made similar virtual model using
structural analysis simulation tools integrated in CAD software and simulated real component in order
to determine necessary thickness for our application, see Figure 5.5. Software can only simulate
isotropic materials, since structure manufactured from prepreg is never isotropic, rather anisotropic,
the results are never same. This approach was carried out | order to roughly estimate number of layers,
and spot weakest points which needs to be strengthened by using for instance unidirectional prepreg
or thicker and stronger fabrics. This procedure is planned to be improved and upgraded in future
deigning works

We chose combination of Bidirectional 3K and 6K 2x2 Twill and UD G300 preprag carbon in epoxy
resin with excellent mechanical properties, moderate tack, good toughness, 30 days out-life at 20°C, 3
months storage at 4°C and stability for up to one year at -15°C. Chosen resin can be cured at
temperatures from 120°C to 150°C in just vacuum bag.
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Mechanical Properties of Epoxy resin:

e Tensile strength, psi 8300 +/- 400
e Tensile modulus, Msi 0.46 +/- 0.02
e Flexural strength, psi 14600 +/- 400

e Flexural modulus, Msi 0.50 +/- 0.02

Figure 5.6 Bidirectional 2x2 Twill prepreg carbon

Manufacturing in close cooperation with external company was triggered after selection of
appropriate materials. There were tested different layups In order to achieve the best energy transfer
between user and device and after experiments with manufactured shoe inserts there was chosen the
best layup for our application, final layup is described in tab.2 After layup is done, all mould with
prepreg carbon and stirrup is inserted into oven and cured on 120°C for 4-8 hours.

Figure 5.7 Process of manufacturing and complete cured ankle-foot component
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Table 5.1 Manufacturing procedure of shoe inserts

Plies Material | description
. Bi-direct
1 6K 2x2 | full sole ply directly on foot mould
Twill
2 ”l UD G300 | short ply in place where stirrup will be positioned
Bi-direct
3 ﬁ 6K 2x2 short ply in place where stirrup will be positioned
Twill
4 extra epoxy stronger conjunction with stirrup, epoxy is soaked is steel
resin resin surface
5 Stirrup Stainless | Steel surface is roughened by grinding and drilling for better
steel connection with prepreg resin
Bi-direct
6 ﬁ 3K 2x2 full sole ply lay over steel stirrup
Twill
7 ””| UD G300 short ply in place of biggest stress concentration from CAD
simulation
Bi-direct
8 ﬁ 6K 2x2 full sole ply as final layer
Twill

5.4 Modular knee

Knees were designed such way to provide user with the possibility of easy configuration between
actuated, semi-actuated and passive joint. In standard assembly, knees and hips are equipped with
servomotors connected to steep threaded spindle or trapezoidal lead screw spindle same structure as
in old design. On these rotating spindles are riding plastic threaded nuts from Iglidur J. In order to use
electrically non-actuated version just four screws need to be unscrewed. There will be spring applied
in knee joint witch accumulated energy will always return leg in upright position. These configurations

allow us to test the differences between actuated and non-actuated gait cycles.

IGLIDUR polymer .

connectors

<—— Steep threaded spindle

«—— |IGLIDUR polymer nut

Figure 5.8 Modular knee joint
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5.5 Electronics

Ortholeg 2.0 has same electronics as old version. Brushless DC motors (Maxon RE40, 150W) are
connected to each hip and knee joints. The number of rotations performed by the motor is controlled
by the motor controller (AX3500 Board). Controller keeps sending electrical current to rotate motor’s
shaft until its encoder (connected to the AX3500 board) indicates value close to the desired one. This
values are generated by a central computer (raspberrypi) according to a specific angle joint reference,
also connected to the motor controller. When some force pull back the moving link against its on-going
direction, the board generates more current to bypass that force and keep the movement going.
Because this electrical power source comes from a portable battery, as more the desired movement is
slowed by an external force, as faster the battery will run out of power. Control elements and batteries
will be located in backpack of spinal brace, which is one of the main, so called best-fit, elements
securing exoskeleton on user’s body, located on waist of user, see Figure 5.9.

5.6 Best-fit enhancements

Wider range of users can use Ortholeg 2.0 thanks to new adjustable elements, which were
implemented in order to get as universal, modular, comfortable and user friendly device as possible,
see Figure 5.9.

e  Fixtures

There are four fixtures made from prepreg carbon for shins and thighs. Manufacturing process of
fixtures is same as for shoe inserts. There is small aluminium piece integrated for thread to be drilled
in order to attach clamps.

Fixtures can be easily positioned by simple unbuckle clamp connectors, thus user can wear this
fixtures comfortably.

e Adjustable height

For different height of users there is possibility to adjust length of shin part.

e Adjustable width

It is important Ortholeg 2.0 fits as close to users’ body as possible especially around waist. There is
sliding adjustable back part in lumbar area. Slider is equipped with treaded rod connected to wheel for
comfortable regulation which is easily done by user.

e Brace

Sinal orthosis with 0° of lumbar support curvature is just excellent component for easy wearing with
maximum comfort. Lumbar universal orthosis is connected to Ortholeg construction through back part
support which is made from Kydex polymer, see Figure 5.2.
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6 New active exoskeleton @halo

Second new active exoskeleton @halo and its passive version Halo are presented in this section.
This part of work was performed in the Department of Robotics Science & Engineering of Chubu
University, Japan. Mechanical design and control system of novel exoskeleton are explained and
described in details in this chapter.

6.1 Halo - device update

HALO is a passive medial-hip-joint orthosis which consists of two KAFOs (Knee Ankle Foot Orthosis)
connected by the special medial hip joint. The main idea of HALO is to harvest energy from ankle torque
in order to assist swinging of contralateral leg and in addition avoid stumbling during walking. This is
achieved by connecting the left and right ankle with hip joint using a pair of pulleys and steel wires in
Bowden. The pulleys rotate on one shaft connecting left and right KAFO. The pulley which is paired
with left ankle is connected to the right KAFO and vice versa,(Genda et al. 2004),for complete
explanation of functionality see chapter 4.

The benefits in comparison with other passive orthoses were presented in the Chapter 4. Passive
orthoses HALO was chosen for further development, thanks to these advantages. In order to improve
some of the parameters such as energy consumption of users and stability, redesign of HALO was done
and HALO joint was updated, see Figure 6.1. New Halo is passive orthosis with small bevel gearbox
implemented on a shaft in between pulleys. This update provides with an available input shaft, for an
additional possibility to actuate hip axis, see Figure 6.2.

As it was already explained in the chapter 4 ankle joint and hip joint are interconnected by steel
wire rope. The ratio of the radius of rotation of the hip joint and the ankle joint is 1:2, which means
any torque applied in the hip joint is two times of this value in the ankle joint in case an efficiency of
the steel wire rope in Bowden is considered to be 100%. Due to friction of the wire rope in the Bowden
losses are expected. The efficiency of such mechanism is normally between 70-90%, due to nearly
straight line between hip and ankle (no loops or bends), we estimate the efficiency to be around 85%.

Figure 6.1 HALO orthoses (on the right) and new Halo with bevel gearbox (on the left)
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Left Side Pulley  Right Side Pulley

Left KAFO Right KAFO U U
Figure 6.2 Hip joint update

6.2 Moments in ankle and hip joint while walking with Halo

Moments in lower limbs joints were calculated using inverse dynamics model from data from
preliminary experiments. The results were compared with calculations done by (Genda 2010).

Two graphs in Figure 6.3 explains moments in the hip and ankle joint. The left graph compares HALO
with normal walking and the Primewalk orthosis. The moment in the dorsiflexion direction increases
immediately at the beginning of the stance during normal walking. Using HALO orthosis, the
dorsiflexion moment is received throughout the stance period, and its dorsiflexion moment is gradually
increasing from the mid-stance period, this is smoother trend than in the case of Primewalk.

The right graph shows moment in the hip joint and explains how ankle dorsiflexion moment assists
swing of the contralateral leg. The moment received from the contralateral ankle at the initial stage of
the stance acts in the flexion direction and is not assisting the hip joint extension movement. In the
first half of the swing, the moment received from the opposite ankle acts in the flexing direction and
assists the hip flexion movement (swinging of the free leg).

RLon RL off RLon RL off RLon
80 80
Stance Stance Swing

Normal walking
— HALO

= Hip moment received from the lower limbs

Hip moment assistance from the oposite ankle joint

Primewalk

Flexion moment
Assists hip flexion

Flexion moment
Does not assist
hip extension

mf\—/’—/
0 y

0 0.1 02 03 04 05 06 07 08 09 1 0 0.1 02 03 04 05 06 07 08 09 1
Gait cycle Gait cycle

-_—

Ankle joint moment [Nm] Flexion +
Hip joint moment [Nm] Flexion +
(=]

Figure 6.3 Ankle and hip joint moments during walking with HALO according (Genda 2010)
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6.3 Calculation of hip and ankle moments by inverse dynamics

Moments in the ankle and the hip joint can be calculated using inverse dynamics after obtaining
ground reaction forces data, position vectors and accelerations of each joint (ankle, knee and hip) and
centre of gravity (COG) of each segment (foot, leg, and thigh) from experiments. Free body diagram of
the foot with all necessary information for inverse dynamics analysis is in Figure 6.4.

Figure 6.4 Free body diagram of the foot for inverse dynamics analysis
The equation for calculation of moments in the ankle joint is on (6.1).

—

My =7y g0 X Fyr + (Fop xmp(g —dr)) + My, — My (6.1)

Where the ground reaction force ﬁ;]r was obtained from measurement, msis foot mass, arand g are
inertial and gravitational accelerations, Fa_gr is position vector from the ankle joint to the centre of
pressure (black spot) and Fa_f is position vector from the ankle joint to the foot segment centre of

gravity, M,a is inertial moment due to foot segment and finally Mgr is moment measured by footplate.

The generalized equation for calculation of moment in the hip joint is on (6.2), this equation can be
used for any last joint of three serially inked segments, in this case, it is foot, leg and thigh segment,
more about inverse dynamics model is discussed in a Chapter 8.

3 3
My = 7;)h.gr x P"gr +ZFL' xmi(g)_ai) +Mgr _ZMIi

=1 i=1 (6'2)

Where m; is i'" segment mass, a; and g are inertial and gravitational accelerations of i" segment,
Fh_grf is position vector from the hip joint to the centre of pressure and 7; is the position vector from

the hip joint to the i" segment centre of gravity and finally 1\7“- is inertial moment due to i" segment.

A comparison of the results of maximal moments in the hip and ankle joints during preliminary
walking experiments (both subjects) with new Halo orthosis how it was calculated and according
(Genda 2010) is listed in Table 6.1. Moreover, an average of the angular velocities of the hip and ankle
joint were obtained from the Cortex software.
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Table 6.1 Comparison of the results of maximal moments and angular velocity in the hip and ankle

max. calc. moment max. calc. moment max. moment calculated
subject 2 [Nm] subject 2 [Nm] Genda et al. [Nm] speed [rpm]
Ankle 51.5 54.7 =48 12.5
Hip 47.5 49.9 =63 21.2

6.4 Mechanical design of powered exoskeleton @halo

New Halo design together with an actuator unit is called @halo (active hip ankle linkage
exoskeleton). The new mechanical design is modular. Users can decide and easily switch between
active or passive setting by unplugging the actuator unit. A detailed description of the prototype of
@halo exoskeleton is in Figure 6.5 and two models of @halo joint are presented in Figure 6.6. Right
model of the joint represents simplified structure for better understanding of its functionality. 3D
Models consist of white and black parts firmly assembled in two units or blocks which are mutually
rotating.

Black block (dark parts) consists of gearbox 1 case (cut section view) connected to the motor with
gearbox 2, KAFO connector 1 with Bowden holder 1 and pulley 1. Motor with planetary gearbox 2 is
connected via shaft coupling to a shaft on which rotates spiral bevel pinion. KAFO connector 1 is the
interface plate of the right KAFO. Bowden holder with holes for the steel wire is attached to this plate.
Pulley 1 on the left side of the joint is through the steel wires linked to the left ankle and in addition,
serves as the gearbox 1 case cover, which are firmly screwed together. Bevel gearbox 1 case is
stiffening construction and augmenting rigidity of the main shaft, its compact cylindrical shape fits
perfectly into the hand, thus serves as a grip for easy manipulating with the exoskeleton.

White block (light parts) consists of the main shaft which is connected to a bevel gear. The spiral
bevel gear is then firmly screwed to a pulley 2. This pulley is then linked to the right ankle. The main
shaft is firmly attached at the end with KAFO connector plate 2. Bowden holder 2 is connected to this
plate and serves as a slideway. Holder was manufactured from POM plastic material, but self-
lubricating iglide® polymer from company Igus was tested for better performance. @halo joint main
parts were manufactured from Aluminium 7075-T6, this material has superior properties and can
sustain high payloads thanks to its high tensile strength.

The device weight is 6.8 kg (without electronics). New @halo hip joint weight is 1.9 kg. The height
of the device is adjustable, according to users’ body proportions.

6.4.1 Selection of servomotor

As it is explained in the Chapter 5, motor assistance is activated between double support and heel
off during preswing phase, this indicates just partial assistance of the actuator for push off from the
ground. Users are partially supporting this movement by crutches. This means, an important and
driving element for the selection of appropriate motor is the ankle moment value. Ankle moment
should be according to the results from Table 6.1 between 51 to 55 Nm in order to be able to overcome
initial resistance and fully assist in forward progression. The moment of output shaft from the bevel
gearbox M4 should be about 32 Nm obtained from the ratio between the ankle and the hip 2:1 and
efficiency 85% according (6.3).

=— = 32Nm (6.3)
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Figure 6.5 New @halo exoskeleton and @halo joint
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Figure 6.6 @halo joint model in section view and simplified model

A servomotor combining the DC motor EC-powermax30 from Maxon and the planetary gearhead
GP42C was purchased for this application. The total weight of servomotor is about 0.75 [kg] and the
total length of the combination (gearhead + DC motor + encoder) is about 152 [mm].
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e Selection of the motor

According to calculated torque, required for powering ankle joint DC motor EC-powermax30 from
Maxon was chosen due to its satisfactory nominal speed and torque, see motor data in Table 6.2 and
operating range of motor in Figure 6.7.

Table 6.2 Motor maxon data (EC-powermax30)

Power [W] 100
Nominal voltage[V] 24

No load speed [rpm] 17800
Nominal speed [rpm] 16700
Nominal Torque (max. continuous torque) [MNm] = 63.3
Nominal current (max. continuous current) [A] 5.45
Stall torque [mMNm] 1280
Torque constant [mNm / A] 12.8
Max permissible speed 25000
Terminal inductance phase to phase [mH] 0.0295
weight [g] 165

e Selection of the Gearhead

Planetary Gearhead GP 42 C @42 mm, 3 - 15 Nm, Ceramic Version from company maxon was chosen
for its high reduction ratio and satisfactory intermittent torque at gear output.

Table 6.3 Planetary gearhead GP 42 C

Reduction 546:1
Absolute reduction 546
Mass inertia [gcm?] 15
Max. motor shaft diameter [mm] 10
Max. continuous torque [Nm] 15
Max. intermittent torque at gear output [Nm] 22.5
Makx. efficiency [%] 64
weight [g] 560

e Selection of the encoder

An incremental encoder (HEDL 5540) from the company Maxon is used for detecting the rotation
angle of the actuator. Incremental encoders are inexpensive due to their simple structure, but
calibration is needed when turning on the power to detect relative values. Specifications are shown in
Table 6.4.

Table 6.4 incremental encoder (HEDL 5540)

Pulses per revolution - Ey,,,,. 500
Channels 3
Maximum frequency [100Hz] 100
Maximum angular acceleration [rad/s?] 25000
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e Calculation of output torque and speed
Calculation of the output torque and speed of the chosen actuator is summarized in Table 6.5.

Table 6.5 output torque and speed summary

gearratio i efficiency torque speed
1 [%] output [Nm] | output [rpm]
Bowden-wire 2 85 54.7 12
Bevel gear 1,5 98 32 24
Gearhead 546 65 21.8 36
Motor | - 90 0.063 19656
n [rpm] Continuous operation
w In observation of above listed thermal resistance
25000 4 100 (lines 17 and 18) the maximum permissible winding
temperature will be reached during continuous
20000 operation at 25°C ambient.
= Thermal limit.
15000
100001 Short term operation
The motor may be briefly overloaded (recurring).
5000

20 405060 80 100  M[mNm] Assigned power rating

" 20 40 60 80 100 I[A]

Figure 6.7 Operating Range of motor (EC-powermax30 - from Maxon motor datasheet)

6.4.2 Selection of bevel gears

Bevel gears were calculated using software Mitcalc where input values are listed in Table 6.6.

Table 6.6 input values for calculation of bevel gears

basic input parameters Value
Transferred power Pw [kW] 0.08
Speed (Pinion / Gear) n [rpm] 36
Torsional moment (Pinion / Gear) | Mk [Nm] | 21.8
Transmission ratio / from table i 1.5

KSP Nissei ground spiral bevel gears were selected for right angle distribution of the moment to
the hip joints. There was necessary to order secondary manufacturing operations for this gear set

before assembly. All specifications are presented in Table 6.7, Table 6.8 and Figure 6.8 (from KHK
STOCK GEARS website).
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Figure 6.8 KSP Nissei ground spiral bevel gears
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Table 6.7 KSP Nissei ground spiral bevel gears characteristics

Characteristics value / description
Precision Grade JISB 1704 grade O
Gear teeth Gleason

Pressure angle 20

Helix angle 35

Material SCM415

Heat treatment Carbonized

Tooth hardness 60~63HRC

Shaft angle 90

Table 6.8 KSP Nissei ground spiral bevel gears specification

Direction Module No. of Pitch Face Outside Holding Bore
of Spiral teeth dia width dia. A surface CH7
dia. B
KSP0481.5GU P L 2 16 32 9 34 17.6 12
KSP0481.5GUG | R 2 24 48 9 48 30.4 15

6.4.3 Couplings

Oldham coupling clamping type (MCOCWK38-12-12 - both sides keywayed) with additional set
screws on top of the groove were selected to couple motor output shaft with the bevel pinion shaft.
Important parameter of the coupling are listed in Table 6.9.

Table 6.9 parameters of coupling

parameters of coupling MCOCWK38-12-12 Value
Allowable Torque Mk [Nm] 28
Max. rotational speed n [rpm] 5800
Allowable angular misalignment [°] 3
weight [Kg] 240

6.4.4 Steel wire rope calculation

Powered exoskeleton @halo is acting on the ankle joint by moment 54.7 [Nm] as it was calculated
earlier in this chapter. This big moment is producing pulling force in the steel wire rope of ankle-hip
link mechanism. The steel wire rope is acting on rotation radius 0.05 [m]. The maximum pulling force
acting on the wire is 547 N. Since the allowable tension of the steel wire rope (7 x 7 type thickness 2.0
mm) is 3234 N, it can be said that the durability is sufficient. The most critical point is pressed wire
ending, see Figure 6.9, this part was however tested by years of usage of passive HALO orthosis and
the allowed pulling force limit was set to 784 N. This means, such way of securing the steel wire rope
is sufficient. Nonetheless, other more durable techniques may be used in case of further development.
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Figure 6.9 Steel wire rope and Bowden assembly
6.4.5 Slider and Qil Free Slide Plates combination

In order to prevent high bending forces on the main shaft, the Slider from POM material was used
in combination with Oil-Free Slide Plates. The Plates have special multi-layer coating (Filler Added
Polytetrafluoroethylene Layer, Sintered Bronze Layer, and Back Metal Layer) which does not require
any kind of lubrication and works with a very low coefficient of friction.

This system was tested on nearly 1000 cycles during high loads and the result was satisfactory,
abrasion of POM material was negligible and Oil-Free Slide Plates had no signs of losing coating
structure.

Figure 6.10 POM Slider and Oil Free Slide Plate combination

6.5 @halo control unit

Motor control hardware, connection layout and software are presented in this subchapter. The
connection layout of the motor control unit is in Figure 6.11. The three main components of the system
are PC with communication cards from company Interface corp., 4-Q-EC Servoamplifier DES 70/10
from company Maxon and Electronic Commutation (EC) Servomotor from company Maxon. The DES
(Digital EC Servoamplifier) is the efficient digital servoamplifier with sinusoidal current commutation
for the control of EC motors.

The PC is equipped by ADDA (analogue/digital, digital/analogue) board PCI-360116, counter, timer
and digital input/output (DIO) card LPC-632104. The PC executes a motor control program and sends

61



the command signal to the servoamplifier via ADDA board. ADDA board is connected to servoamplifier
via differential input “Set value” which is set to range -10 ... +10 V. The analogue signal is amplified by
the servoamplifier and from there sent to the motor. Such a way the motor can be driven or regulated.

A motor choke is inserted between the motor and servoamplifier to prevent overcurrent. There is
just one motor, thus one actuated DOF, and two movements (dorsiflexion and plantarflexion) to be
controlled. This is done by altering clockwise and counter-clockwise direction of the rotation of the
motor output shaft.

In order to obtain information about speed, angle, and direction of rotation, the servomotor is
equipped with the incremental encoder. To monitor this variables encoder is connected to
servoamplifier by special port dedicated to encoder itself. For a closed loop position control (control
method is discussed later in this chapter), the encoder is connected directly to the counter board as
well. The pulse signal is received by the counter board and processed by a control program which
converts this signal to angle value.

The output torque estimation is done from the monitored output current of the motor. This current
is multiplied by torque constant obtained from the motor datasheet and the estimated torque is a
result which is presented in chapter 5.

The servoamplifier was set for speed control during preliminary experiments, current control mode
was however tested as well. If the “Digital 2” input is connected to a voltage higher than 2.4 VDC the
servoamplifier is configured to speed controller mode. If the “Digital 2” input is connected to Gnd the
servoamplifier is configured to current (torque) mode. If the “Digital 1” input is connected to Gnd the
actual motor speed is given to the “Monitor” output. If a voltage is given at “Digital 1”, the actual motor
current is given to the “Monitor” output. The 3-Position Selector Switch is connected to “Digital 1”,
“Digital 2” and to “Enable” input for switching between control modes and for ON/OFF motor
command, see Figure 6.15. The “Digital 2” button was switched on (connected to auxiliary voltage
5VDC) and speed control mode was activated during preliminary experiments. The “Digital 1” button
was switched on (connected to auxiliary voltage 5VDC) and the actual motor current was monitored,
received via ADDA board and processed by motor control program. Motor torque was estimated and
evaluated from actual motor current value and the torque constant.

An emergency button was installed and connected to “STOP” input of servoamplifier for the case
of emergency. If a voltage is given at “STOP”, the motor speed will be stopped with maximum
deceleration until motor shaft stands still.

As an alternative, configuration and commanding of the servoamplifier also is possible over the PC
using RS$232 or CAN. This functionality was used and servoamplifier was connected via RS232 to PCin
order to set quickly reproducibly and numerically parameters such as maximal speed, offset, gain or
maximal current.

There is OS Windows XP installed in the PC and program Visual C ++ 2010 was used to create motor
control program to process input and output data collectively in the timer loop of sampling frequency
100 [Hz] and sampling interval 100000 [ms].
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Figure 6.11 Connection layout of @halo control unit

The ADDA conversion board connected to PC’'s motherboard are shown in Figure 6.13, and the
specifications of these conversion boards are presented in Table 6.11. The counter board by which the
speed information was received is in Figure 6.13, and the specification of this board is shown in Table
6.12. The counter board can be set as an interval timer.

All system of the @halo prototype is stationary, connected to the mobile exoskeleton through a set
of wires and terminal boards. This kind of setting is not practical for real application and absolutely
inadequate for everyday use. One of the main directions of future development is a creation of a
compact mobile control unit powered by a battery pack and embedded directly into the exoskeleton.
As for testing purpose and proof of functionality of the idea however the prototype with the stationary
system was satisfactory.

6.5.1 Servoamplifier

As already mentioned 4-Q-EC Servoamplifier DES 70 / 10 from Maxon company was used in the motor
control system. The main advantage of this amplifier is the possibility of switching between speed and
current control modes. Speed control mode was used during preliminary experiments and the current
was monitored and stored. More details about control are discussed later in this chapter and in
chapter 5 as well. The specifications of the servo amplifier are summarized in Table 6.10. Exact
connection layout is presented in Figure 6.12 — picture extracted from Maxon datasheet.
Servoamplifier DES 70 / 10 was chosen due to economical reasons, for the future development, use of
different controller should be considered, the reasonable solution is for instance Maxon controller
EPOS series.

Table 6.10 4-Q-EC Servoamplifier DES 70/10 specification

Characteristics value
Operating voltage VCC 24 -70 VDC
Max. output voltage 0.9x VCC
Max. output current Imax 30 A
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Continuous output current Icont 10 A

Max. speed (1 pole pair) 25 000 rpm
weight 400 g
=1 5
[r——— @ %)
Power
Supply
24 -70VDC
® 0 =

1 Motor windings

Encoder

Hall sensors

Figure 6.12 4-Q-EC Servoamplifier DES 70/10 and connection layout with EC motor — pictures from
Maxon Datasheet

6.5.2 Interface boards

Two interface boards were used for signal processing. The LPC-632104 is counter board which
provides four 32-bit multi-function counters. As each counter is isolated, it can be used for different

functions. The PCl - 360116 is a high - speed 16 - bit ADDA board compatible with the PCl bus. The AD
conversion time is about 1 ps.

Figure 6.13 ADDA board and counter board

Table 6.11 ADDA board (PCI-360116) specification

Characteristics value
A/D (ch) 8
D/A (ch) 2
Resolution (bit) 16
bipolar (V) +10
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Table 6.12 counter board (LPC - 632104) specification

Characteristics value
max input frequency (MHz) 10
Counter (ch) 4
Resolution (bit) 32
bipolar (V) +10

6.5.3 Choke

A choke is an inductor connected in series with the EC motor in order to block higher-frequency
alternating current (AC) in an electrical circuit, while passing lower-frequency or direct current (DC).
EC motor used for powering @halo exoskeleton is low inductance motor which enables design to be
very slim and compact. However low inductance means low electrical time constants and this leads to
high amount of a motor's current ripples and higher peaks, this results in high running current value
which heats the motor up. In order to protect the motor, it is necessary to add a choke coil as additional
inductance for attenuating the current spikes. The behaviour of the motor does not change, because
the generated motor torque is proportional to the average value of the current and additional
inductance in the electric circuit improves the stability of the current controller.

When the inductance of the motor is 0.4 mH or less, the choke needs to be added. The terminal
inductance phase to phase value of the used EC motor is 0.0295 mH, see Table 6.2 Motor maxon data
(EC-powermax30), this means there is necessary to include the choke, specific type which was used is
on.

Figure 6.14 Choke

6.5.4 Buttons and switches

The 3-Position Selector Switch was used for switching between control settings and for turning the
actuator ON and OFF. The emergency button was placed in near proximity of operator of the control
unit during preliminary experiments, buttons are in Figure 6.15.
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Figure 6.15 The 3-Position Selector Switch and emergency STOP button

6.6 Lofstrand crutch and integrated manual switch

The user wearing the @halo exoskeleton controls this device manually by pressing the switch
integrated inside a moulded handpiece of the Lofstrand crutch, see Figure 6.16. This Manual switch is
connected by wires directly to DIO card inside PC.

Force sensitive resistors (FSR) were integrated in shoe insoles of @halo exoskeleton as optional
control method. This functionality was however not used during preliminary experiments. The manual
switch button in crutch for its simplicity and easy-to-use benefits was selected as the safest and the
most convenient.

Figure 6.16 Forearm crutch with integrated manual switch (DS-663)

6.7 Control system of actuator
Control system is discussed in this section, a block diagram of a closed loop position control and PI

controller are described as well as the motor control program and specific modes which user can use
during walking with the @halo exoskeleton.

6.7.1 Block diagram of control system

The closed loop position control system with a Pl controller for less steady state error and smooth
response is used for the motor control, the block diagram of the control system is presented in Figure
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6.17. The controller gains Kp, Ki, and Ks were tuned for a good tracking performance by Ziegler-Nichols
Ultimate Gain method (Lee et al. 2015).The system controls hip angle by referring to the target angle.

B e e R R T T T I

I I

' Pl controller | Power

, , supply

| :

1 I

IQT' K QC K :V;ﬂ servo Vm motor 9
1% S amplifier

A e

Figure 6.17 Block diagram of the @halo control system

Procedure of calculating control signal output V, from PI controller is described in equations (6.4-8).
Equation 6.7 represents Pl controller, there is sum of two terms: a proportional term that is
proportional to the error, an integral term that is proportional to the integral of the error.

3 Cp + 360 A do@®
o0 = Nppr * ign * ibg * twm => 6= de (6.4)
_ Or aata Igh " lbg " lwm _ : _ do,(t)
6 (6) = NMm *Ngn " Nbg * Twm => 6= dt (6.5)
0 -6-(0

ep(t) = —Fsmpl (6.6)

_ t
0e(0) = Ky e9(0) + K [ eq(0rat (6.7

0

0, (t

V.(t) = (é ()> .10 (6.8)

Where 6, reference angle [deg], 6: actual angle [deg], 6,: reference angular velocity
6, control angular velocity [rpm], 0r aatqa: l0aded angle reference data, e,: control error,
K,: Proportional gain, K;: integral gain, K;: voltage conversion gain, N,,,,-: pulse encoder signal

V. Voltage value command [V], V,,: Motor drive voltage [V], Fsp;: Sampling frequency
Nms Nghs Mg, Nwm: Efficiency of motor, planetary gearhead, bevel gear, wire mechanism

igh, Ipg, twm: gear ratio of planetary gearhead, bevel gear, wire mechanism
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6.7.2 Control parameters of Pl controller

In order to use the PI controller, it is necessary to set proportional gain K, and integral gain K. In
this study, Ziegler-Nichols Ultimate Gain method was used to find these parameters.

The first step of Ziegler-Nichols method is to find Ultimate gain K,. We start with a closed-loop
system with only proportional controller and gain K (critical gain), integral gain K; is set to zero. K. is
set to very low value and gradually is increased until a steady-state oscillation occurs, such a way the
gain called Ultimate gain K, is obtained. For our application there was measured K,= 1.8 with the period
of oscillation T, = 0.321. Based on these values, the control parameters are defined from Table 6.13.

As the result the gains K,=0.54 with T;=0.27 and Ki= 0.1 were used.

Table 6.13 Ziegler-Nichols Ultimate Gain method

Controller | K, Ti To

P 0.5 Ky

Pl 0.45 K, 0.83 Ty

PID 0.6 Ky 0.5T, 0.125T,

6.7.3 Control modes

Device @halo comes together with Loftstrand crutches as described in previous chapters. The left
crutch is equipped with a switch, see Figure 6.16. The device can be controlled by the user either in
semi-automatic mode or manual mode. Users press and hold the switch during the whole walking
period in the semi-automatic mode for continuous walking. This serves as a safety feature, in a case of
lost balance or instability, the switch is released and the motor stops at the next reference point. In
manual mode the button has to be pushed after each step, this second option was used during
preliminary experiments. The first prototype control system does not provide with an option of
changing a speed of walking. Turning left and right is possible while standing both feet on the ground.
This function, however, requires special modification of soles and was not tested, only forward walking
was examined during the preliminary experiments.

6.7.4 Control program

Control programme structure, features and control logic is briefly discussed in this section.

Initialization of the ADDA and counter boards and calibration of the encoder are performed as the
first step after turning on the control unit. In order to calibrate the Incremental encoder it is necessary
to adjust the offset for angle detection. For the sake of accuracy, so all experiments begin in the same
position, the users were instructed to stand on double support with legs in parallel so the toe tips are
aligned and in this posture was set 0°. Left leg was then moved backward for 30° and this was the initial
position for preliminary experiments. The serial communication via RS232 was established by
connecting the servoamplifier and the PC, so described initialization process and data files creation
and export can be done simply through programmed user interface, see Figure 6.18.

The file with the target reference angle is externally created. The period of the angle reference
consists of rapid increase by +60° following by decrease to -60° and this is equal to one gait cycle. First
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half period in positive direction is then equal to one step and this is equal to 90° counterclockwise
rotation of the shaft of actuator. Second half period in negative direction is then equal to second step
and this is equal to 90° clockwise rotation of the shaft of actuator. All file is loaded at once and the
data are synchronized with the sample data number controlled by counter. Sample data number is the
time length of the half period. In practice, one press of the manual switch runs one step. If the button
is not released and user holds the button, then the program does not stop and reads second half of
period, thus second step of the gait cycle is continuously initiated. This cycle is then set in a loop, it
means while holding the manual switch walking does not stop, for more about gait cycle of the
preliminary experiments see chapter 5.

Control program has following functions:

= Track target angle file and open it
= Target angle data input — load target angle reference data
= determination of the assist switch ON - OFF
o start cycle of the right switch ON
o set condition of the right switch OFF
=  Calculate error from comparing target angle and actual angle data
= Sending error to Pl controller and setting new output angle data for motor
= Differentiation of angle data and converting to voltage output for the servoamplifier
= Hip joint range of motion restriction + 45° — user safety feature
= Set range of current restriction max £ 10 A — Servoamplifier safety feature

2. Press “0O[deg]SET” — in 0° posture then “INITIAL ANGLE” in 30° posture

MAXON MOTOR PROGRAM : x
1. Press -
”SETUP START” INITIAL SETUP Angle FILE CREATION
AD Setup
to open universal . 6. Name trial, press
counter card and [ DA Setup L i oot Title of experiment “FILE CREATE”
| Experiment data .
AD DA boa rd Universal Counter Setup EXpOTt tnal data
FILE CREATE and save file
location
TSETUP START | O[deg] SET INTLEAOLE 1
7 unit : deg 7CW:+  COW:- 4, Observe -
- T Hand switch on (1)
Time o N
; Hand switch off (0)
Time(Right} — hand switch .
i — Time of motor
CCW and CW ON
SYSTEM HISTORY
System History
MOTOR START 3. Active motor
START
STOP 5. After trial press
REEAD “FILE OUT”
FILE OUT

Figure 6.18 User interface for initialization, data file creation and export with description of each

steps
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7 Experiment procedure and set up

Exoskeleton which meets requirements from the requirement list and which fits better the aims of
this work is selected. Exoskeleton @halo was chosen as better solution. Walking with active @halo
device and passive Halo orthosis was tested during preliminary experiments. All necessary details
about experiments such as experimental set up, experimental trials, data acquisition techniques and

description of equipment used during experiments are presented in this chapter.

7.1 Selection of Exoskeleton for further research

The better solution for further experiments with able-bodied subjects was selected according
significance of requirement and degree of fulfilling requirement of each solution. Device @halo has

nearly twice higher score in comparison with Ortholeg 2.0, according Table 7.1.

9

Table 7.1 Selection of solution
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. .. Significance Ortholeg
Requirement Value or description T @halo 20
Mediolateral Walking independently ) 5 0
stability without assistance
Anteroposterior Walking independently ) ) 1
stability without assistance
Price max 10000 USD 2 2 0
Weight of device max 8 Kg 2 2 1
Weight of user up to 70 Kg 2 2 2
Energy consumption Evaluated from vertical
. 2 1 2
of user elevation of CoG
Don/Doff dlrectIY VES 1 5 0
from a wheelchair
Modularity P055|b|ll|ty of sywtchmg 1 ) 1
to passive option
Walking pattern Natural pattern. similar 1 0 5
to normal walking
Result = Y;_, Significance = Degree of fulfilling requirement 26 15
Table 7.2 Degree of fulfilling requirement
Degree of fulfilling requirement Description
0 Does not satisfy requirement
1 Partially satisfy requirement
2 Completely satisfy requirement



7.2 Walking with Halo and @halo

Experimental trials were conducted in order to verify the assist effect of @halo. The main aim of
data analysis and acquisition from trials was the comparison of the gait parameters between passive
Halo setting and actuated @halo setting. The preliminary experiments were conducted with two able-
bodied subjects, their parameter are summarized in Table 7.3.

Table 7.3 Subjects

Parameters Subject 1 Subject 2
Height 1.724m 1.790m
Weight 63 kg 65 kg
Age 21 29

Each subject conducted 30 trials with Halo and 30 trials with powered @halo. One trial consists of
the full gait cycle, of one stride. The trial starts in posture one leg in front of another with approximately
30 degrees between legs. The data obtained from experiments were processed and evaluated in
chapter 8.

Due to specific HALO gait, there were many (hundreds) of trials conducted before recording
evaluated strides. The subjects were trained by professional staff to adopt the walking style with Halo
in order to simulate the authentic movement of the lower and upper body, as it was performed by
patients. The @halo exoskeleton was adjusted according to the height of subjects before the start of
the experiments. There was no big difference between subjects’ heights, therefore the device was set
for one configuration during all trials.

7.3 Experimental setup

The subjects accomplished experiments in an area which was monitored by six infrared motion
tracking cameras Mac3D (Motion Analysis corp.) at the frequency of 60 Hz. Four Kistler force plates
with six DOF were situated in the middle of the room in order to measure the ground reaction forces
(GRF) of both legs and both crutches. Twenty-five reflective markers were placed on anatomical
landmarks of the subjects in a modified Helen-Hayes marker arrangement. Software Cortex was used
to track trajectories of markers and the GRFs during experiments.

Listed main components used during experiments are described in following subchapters, as
illustrated in Figure 7.1:

I Motion tracking cameras Mac3D (Motion Analysis corp.)

II.  Control stand 1 - PC with cortex software for preprocessing of data
Il Kistler force plates with six DOF
IV.  Control stand 2 — PC with @halo control hardware and software

V. Tested device with user and crutches
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Figure 7.1 Experimental setup

7.4 Motion capture system MAC3D

When any kind of motion needs to be analysed a motion capture system can be used. This
technique of motion analysis is widely used for instance to evaluate correct running pattern of athletes
in order to increase a performance or correct batting of baseball or golf players. The most common
use by researchers is for analysing of the walking patterns during a rehabilitation in order to quantify
and identify mistakes done by patients, this leads to creation of efficient plan for improvement. A
motion capture technology can be broadly divided according of tracking technique to optical,
mechanical, and magnetic. An optical motion capture system is the most suitable one for complicated
movement tracking and it is widely used in clinical practice.
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7.5 Digital camera Hawk and tracking markers

MAC3D System (Motion Analysis corp.) was used during experiments. MAC3D system is a digital
real-time optical motion capture system for measuring the motion of the body in capture room. A
capture room is monitored space which lays in capture range of cameras, see Figure 7.2, and in which
the whole experiment is performed. Human motion is recorded and measured by tracking 3D position
of a marker attached to the body in the capture room. The markers are spots attached on body
landmarks. The markers are from reflective materials with narrow reflection angle (similar to safety
reflective tapes). Infrared light from the multiple cameras is reflected by this spot markers to identify
and record the position of the measurement point of the body in the capture space during all trial.
Image of reflected light from the marker is identified, isolated, processed and other ambient noise is
suppressed, so only the markers can be captured and position stored in time series datasets.

Recorded 2D position data of markers form each camera are sent through an Ethernet hub to the
PC with the MAC3D control software Cortex, see connection layout in Figure 7.3. The 2D data are
instantaneously constructed in this software into 3D representation and so the three-dimensional
motion of the body can be evaluated in real-time.

Cortex is a control system that can perform necessary data processing such as camera control,
camera calibration, collection of marker data, reconstruction of 3D data, collection of analogue data
from force-plates, tracking of objects or calculation of virtual points etc., about Cortex see next
subchapter.

Six infrared digital cameras Hawk (see Figure 7.4) with FPGA that can convert marker data to 2D
digital position data in real time were used during experiments. Hawk high-performance digital
cameras can minimize background noise and track markers with high accuracy. The specifications of
the camera are shown in Table 7.4.

capture

i/ V[
7 N/ / 1/4

/ ////

6
Alrectlon
of motion

Figure 7.2 Disposition layout of Motion tracking cameras Mac3D during experiments

x
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software

Power hub
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Camera
cable

Figure 7.3 Connection layout of motion tracking cameras Mac3D and PC

Table 7.4 Parameter of Hawk Digital Camera

Motion Analysis Hawk Digital Camera
Sensor CMOS
Resolution 640 x 480 [pixel]
Number of pixels 300,000 pixels
Shooting cycle 1 to 200 [Hz]
Maximum shooting speed at full resolution 200 [Hz]
Maximum number of cameras connected 64
Zoom lens None

Figure 7.4 Hawk Digital Camera on stand and traditional reflective markers
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7.5.1 Software Cortex

Cortex is a complete package, capable of meeting demanding requirements of the motion capture
industry. The output is generated in real-time making Cortex a suitable engine for a number of widely
used 3D animation packages as well as custom applications created using the supplied Software
Developers Kit (SDK). Being a real-time application, the results of a motion capture session can be
viewed instantly while simultaneously saved in several file formats. In addition, you can graphically
edit data with a complete suite of tools without resorting to other off-the-shelf software packages.

Cortex handles image data from systems comprised of up to 250 cameras. System setup and
calibration are fast with immediate feedback and a high degree of accuracy and precision. The motion
capture sessions are managed using directory and file access tools. Post-processing data is
accomplished graphically using controls integrated with mouse and keyboard functions for fast and
easy editing. Model Edit features give the access to the properties of the current set of named markers,
virtual markers, linkages, and skeletal segments.

Cortex combines three major functions:
I.  Calibration of capture space
IIl.  Tracking and identifying marker locations in your calibrated 3D space
Il. Post processing tools for tracking, editing, and preparing the data for Other processing

This chapter is not a manual for Cortex software, but important notes from this three major
functions which were used during analysis and should not be omitted are briefly discussed.
Calibration of capture space procedure is discussed in the following subchapter. For the tracking and
identifying marker location, the marker set template needs to be created.

e Building a template from the range of motion trial in software Cortex

A template is what is used to automatically identify markers in real time. In saving the template,
the software stores the minimum and maximum distances that can exist between markers that have
linkages. It is necessary to allow the software to identify each marker in each frame. The template
information is saved in the capture (.cap) file. Before a template can be created, a marker set that will
apply to the subject being captured must exist. Each subject has his own unique template, which is
loaded and recognised before each trial. This procedure ensures all experimental trials has nearly
identical measured points’ locations, and serves as a checking feature of correct marker placement. In
the post processing interface measured data were checked, in case of some major gabs (momentary
missing marker artefact) were data interpolated using cubic joint and smoothed.
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Figure 7.5 Cortex post-processing interface and description

Data were exported into three files for each trial:

e Kinematic data of each marker in format — (.ts) File - position, velocity, acceleration
e Hierarchical Translation and Rotation - (.htr) file — Translation and rotation of the segments

e Force data file - (.forces) file - All components of the forces from four force plates, position of
the centre of pressure and moment about Z axis

These data were after used for further processing using Python packages.
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Figure 7.6 Analysis of the first step of the experimental trial presented on skeleton model in Cortex
software
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7.6 Force plates and GRF measurement

Besides of the motion analysis, the GRFs were recorded and analysed. There were four force plates
used during experiments, see Figure 7.7. Two Kistler portable multicomponent force plates for
recording right and left foot GRFs and two smaller 6 DOF force plates to record reaction forces from
crutches. Four wooden platforms were installed to align with an upper surface of the force plates and
thus make the ground safe and easy to walk on.

Figure 7.7 Capture space with marked force plates

7.6.1 Kistler portable multicomponent force plates

Kistler portable multicomponent force plates, see Figure 7.8, with aluminium top plate for
measuring ground reaction forces, moments and the centre of pressure in biomechanics has following
advantages:

e Excellent accuracy of centre of pressure (COP)
e Very wide measuring range, Threshold Fz <250 mN

e Easy mounting and flexible, mobile application

The Kistler forceplates use a built-in or external charge amplifier. Table X shows the specifications
of the Kistler forceplates.

Figure 7.8 Kistler portable multicomponent force plate
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Table 7.5 Kistler portable multicomponent force plate parameters

Parameter Units | Value
Model number 9286A
Dimensions mm 600 x 400 x 35
Weight Kg 17.5
. Fx, Fy kN -2.5t02.5
Measuring range £ KN 0to0 10
Linearity %FSO | <10,5
Hysteresis %FSO | <0,5
Fx <—> Fy % <+1,5
Crosstalk Fx, Fy—>Fz % <+2,0
Fz—>Fx, Fy % <%0,5

7.6.2 6 DOF force sensor

The specifications and picture of 6 DOF force/torque sensor used to measure the GRF of both
crutches are shown in Table 4 and Figure 7.9.

Figure 7.9 6 DOF force/torque sensor

Table 7.6 Specifications of a 6 DOF force/torque sensor

Parameter Units Value

6-axis force sense sensor NITTA Corporation

Model IFS-67M25A50-140-ANA
. Fx, Fy +N 200

Measuring range Ez N 400

Torque Tx, Ty, Tz | £ Nm | 13

Weight of main body approximately kg 0.18

7.7 Characteristics of measurement
There was necessary to perform a calibration of the motion capture system and the force recording

devices before all measurements and data processing. This calibration description together with a
results are presented in this section.
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7.7.1 Motion capture measurement accuracy

The motion capture system setting needs to be calibrated before the experiments in order to obtain
correct 3D position data of markers. First, an origin and axes directions of the global coordinate system
are defined by using L shape frame with markers see Figure 7.11. This frame was placed on the first
Kistler force palate with a corner marker matching a corner of this force plate, showing X direction as
travelling (anteroposterior) direction and Y as mediolateral direction. Calibration of capture space was
done by a wand, equipped with three markers, see Figure 7.10. Between two end markers of the wand
is distance 0.5 m this distance represents wand length. The calibration is performed by waving by the
wand in a horizontal and vertical direction through all capture space for 2 minutes. The volume of
capture space is about 6 m? 3D residuals represents the measurement accuracy error and for this
volume should be about 1.0 mm. Wand length deviation should be between 499 to 501 mm. The
measurement accuracy obtained as a result of the calibration before experiments is shown in Table
7.7, according to results the measurement accuracy in this experiment is considered to be sufficient.
The calibration was done before every new set of experiments and was always within 0.01% of
measurement accuracy, which was sufficient and obtained data were considered accurate.

Figure 7.10 Calibration wand with markers

Table 7.7 Measurement accuracy

3D Residuals [mm] Wand Length
Avarage 0.23 Avarage 499.99
Deviation 0.11 Deviation 0.41

Fluging |
Calibration |Cameras | Playback | 3D Display | Pest Process Tooks | Misc |

Calibration Frame | Origin Offsetsl Lenses/Orientation I CaptureVqumel

Calbration Up Axis: [z =
Calibration Units: Imullimeters 'I
Z
“,_A‘|/X 3]

4
Measursments N 2
X ¥ z \1//
0 0 35
200 0 35 /
600 0 35
0 400 35 Qrigin(0,0,0)

| mi

Figure 7.11 L shape frame and calibration setting in Cortex software with set axis directions
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7.7.2  Markers position — modified Helen Hayes Marker Set

The markers were attached according to the Helen Hayes Marker Set, see Figure 7.12, with
modifications. | addition to Helen Hayes Marker Set, there were two markers attached to the back one
in lumbar part and another to the level of 6! thoracic vertebrae. Other extra markers were added in
order to monitor the movement of exoskeleton itself. There were extra markers added to both thigh
bands and shank bands of Halo device. To be able to record the movement of crutches another four
markers were added, two markers on the back side of the left and right crutch cuff and two markers
on the tips of the crutches, for complete final markers placement see Figure 7.13.
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Figure 7.13 Modified Helen Hayes Marker Set marker set distribution

Table 7.8 Description of the markers

Marker name
Top.Head
Front.Head
Rear.Head
Back.T6
R.Shoulder
L.Shoulder
R.Elbow
L.Elbow
R.Wrist
L.Wrist
Back.Lumbar
R.ASIS

L.ASIS
R.Crutch.Up
L.Crutch.UP
R.Crutch.Down
L.Crutch.Down
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Marker name
R.Thigh

L.Thigh
R.Knee.Lateral
R.Knee.Medial
L.Knee.Lateral
L.Knee.Medial
R.Shank
L.Shank
R.Ankle.Lateral
R.Ankle.Medial
L.Ankle.Lateral
L.Ankle.Medial
R.Toe

R.Heel

L.Toe

L.Heel



7.7.3 Ground reaction force plate Kistler

The ground reaction force plate Kistler has four strain gauges attached in the four corners of the
aluminium plate. Components of the force (Fx, Fy, Fz) in three directions are calculated from these
four force sensors. The force sensor outputs is electric charge which is converted to a voltage [V]
proportional to this charge using a charge amplifier, see Table 7.9. Voltage range of the charge
amplifier is -10 to +10 [V] for the external amplifier and -5 to 5 [V] for the built-in type, which
corresponds to the binary output of 0 to 4096 from the ground reaction force plate. Equation 7.1
represents the conversion formula for external amplifier. The value of sensitivity of each component
of the force at the amplifier's range of 5000 pC is listed together with other specifications in Table 7.9.
Equations 7.2, 7.3 and 7.4 represent calculation of components of ground reaction forces, taken from
multicomponent force plate datasheet of Kistler Group.

Table 7.9 Charge Amplifier Specifications

Manufacturer Kistler
Model number 9865E1Y28
Output voltage (external) +10 [V]
Accuracy (all channels) 1%
Sensitivity Fq, Fqy -7.8 [pC/N]
Sensitivity Fs, -3.6 [pC/N]
20
Vieys = 3095 * (Peyn = 2048) + 10 (7.1)

Where V(y y ) is output voltage from charge amplifier and D binary number output from forceplate.

5000/F,
GRF, = -V, , 2000/Fx [N] (7.2)
10
5000/F,
5000/F,
GRF, = —V, , 2000/Fs, [N] (7.4)

10

Where GRFy, GRFy, GRF, are components of the ground reaction forces which are used for
further analysis and evaluation of loads acting on the body.

e An accuracy test of the Kistler force plates

An accuracy test of the Kistler force plates were conducted in past, but results and accuracy
verification experiment needs to be done as follows.

First, the position of the centre of pressure of the GRF was measured by MAC3D calculation based
on Kistler force plate calculation formulas. After, Load on the force plate was applied with a stick which
coordinate position was compared with the results calculated by MAC3D, see Table 7.10. An error of
maximum about 5 mm was the result of this experiment and it was noticed the error increases and
accuracy decreases towards the ends of the force plates.
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Table 7.10 Ground reaction force pressure centre position accuracy in [mm]

X Y X Y X Y X Y X Y

Measured
Point of 506 200 506 100 506 0 506 -100 506 -200
action
Average 504.67 201.98 504.57 96.69 504.55 4.09 509.51 -96.79 | 511.02 -201.5

ndar
Sta .da. d 1.89 2.9 1.52 1.82 1.02 1.95 1.66 2.87 3.52 2.51
Deviation
average

. 1.33 -1.98 1.43 3.31 1.45 -4.09 | -3.51 3.21 -5.02 1.52
difference

7.7.4 6 DOF force sensor

The 6 DOF force sensor is equipped with semiconductor strain gauges attached to beams. The
beams are deformed while force or torque is applied, this deformation cases a resistance change in
the strain gauge as it bands. The change of resistance is read as voltage value and it is converted into
force and torque values by using the calibration matrix. The voltage obtained from the six strain gages
is V1 to V6 and the forces and torques in the X, Y, Z directions are Fx , Fy, Fz, Tx, Ty, Tz, a 6-row, 6-
column calibration matrix is used, force and torque are calculated based on the formula 7.5. Specific
numerical values of the calibration matrix are shown in Table 7.11 and Table 7.12.

R
F, m, m, L m||V1
F my, O M| V2
Tl | ™ M (7.5)
T, mg L m || V6

Table 7.11 Calibration matrix (NITTA sensor 3072)

i 84.585 2.418 0.035 -6.256 0.975 1.085
0.835 85.827 -2.235 3.387 -5.055 1.037
-2.847 4.674 171.267 -3.501 -4.299 -20.142
0.139 0.004 -0.062 5.611 0.607 0.147
-0.098 0.231 -0.025 -0.462 5.721 -0.162
0.003 -0.099 0.11 -0.031 0.083 5.724

Table 7.12 Calibration matrix (NITTA sensor 3649)

i 88.245 -1.009 -1.206 -3.403 -3.687 2.344
0.464 -90.818 -1.24 -0.643 1.47 1.062
0.432 2.519 171.272 0.064 -4.196 0.827
0.011 0.091 0.024 5.652 0.701 -0.054
-0.148 -0.063 -0.102 -0.498 5.712 -0.066
-0.098 0.018 0.012 0.099 -0.034 5.938
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7.8 Description of experiment trial

A detailed description of one stride trial together with the actuator activation pattern is explained
in Figure 7.14. Start of the trial was set from the heel/toe off of the left leg to the heel/toe off of the
same leg. The angular velocity output in Figure 7.14 is matching the phases of the stride and represents
counterclockwise and clockwise spinning of the shaft of the actuator.

A switch button is pressed between double support and heel off during preswing phase, this
indicates partial assistance of the actuator for push off from the ground and altering of the momentum
of the body for the forward progression. Anterior shift of the total body COG is thanks to this assistance
easier and smoother than in passive walking, this prevents backward bend and keeps upper body
always forward. Users can feel safer and fear from falling is partially eliminated.

Midstance Heel strike Double support  Heel Off Midswing Heel strike
p:'ls‘ and Counterclockwise rotation of the actuator about 90° Press and Clockwise rotation of the actuator about 90°
ease rel
switch Acceleration Deceleration switch Acceleration Deceleration
__ button button vz =
I » »
STANCE PHASE 60 SWING PHASE 100
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time (s)

Figure 7.14 Preliminary experimental trial phases with motor activation pattern

84



7.9 Actuator output data during actuated gait cycle

The Servomotor of the @halo device was programmed to follow angular velocity reference
trajectory. The duration time of gait cycle was set to 2.8 s, in this time the motor spun about 90°
clockwise and another 90° counterclockwise with the average torque 15Nm estimated from the motor
current. The bevel gearbox with gear ratio 1.5 distributes and magnify this torque to the left and right
KAFO.

The generated torque at hip joint was increased to 22Nm in average, and the leg swung about 60
degrees during half gait cycle. Starting position of trials was set to approximately 30°, a controlled
swing of the leg then reached midswing phase (MS) in 0° and continued to -30° until double support
(DS) where the motor changed the direction of rotation and the opposite leg continued gait cycle in
the same fashion. While legs were passing each other, KAFO connector plate was entering sildeway
and thus axis of joint was subtly unloaded, this produced little drops of torque during MS as it is
presented in Figure 7.15. Description and detailed analysis of the results from experiments conducted
in the Department of Robotics Science & Engineering of Chubu University, Japan, are presented in next
chapter.
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Figure 7.15 Torque and angle in hip joint during one cycle with @halo device
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8 Halo and @halo gait analysis

Evaluation of walking pattern and gait parameters and processing of data obtained from software
Cortex are presented in this chapter.

8.1 Motion analysis and data processing

Thirty trials with Halo and @halo device were conducted by two subjects. Position, velocity and
acceleration data for each marker were obtained and pre-processed using software Cortex. In order
to combine and pool data across all trials and from both users an ensemble average was introduced,
(Robertson et al. 2004). The full trial cycle was defined from left foot toe-off to same foot toe-off. As
first the movement time was normalized, by resampling, it was done separately for Halo and @halo
device in different times. Data were after resampling interpolated. Interpolation was done by quintic
splining. Data obtained after interpolation were smoothed using Butterworth filter. All ensemble
average was done manually in Python using functions either newly created or standard, defined in
different packages (pandas, scipy).

Data processing procedure of ensemble average using Python:
a) Loading of raw data from Cortex software
b) Split of data into three lists according axes X, Y, Z
c) Standardization of movement time - resampling
d) Interpolation —splining (quintic splines)
e) Filtering — low pass 2" order Butterworth filter
Python - SciPy library: scipy.signal.butter(N, Wn, btype='low', analogue=False, output='ba'),

e Butterworth filter is widely used in motion analysis
e Can be modeled as 2" order differential equation
e Cut-off frequency was set wo= 5Hz

f) Mean of all sixty normalised trials (each subject 30 trials) in three directions X, Y, Z.

g) Resultis ensemble averaged (3 lists X, Y, Z) of all trials separately for Halo and @halo.

i LV filtered
X J=ap(x—y)- \/E(’)O.‘." _>y It derivative

T N > y 2" derivative
GRF ,q T |
from force plate (00 GRF) q: q: q
and inverse f .
Kinematics cut-o needed for inverse
frequency dynamic analysis

Figure 8.1 Butterworth filter can be modeled as 2nd order differential equation
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8.2 Step length

The average step length for @halo was 23.8211.42% of body height (%BH) and for Halo was
22.31+3.87%BH. The step length of @halo was primarily controlled by the device. It is possible to adjust
step duration by modifying the trajectory and period of actuation. This attribute gives active device
advantage in significantly smaller deviations (p < 0.05). The comparison of lengths with S.D. is
presented in Figure 8.2.
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Figure 8.2 Step length comparison (p<0.05)

8.3 Velocities

Walking with Halo was faster, the average velocity was 0.3£0.045 m/s. It took 2.7s for the stride.
Actuated walking average speed was 0.27+0.022 m/s and the stride was done in 3s. The standard
deviation with @halo was twice smaller (p < 0.05), and similar in comparison with data reported by
(Oberg et al. 1993). Such findings can be interpreted such as stability of walking with @halo
exoskeleton evaluated from velocity variations is comparable with slow walking of able-bodied
individuals.
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Figure 8.3 Total average velocity of walking with @halo and Halo
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8.4 Center of Gravity displacement

As first a description of centre of gravity (CoG) calculation is presented in this subchapter, as next
results of the CoG position during trials in all directions are discussed.

8.4.1 CoG calculation procedure

Quantitative biomechanical analysis of human movement, requires an estimate of body segment
inertial properties (BSIPs) such as mass, position of the centre of gravity, principal radii of gyration, or
moments of inertia. If the only known anthropomorphic parameters for our subjects are total mass
and stature we can estimate mass properties and location of CoG of each segment from means
obtained measuring cadavers of elderly males, for this work position of centres of gravity of each
segment were calculated from bone lengths and average estimated locations as explained in (de Leva
1996) and mass properties of each segment from total mass of subject and percentage of total mass
as presented in Table 8.1, (de Leva 1996).

Table 8.1 Adjusted parameters for females and males, Segment masses are relative to body mass

Longitudinal Longitudinal
length Mass* CM position Sagittal r Transverse ¢ Longitudinal r
Endpoints (mm) (%) (%) (%) (%) (%)

Segment  Origin Other F M F§ MY F M F M F M F M
Head VERTt MIDGt 200.2 203.3 6.68 694 58.94 59.76 330 36.2 359 316 318 3.2
Trunk SUPRt MIDH} 529.3 5319 4257 4346 41.51 44.86 357 372 339 347 17.1 19.1
UPT SUPRt XYPHt 142.5 170.7 1545 1596 2017 2999 746 71.6 50.2 454 718 659
MPT* XYPHt OMPH?t 205.3 2155 14.65 16.33 45.12 45.02 433 48.2 354 383 41.5 46.8
LPT OMPH#t MIDH} 181.5 145.7 1247 1117 49.20 61.15 433 61.5 402 55.1 444 587
Upper arm SJC} 2JCE 2751 2817 255 27 57.54 51.12 2738 285 260 269 148 158
Forearm EJC{ WiCt 264.3 268.9 1.38 1.62 45.59 45.74 26.1 27.6 257 26.5 9.4 121
Hand wICt MET3t 78.0 86.2 0.56 061 74.74 79.00 531 628 454 51.3 335 40.1
Thigh HICY KICE 368.5 4222 1478 14.16 36.12 4095 369 329 364 329 16.2 149
Shank KICt LMALft 4323 4340 481 4.33 44.16 44.59 271 255 26.7 249 9.3 103
Foot* HEEL*t TTIPt 2283 258.1 1.29 137 40.14 44.15 299 257 2719 245 139 124
Using alternative endpoinls:

Head* VERTt CERVY 243.7 2429 6.68 694 4841 50.02 271 303 295 315 26.1 26.1
Trunk CERV?t MIDH} 6143 603.3 4257 4346 49.64 51.38 307 328 292 306 14.7 169
Trunk MIDS? MIDH$ 4979 515.5 4257 4346 37.82 43.10 379 384 36.1 358 18.2 19.7
UPT* CERVt XYPHt 2280 2421 1545 1596 50.50 50.66 46.6 50.5 314 320 449 46.5
Forearm  EJCt STYLt 2624 2669 1.38 1.62 4592 46.08 26.3 278 259 267 9.5 122
Hand WIiC: DAC3; 170.1 187.9 0.56 061 3427 36.24 244 288 20.8 235 154 18.4
Hand* STYLt DAC3} 1720 189.9 0.56 061 3502 36.91 241 285 206 233 15.2 182
Hand STYLt MET3% 799 88.2 0.56 061 7534 79.48 519 614 443 502 327 39.2
Shank KICt AICE 438.6 440.3 4.81 433 43.52 4395 26.7 25.1 263 246 9.2 10.2
Shank KIC} SPHYt 426.0 4217 481 433 4481 4524 215 258 271 253 94 10.5

* Not adjusted values.
t Normal projection on the segment longitudinal axis.
1 Assumed to lay on the segment longitudinal axis.
§ Zatsiorsky ef al. (1990a).
9 Zatsiorsky et al. (1990b, 1993).
Total body CoG location is consecutively calculated from the position of each segment’s CoG and

masses according equation (8.1), this equation is for walking with @halo device.

i1=71 m; - X,
CoG =
total

Meotal (8'1)

Where m; is mass of a segment, X, is position vector of CoG of the segment and m,; is total mass
of the subject together with device.

There are 17 segments considered in case of @halo device and 16 segments for Halo setting. The
extra segment for @halo represents actuator unit. In order to be as precise in calculations as possible
there was the actuator unit position of CoG measured and added to calculation of total body CoG as
separate segment. The masses of KAFO orthoses were added to thigh, leg and foot segments masses.

Same procedure was used for calculation of upper body (UB) CoG and lower body (LB) CoG,
considering only segments included in these portions of the body.
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8.4.2 Evaluation of CoG displacement

The CoG of total body (TB), lower body (LB) —including the weight of orthosis and upper body (UB)
were examined. CoG was calculated by the segmental method, from known position vectors of centers
of each segment calculated in motion analysis software Cortex and from the segment inertia
parameters (de Leva 1996). The initial position of subjects for stride trials was examined from the
moment just after standing both legs on the floor with right leg in front and left leg backward. Thus
the stride began just after first double support phase (DS). Second and final double support phases are
indicated in Figure 8.4 by yellow vertical stripes.

The change of CoG position in the anteroposterior (Sagittal) direction is shown in the first row of
Figure 8.4. In the case of both actuated and passive settings, the CoG of LB is leveled off during double
support period and the CoG of UB indicates steeper upward slope, this means trunk was tilted forward
to balance out lower body onward movement, this is important prevention against falling backward.
There is, however, a difference between the CoGs of LB of @halo and Halo during DS. The active torque
in hip resulted in a smoother transition between single and double support phase by following the CoG
of UB similar as it is in the case of normal walking where upper and lower body CoGs have almost
identical trend.

Wavier profile of @halo is due to short delay caused by manual servomotor activation. The
standard deviation of the CoG of TB was more than twice smaller with the actuated configuration,
(p<0.0001).

The variation of CoG position of TB in horizontal direction or waddling was about 15.2+1.68%
without actuator and 9.1+0.51% of body height (%BH) with the @halo device. It is not possible that
the waddling decreases to the level of normal walking since the walking manner is associated with
locked knees and is essential in order to secure safe foot clearance from the floor. The CoGs of UB and
LB with Halo were oscillating with larger offset from the CoG of TB. It means deeper tilting on the
sides, which resulted in a need to apply bigger forces on the crutches. This is proven in the next chapter.
The standard deviation significantly decreased with @halo (p<0.0001). This means promising
stabilization in the longer distance walking with @halo. Unfortunately, small time delay caused by the
activation of servomotor was disturbing and prolonging trajectory just immediately after double
support (DS) phase, see the second row of graphs of Figure 8.4. The vertical displacement of the CoG
of TB during stride with Halo was 2.29+0.4%BH and it was decreased to 1.36+0.15%BH during actuator-
assisted walking, (p<0.0001) and this is close to a normal slow walking according to results from the
study by (Orendurff et al. 2004).

In the case of walking with Halo, the CoG displacement of LB was nearly constant during first DS
period, but UB fell rapidly down to forward bend to prepare for the next step. The following
acceleration of upper body and thus increase of its momentum was then utilized by force impulse from
the crutch and this was the result of the high increase of power in upper limbs. This enabled fast return
of upper body in upright posture together with lower limb which continued to midswing and then to
another DS period. Such big impulse from the crutches was not required while walking with @halo. It
was due to active torque in hip and linkage mechanism which slightly augmented plantar and
dorsiflexion of ankles in the later stage of DS period. It resulted in smaller forward and backward tilting
of UB and smoother forward movement of TB as it is evident from the last row of Figure 8.4.
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Figure 8.4 Sagittal, horizontal and vertical CoG displacement
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8.5 Linear force impulse from crutches and GRF

Four force plates recorded ground reaction forces during the gait cycle. Two force plates were set
for the right foot (RF) and the left foot (LF) and another two for the right crutch (RC) and the left crutch
(LC). Results were analysed to compare the distribution of reaction forces acting on the lower limbs
and extra forces which user has to apply on the crutches in order to stabilize the body. In this
subchapter the ground reaction forces and their impulses are calculated and evaluated.

8.5.1 Calculation of linear force impulse from crutches and GRF

The linear impulse of force is defined as the integral of force over its period of application, this
impulse changes the momentum of the body. The linear impulse is the area under a force history, it
means it depends not only on amplitude, but as well on duration, (Robertson et al. 2004).

linear impulse = fF dt (8.2)

8.5.2 Linear force impulse from crutches and GRF evaluation

The GRF of the right foot was positive before the middle of the cycle, see Figure 8.5. Right foot
acted as an accelerator of the walk with @halo due to active torque from the actuator. It helped easily
overcome negative breaking GRF of LF caused by heel strike an instant before the middle of the cycle.
No big assistance of the crutches was needed during this process in anteroposterior (AP) direction. In
the case of Halo, the accelerating force was much smaller and the right foot together with the left foot
were breaking during the middle of the stride. It was done due to forward leaning of the upper body.
Peaks of the GRF in the crutches during actuator-assisted walking were almost twice smaller, but
breaking and accelerating GRF impulses of limbs were larger due to active torque in the hip joint.

The shift of body from left to the right tilt caused increase of the GRF of RF at the beginning of stride
with Halo which can be seen in Figure 8.6. Left crutch then boosted this movement so the GRF vector
of RF turned to positive direction and LF could leave the ground. During midswing, the right crutch
impulse acted in opposite direction in order to return the body back to the center position. During
heal-strike of LF, load on RF was continuously declining due to intensification of force in RC. These
results were caused by excessive waddling, which was compensated by the crutches.

It can be noticed that very different trend is found in the GRF of RC in the case of @halo. There was
smaller impulse needed to balance the body in mediolateral (ML) direction. In the single leg support
period, the GRF trend of the feet was more stabilized and less oscillating with @halo. It means the
stability in the stance phase was better with @halo.

Vertical GRF with @halo had smooth transition between right and left foot in the middle of stride,
see Figure 8.7. There was the uniform decrease of the reaction force from the left crutch and gradual
increase in the right crutch, while no significant increase was recorded during period from LF heal strike
to RF toe-off. It represents absence of need using the crutch impulse to alter the momentum of the
body for its forward progression. This is done by energy coming from the actuator. The drawback is,
however, bigger heel strike forces which is corresponding to results in anteroposterior direction.
Walking with Halo is clearly more demanding, due to insufficient load transfer from the right to left
foot. In order to shift body ahead big increase of the GRF of the right crutch just before the middle of
the stride was required as can be seen in Figure 8.7.
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There is a significant difference between GRF S.D. from crutches of trials with Halo and @halo,
(p<0.05). These values together with total impulses per stride are presented in the three directions in
Table 8.2.

Table 8.2 Forces and total impulses in crutches

total
Device Mean F S.D. max F Impulse | impulse
configuration | [%BW] [%BW] [%BW] [%BWs] | per
stride
left 2 0.3 291|332 -
hal 597 | §
@halo right 181 | 031 389 | 2.65 £
left -2.34 0.96 -4.98 3.3 =
Halo © 654 | o
right 239 | 093 6.98 | 3.4 <
left 37 05 5.05 6.2 .
hal 1138 | &
@halo right 3.9 058 |65 518 5
left 4.01 0.67 8.84 5.83 5
Hal 125 | =
alo right 5.01 1.2 9.33 -6.67 =
left 17.6 2.1 26.3 29.24 3
hal 49.56 | ¢
@halo right 1521 | 1.96 247 20.32 5
left 3299 | 495 52.4 44.33 g
Hal 80.58 | t
alo right 29 7.25 432 36.25 3

8.6 Moments and forces in glenohumeral joint

HALO walking pattern, and walking patterns of any passive and active orthoses or exoskeletons
which require crutch assistance is causing excessive loads in upper extremities, and especially in the
glenohumeral joint. Patients are often complaining about overloading shoulders during rehabilitation.
It is essential, to investigate this conditions in order to be able to reduce the forces and moments
applied to the upper extremities musculature and thus decrease the incidence of some diseases as
well as shoulder pain.

8.6.1 Inverse dynamics model of the human upper extremity

The right-hand side of the equation of motion in a form normally used for robotics (8.3) represents
known variables. Moments of inertia of all segments as well its Coriolis and gravitational forces are
known and GRF are measured using force plates as described in the previous subchapter.

T GRF,
Joint torques [] =M(q)G§+C(q,4)g+G(q)+B(q@)| - ] (8.3)
Tx GRF,
Inertia Coriolis  Gravity
Measured
forces
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An inverse dynamic model of the upper extremity with crutch was formulated after measuring
GRFs from the crutches, (Requejo et al. 2005) and (Slavens et al. 2010). Using this model we can
determine load in glenohumeral joint of upper extremities during crutch-assisted gait with active
setting @halo and passive setting Halo. After calculation of the moments and forces, comparison and
evaluation of actuated and passive walking impact on shoulders can be done. The result will indicate
the suitability of long-term usage of devices.

Figure 8.8 Upper extremity with crutch - inverse dynamic model

Loads in glenohumeral joint Fs and Ms can be calculated using following equations:

4
ﬁs = ﬁGR + Z m;(g — d;) (8.4)
i=1
4 4
Mg = 7sgp X Fgr + Zﬁ' xmi(g—d)— ) My, (8.5)
i=1 i=1

Where the ground reaction force was obtained from measurement, m; is i!" segment mass, a;and g
are inertial and gravitational accelerations, Ts¢p is position vector from the glenohumeral joint to the
marker on the tip of the crutch (black spot) and 7; is position vector from the glenohumeral joint to

the i"" segment center of gravity and finally ﬁ” is inertial moment due to i segment, see Figure 8.8.

This equations were defined as functions in Python and loads in the left and right shoulder were
calculated. During calculations, there was found out, movement of the shoulder with the crutch during
loading phase is such slow, that can be considered as quasi-static. Resultant moments and forces
calculated with inertial moments were almost same as those where these moments were omitted.

Force results are in % of body weight (%BW) and moments are in % of the body weight times body
height (%BW*BH).
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8.6.2 Results and Evaluation of forces in Glenohumeral joint

As it can be seen on Figure 8.9, forces in the glenohumeral joint are not very different from GRFs

presented earlier in this chapter.
8
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— E Ii’;:"’ glenohumeral joint are larger
6 RS Halo with the steeper increase and
sharper peaks during walking
S 4 with Halo. Left shoulder
;"\é undergoes  nearly  twice
x smaller forces in this direction
n 2 . .
w while wearing @halo powered
exoskeleton. About 1/3 larger
0 excessive forces acting on
right shoulder while walking
> with Halo.
0 50 100
% of Stride
10
— ;2%:2'; A similar situation is in
— LS Halo mediolateral direction. Force
3 RS Halo peaks are more than 1/3
larger and sharper, with
% o uncomfortable steep, fast
8 increase.
>
0
[T
-5
-10

0 50 100
% of Stride

LS @halo As it was presented
SSS E:::IO | previously, the reaction forces
RS Halo in the vertical direction will
the most significantly
influence  long-term  use
comfort and safety. As can be
noticed Left shoulder is
overloaded by nearly twice
larger force peak while
walking with Halo, this may
have negative effect on
trapezius muscles.

-10 0 ‘ 50 100
% of Stride
Figure 8.9 Joint reaction forces in anteroposterior, mediolateral and vertical direction in left

shoulder (LS) joint and right shoulder (RS) joint during walking with Halo and @halo device
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8.6.3 Results and Evaluation of moments in Glenohumeral joint

In this subchapter will be briefly presented how the moments in the glenohumeral joints affected
upper limbs musculature differently with the actuated and with the passive device, see Figure 8.10.
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X . . .
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0§ during every-day use
s & .
(&)
=-0.6
©
2 The smoother trend can be
-0.8 seen while wearing @halo.
-10 0 50 100
% of Stride
1.0 :
— LS @halo Extension moment acts in
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e
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Figure 8.10 Joint reaction moments about anteroposterior, horizontal a vertical axis in left
shoulder (LS) joint and right shoulder (RS) joint during walking with Halo and @halo device

96



8.7 Glenohumeral joint power

Glenohumeral joint power represents the rate of work at which shoulder muscles remove or add
energy to the system. If resultant power is positive, then muscles are adding energy to the system,
muscles are contracting, and negative power means removing energy, (Robertson et al. 2004). By
calculating power in the shoulder, we can compare the energy consumption of the upper extremities
while walking with powered or with the passive orthosis.

8.7.1 Calculation of Glenohumeral Joint Power

Shoulder joint power is given by equation:

—

Ps = Pproximal + Paistal (8.6)

Where Pproximar is the power of the proximal segment of the joint at the shoulder joint, which is
trunk segment and P,;;sq; is the power of the distal segment of the joint at the shoulder joint, which
is upper arm segment. Now, after application of Newton’s third law of equal and opposite forces and
moments on both sides, we got following equation:

Ps = (FS ' ﬁpraximal) + (?S ' 6proximal) + (_FS ’ ﬁdistal - ?S ’ 5distal) (8.7)
If we simplify this equation by assumption there is no shoulder dislocation and thus Upyoximar =

Vaistar (for our purpose of comparison between two similar walking patterns this assumption is
considered to be sufficient), then we can further simplify to

Ps = (?S ' 5proximal) + (_‘FS ' 5distal) => P = ?S ' (aproximal - 5distfal) (8.8)

This equation can be further simplified to final simple equation:

PS = %)5 ) 55 (8‘9)
Where @, is angular velocity in glenohumeral joint and 75 = Ms (moment in shoulder calculated in
previous subchapter).

Data of angle values in each time frame were obtained from all trials from software Cortex, angular
velocity was calculated in python using simple discrete difference:

— _Aé)s

B =75 (8.10)

Python — SciPy library
numpy.diff (a, n=1, axis=-1)
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8.7.2 Results and Evaluation of Glenohumeral joint Power

Work done by muscles and power needed to give an impulse, alter momentum and push the body
forward to another step was calculated. Muscles activation and distribution of power in glenohumeral
joint is presented and discussed in Figure 8.11.
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Figure 8.11 Joint Power in anteroposterior, horizontal a vertical axis in left shoulder (LS) joint and
right shoulder (RS) joint during walking with Halo and @halo device
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9 Conclusions

Two new lower limbs exoskeletons for paraplegics were presented in this study, the main aim was
to find the solution which is affordable, lightweight, stable, with low energy consumption and easy to
don/doff directly from a wheelchair. These attributes were entirely matching with the @halo. This was
the reason, why @halo device was further tested with able-bodied subjects and its performance was
evaluated in the details. Brief conclusion about ORTHOLEG 2.0 and more detailed conclusion about
@halo device is discussed in this chapter.

9.1 Exoskeleton ORTHOLEG 2.0

The main objective of redesign of ORTHOLEG was the development of lighter lower limbs
exoskeleton which construction will decrease battery consumption and increase users comfort during
walking. The weight of the whole device was decreased by 1/3 from original prototype to 11,5 kg while
the weight of user allowed to wear Ortholeg 2.0 was increased by 10 kg to 70 kg. Gait cycle is now
smoother and more natural thanks to new shoe inserts made from strong but flexible prepreg carbon.
Energy transfer from exoskeleton to users legs and body was improved thanks to better fixtures made
from prepreg carbon and Kydex polymer. Wires from actuators and sensory subsystem (for future
implementation) connected to control electronics in the backpack can be easily hidden thanks to the
construction of main frame made from pipes. The modular knee concept was implemented in order to
test differences in power consumption and user’s comfort during walking with passive or actuated
knee. After manufacturing of all components, experiments on both settings and power consumption
are planned as well as testing of gait cycle algorithms in order to determine the impact of design on
walking patterns.

9.2 Exoskeleton @halo

The novel powered exoskeleton @halo was invented based on the passive HALO orthosis walking
pattern principle. The New @halo exoskeleton has just one powered DOF and its structure is modular.
The user can simply remove actuator unit and walk passively without motor assistance, the passive
setting without actuator was for better differentiating called Halo. In order to examine the
performance of active @halo, there were preliminary experiments with able-bodied subject conducted
and walking patterns of Halo and @halo were compared and evaluated.

Walking with Halo was faster than with @halo but step length was slightly longer with active
configuration. Standard deviations, however, were remarkably higher while walking without the
actuator. This is due to partially predetermined walking patterns of @halo, influenced by constant
actuated periods. These results can be summarized as walking with the actuator is expected to be
more stable for longer distances and probability of fall is expected to be lower, (SHINODA et al. 2008).

Ranges of vertical excursion of CoG during stride are compared and summarized in Table 9.1 with
overall significance (p<0.0001). There is 40% decrease of excessive up-down movement in case of
@halo. If we simplify energy consumption assessment we can calculate decrease of the power
consumption per moving distance due to smaller up-down movement from the vertical excursion,
Equation (9.1), (Lee et al. 2015).
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m-g-z
P = —T [Nm/s] (9-1)

Where z is the vertical excursion, m - g is weight and T is the time period of the cycle. Average
weight was constant, thus can be excluded from equation and calculation can be for comparison
reasons further simplified to the vertical excursion in %BH per second. The results show that walking
with actuator required 51.65% less energy spent by the user, see Table 9.1. The range of waddling
during walking with @halo was decreased by 40% in comparison with Halo configuration. Waddling is
still about twice larger than during normal slow walking (Orendurff et al. 2004), this is however not
possible to diminish due to the construction of medial-hip-joint orthosis with locked knees.

Table 9.1 Ranges of COG displacement and energy consumption

Device Waddling vertical %BH/s
(%BH) excursion
(%BH)
halo 15.32 2.29 0.848
@halo 9.16 1.36 0.438

comparison -40.21% -40.61% -51.65%

There was measured 38.5% bigger impulse in crutches in the vertical direction while walking
without the motor. This difference was greatly compensated by upper limbs excessive energy
expenditure. This was proven by calculating and evaluating moments and joint power in the
glenohumeral joint. Abduction moment in the left shoulder joint may negatively influences
functionality of deltoid muscles and may cause their continuous tiring during every-day use, the prove
is calculated higher joint power values in mediolateral direction, this can be significantly eliminated by
switching to powered @halo. Nearly twice larger extension moments were calculated while walking
without the actuator. This fact may cause pain or overloading of latissimus dorsi muscles during
everyday use. After calculating power in vertical direction there was found out engaging of trapezius
muscles is more aggressive while walking passively without actuator and costs user more energy. After
calculation of the power flow in the glenohumeral joint it can be summarized, all main muscle groups
are engaged more aggressively and indicate more energy consumption. Walking with @halo means
significant reduction of the forces applied on the upper extremities musculature and thus decrease the
incidence of some diseases as well as shoulder pain.

9.3 Contribution for scientific discipline

New designs of two exoskeletons were discussed and exoskeleton @halo has been chosen.
Mechanical design of @halo, electronic hardware and software were newly created in order to be able
to conduct evaluation of the first functional prototype. The core of this evaluation consists of
biomechanical methods described in details step by step in this work. Over 500 experimental trials
were conducted in the laboratory setting. A specified data collection using motion analysis system and
their further processing was demonstrated. Data processing was done in the programming language
Python after pre-processing in software cortex, new code was written for this purpose. Different kinds
of scientific approaches were considered. As specifically, all processes to obtain the ensemble averages
were described and applied to investigate the displacement of the COG of the body and GRF applied
on the crutches. The inverse dynamics approach was chosen and explained to calculate and investigate
the loads applied on the upper extremities during preliminary experiments.
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To conclude, this work contains complete and unique methodology of inventing new product from
the field of assistive and medical robotics and validating its functionality, efficiency and safety for the
end-users.

9.4 Contribution for practice

The main two advantages and features of @halo are affordability and stability, and the most
important factor for the user of this device is the intensity of usage.

The first two attributes are in technical contradiction because to make exoskeleton for lower limbs
stable requires more control advancements and usually more degrees of freedom and thus more
expensive components. The new device was designed for people with paraplegia. As it was discussed
in the introduction of this chapter the life of the people with some form of paraplegia or tetraplegia
changes rapidly, school enrolment and employment rate drop significantly with a global
unemployment rate of more than 60% and substantial individual and societal costs emerge. From this
statistical report done by World Health Organisation, it’s obvious, that the key factor is the price of the
device. The second key element is stability. Fear of falling due to low stability was reported as another
factor of giving up regular independent walking as discussed in the introduction chapter.

To conclude, @halo is an economical solution due to maximal reduction of powered DOF and
control complexity and due to unique construction is at the same time performing well in the terms of
stable walking patterns. This makes @halo good candidate for practical everyday home use and thus
increases the intensity of actually walking and being in the upright posture, which is so important for
the better overall health of people with paraplegia.

9.5 Recommendation for further research

There is not possible to consider this system plugged in the stationary external controller as it is
now. Compact lightweight embedded control unit with the battery pack as a part of portable
exoskeleton needs to designed and programed as the first step of further development.

The crucial is testing of the device with actual aiming group. Walking patterns of the able-bodied
subjects wearing @halo exoskeleton were deeply examined during the preliminary experiments. Even
though subjects were trained by professional staff to simulate walking patterns accordingly big
difference is expected in use by actual people with paraplegia.

The continuity of gait cycle with @halo was affected by the short time delay caused by pressing of
the manual switch button in order to activate the motor for the next step, disturbance is evident from
Figure 8.4. In order to investigate smoothness of the walking, the trajectories of CoG of the body
without time dependency in sagittal and horizontal planes during one gait cycle using @halo
exoskeleton were plotted and trajectory graphs show smooth history without disturbances, see Figure
9.1. In order to eliminate this delay pressure sensors were sealed in soles of the @halo device, these
sensors were not used in preliminary experiments. Fully automated walking without the necessity of
activating motor by the button is expected while these sensors will be operational. This new
functionality will improve smoothness and continuity of walking pattern, this, however, needs to be
further tested.
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Figure 9.1 Trajectories of CoG in horizontal plane and sagittal plane

The ground reaction force of foot during the heal strike acts partially against velocity vector v of the
total body CoG, see Figure 9.2. This causes dissipative negative work, which has to be compensated
and extra effort needs to be done to continue in forward movement (Kuo and Donelan 2010). Bigger
dissipation of energy was noticed during evaluation of GRF in case of active device @halo. This
dissipation is caused by inertial forces acting on the body during deceleration of the actuator, this
effect helps the user easily overcome redirection phase (from one step to another) with minimum
effort, but on the other hand, heel impact is less comfortable. To diminish this effect softer cushion
insole similar to running shoes can be implemented or completely new design of shoe can be
considered (Suzuki et al. 2005). Another approach is the change of trend of reference angle trajectory
of the actuator which was experimentally tested, comparison and outputs from this tests should be
extended and further examined.

Before Step-to-step
transition

GRF

__/ Heel strike

Figure 9.2 Step-to-step transition and redirection of velocity vector
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10 Zavery

Dva nové mnou navrzené exoskelety aplikovatelné na dolni koncetiny a urcené pro lidi s paraplegii
byly predstaveny v této praci. Hlavnim cilem bylo nalezeni ekonomického, odleh¢eného a stabilniho
reSeni se snizenou uzivatelskou energetickou ndrocnosti. Dalsi prioritou je jednoduchad manipulace,
obsluha a jednoduché nasazeni zafizeni na dolni koncetiny pfimo z invalidniho voziku. Tyto atributy
byly v naprosté shodé s benefity @halo a proto byl tento exoskelet podroben detailnimu testovani na
zdravych subjektech a spravnost funkce byla vyhodnocovdna. V této kapitole je popsan kratky zavér
z vyvoje exoskeletu ORTHOLEG 2.0 a detailni zhodnoceni systému @halo.

e Exoskelet ORTHOLEG 2.0

Hlavnim cilem redesignu exoskeletu ORTHOLEG bylo vyvinuti odlehcené verze, jejichZz konstrukce
shizi spotfebu energie a zvysi pohodli uZivatell pfi chzi. Hmotnost celého zafizeni byla snizena o 1/3
na 11,5 kg, zatimco povolena vaha uZivatele byla zvySena o 10 kg na 70 kg. Chuze je nyni plynulejsi a
pfirozenéjsi diky novym karbonovych vlozkdm do bot vyrobenym ze silného, ale pruzného prepreg
kompozitu z uhlikovych viaken. Pfenos energie z ortézy na dolni koncetiny a télo uZivatell byl vylepsen
diky novym fixacnim prvkim taktéz z prepreg kompozitu z uhlikovych vldken a polymeru Kydex.
Kabeldz z pohon( a senzoriky lIze jednoduse skryt do ramu exoskeletu, ktery je navrhnut z trubkovych
profild. Koncepce moduldrniho kolenniho kloubu byla navriena za ucelem testovani rozdild ve
spotfebé energie a pohodli uZivatele pfi chlzi s pasivhim nebo pohdanénym kolennim kloubem.

Experimenty s uZivateli jsou prioritnim dalsim krokem, bude se testovat chlze s pasivnim,
zamknutym a pohanénym kolennim kloubem pficemz uzZivatelska energeticka narocnost bude mérena
a vyhodnocovana stejné jako testovani fidicich algoritma chize.

e [Exoskelet @halo

Novy aktivni exoskelet @halo byl vynalezen na zakladé principu pasivni ortézy HALO. Novy
exoskelet @halo ma pouze jeden pohdnény stupen volnosti (DOF) a jeho konstrukce je modularni.
UZivatel mize jednoduse odebrat pohonnou jednotku a chodit pasivné bez pomoci pohonu, pasivni
nastaveni bez pohonu bylo pro lepsi odliSeni nazvdno Halo. Pfredbéiné experimenty se zdravymi
subjekty byly provedeny za ucelem vyhodnoceni funkcnosti aktivniho systému @halo a za ucelem
porovnani a vyhodnoceni chlize mezi pasivni verzi Halo a aktivnim exoskeletem @halo.

Chlize s Halo byla rychlejsi nez s @halo, ale délka kroku byla s aktivni verzi mirné delsi. Standardni
odchylky byly vsak vyrazné vyssi pfi chlzi bez pohonu. To je ¢astecné zplsobeno pfedem stanovenym
cyklem tidiciho programu aktivniho exoskeletu, ovlivnénym konstantnimi periodami aktivace pohonu.
Tyto vysledky lze vyhodnotit nasledné: Chlze s pohonem je stabilnéjsi pro delsi vzdalenosti a
pravdépodobnost padu je vyrazné snizena, (SHINODA et al. 2008).

Rozsahy vertikalni vychylky CoG béhem krokového cyklu jsou porovnavany a shrnuty v tabulce 9.1
s celkovou vyznamnosti (p <0,0001). Nadmérny pohyb nahoru-doll byl redukovan v ptipade chize s
@halo o 40%. Pokud zjednodusime posouzeni spotfeby energie uZivatelem, mlZeme pak vypocitat
pokles spotreby energie na uslou vzdalenost v dlisledku mensich pohybU ve vertikalnim sméru podle
rovnice (9.1), (Lee et al. 2015).

m-g-z
P =—— [Nm/s] (9:2)
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Kde z je vertikalni odchylka, m - g je tiha a T je perioda cyklu chlize. Hodnota priimérné tihy byla
konstantni, mlzZe byt vyloucena z rovnice a vypocet mize byt z divodl srovnani dale zjednodusen na
vysledek ve vertikalni odchylce v jednotkach % BH za sekundu. Vysledky ukazuji, Ze chiize s pohonem
vyZaduje 51,65% méné energie spotfebované uzZivatelem, viz Tabulka 9.1. Rozsah kolébani se pfi chlzi
s pohonem ze strany na stranu byl snizen o 40% ve srovnani s konfiguraci Halo. Kolébavost chlze je
stdle asi dvakrat vétsi nez béhem normalni pomalé chize (Orendurff et al. 2004), nicméné toto nelze
eliminovat z dlvodu konstrukcniho feseni ortézy se zamcenymi kolennimi klouby.

Béhem chiize bez motoru byl naméren o 38,5% vétsi silovy impuls v berlich ve svislém sméru nez
v pfipadé chlze s pohonem. Tento rozdil byl vyrazné kompenzovan nadmérnym zatizenim hornich
koncetin. To bylo dokazano vypoctem a vyhodnocenim krouticich moment( a sil v glenohumeralnim
kloubu. Zvyseny moment ve sméru abdukce v ramennim kloubu muzZe negativné ovlivnit funkénost
deltovych svalu a mizZe zpUsobit jejich pravidelnou Unavu pfi kazdodennim zatéZovani, dikazem je
vypoctend hodnota vykonu v kloubu v mediolateralnim sméru, coz mlze byt vyrazné eliminovano pfi
chzi s aktivnim systémem @halo. Témér dvakrat vétsi extenzni momenty v rameni byly vypocitany
pfi chGzi bez pohonu. Tato skutecnost mlze béhem kaZdodenniho uZivani zplsobit bolest nebo
pretiZeni svall latissimus dorsi.

Po vypoctu sily ve vertikdlnim sméru bylo zjiSténo, Ze dochazi k agresivnéjSimu zapojeni
trapézovych svalll pfi pasivni chizi bez pohonu, tato svalova skupina tedy spotfebovava vice energie.
Po vypoctu vykonu v glenohumeralnim kloubu, mizeme souhrnné fici, Ze vsechny hlavni svalové
skupiny jsou agresivnéji zapojeny a indikuji vétsi spotfebu energie. Chlze s exoskeletem @halo
znamend vyraznou redukci silového puasobeni na svaly hornich koncetin a tim sniZeni
pravdépodobnosti vyskytu nékterych onemocnéni ¢i bolesti a Unavy ramen.

10.1 Pfinos pro védni obor

Byly popsany mnou navrzené konstrukeni feseni dvou exoskeletl pro paraplegiky a zafizeni @halo
bylo vybrano k podrobnéjsSimu rozboru. Bylo zhotoveno kompletni konstrukéni feSeni, navrh
elektroniky a softwaru za ucelem testovani a vyhodnoceni prvniho funkéniho prototypu. Jadrem
tohoto vyhodnoceni jsou biomechanické metody popsané podrobné krok za krokem v této praci, jejich
souhrnné pouZziti reprezentuje unikatni pfedlohu pro stanoveni vhodnosti a bezpecnosti pouziti
daného zafizeni cilovou skupinou. V laboratofi bylo provedeno vice nez 500 experimentalnich zkousek.
Byly popsany detailni postupy sbéru dat za pouZiti systému analyzy pohybu a jejich dalSiho zpracovani.
V ramci experimentd bylo pro detailnéjsi vySetfeni hornich a dolnich koncetin navrzeno unikatni
modifikované rozloZzeni markerd vychazejici z rozlozeni podle Helen-Hayes. Data byla prvni predbézné
zpracovana v programu Cortex a poté vyhodnocena za pomoci programovaciho jazyku Python, pro
tento ucel byl vytvoren novy kod.

Konkrétné byl popsan mnou navrzeny specificky postup vypoctu takzvanych “ensemble averages”,
které byly pouzity k vysetfeni pohybu tézisté téla a k analyze reakcnich sil plsobicich pti chizi na berle.
Pro vySetfeni zatizeni hornich koncetin béhem predbéznych experimentl byl popsan a aplikovan
model inverzni dynamiky.

Tato prace obsahuje kompletni a unikatni metodiku navrhu nového produktu z oblasti asisten¢nich
zdravotnickych technologii a ovéreni jeho funkcnosti, u¢innosti a bezpecnosti pro koncové uzivatele.
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10.2 Prinos pro praxi

Hlavni dvé vyhody systému @halo jsou cenova dostupnost a stabilita. NejdaleZitéjsim faktorem pro
uzivatele tohoto zafizeni je intenzita pouzivani. Prvni dva atributy jsou v technickém rozporu, protoze
pro navrh stabilniho exoskeletu je zapotrebi pokrocilé fizeni a obvykle vice stupnd volnosti a tim i
drazsich komponenty. Nové zafizeni bylo navrzeno pro lidi s paraplegii. Jak bylo uvedeno v ivodu této
prace, zivot lidi s néjakou formou paraplegie nebo tetraplegie se po nehodé rychle méni, Skolni
dochazka a mira zaméstnanosti vyrazné klesaji, celkovd mira nezaméstnanosti presahuje 60%, a
objevuji se znacné navysené individualni a spolecenské naklady. Z této statistické zprdvy provedené
svétovou zdravotnickou organizaci (WHO) je ziejmé, ze klicovym faktorem z(stava cena zafizeni.
Druhym klicovym prvkem je stabilita. Strach z padu kvali nizké stabilité je vétSinou ddvod k tomu vzdat
to a misto roboticky asistované chlze se vratit zpatky na invalidni vozik.

@halo je ekonomicky dostupné feseni diky maximalni redukci pohdanénych stupiili volnosti a
zjednodusenému tidicimu systému. Unikatni konstrukéni feseni navic zabezpecuje pomérné vysokou
stabilitu chize. Diky témto vysledkim muzZe byt @halo vhodny kandidat pro praktické kazdodenni
pouzivani z pohodli domova, ¢imz také dojde ke zvyseni intenzity chiize a Zivota ve vzpfimené poloze.
Nasledné pak muze dojit k celkovému zlepseni zdravi lidi s paraplegii.

10.3 Doporuceni pro dalsi vyzkum

Soucasné feseni fidiciho systému bylo navrieno z ekonomickych divodl k pouhému ovéreni
funkcnosti zafizeni. Takto naviena stacionarni fidici jednotka je neslucitelna s praktickym pouzivanim
kone¢ného produktu. Proto jako prvni krok dalSiho vyvoje je navrh a naprogramovani kompaktni
odleh¢ené vestavéné fidici jednotky s baterii jako soucdsti prenosného exoskeletu.

Zasadni a neméné dulezité je testovani zatizeni se skutecnou cilovou skupinou. BEhem predbéznych
experimentl doslo k detailni analyze chlize s exoskeletem @halo pouze se zdravymi subjekty. Pro
patficnou simulaci specifické chlize byly subjekty proskoleny profesionalnim personalem, i presto lze
vsak ocekavat vysokou odlisnost chlize v porovnani s chiizi paraplegikd.

Kontinuita cyklu chlze se zafizenim @halo byla ovlivnéna kratkym casovym zpoZzdénim
zpUsobenym nepatrnou prodlevou mezi stisknutimi ru¢né ovladaného tlacitka, pro aktivaci motoru k

v vev

dalsimu kroku, toto naruseni kontinuity je patrné z analyzy pohybu tézisté téla diskutované v kapitole
8. Za ucelem zkoumani kontinuity chlze byly trajektorie tézisté téla zavedeny do grafl bez zavislosti
na casech. Byly vytvoreny grafy jednoho cyklu chize s pouZitim exoskeletu @halo v sagitalni a

horizontalni roviné. Z téchto graf je patrny hladky prabéh bez naruseni kontinuity.

Pro eliminaci téchto casovych prodlev byly navrzeny tlakové senzory (FSR) implementované do
podrazek exoskeletu @halo. BEhem predbéinych experimentl tyto senzory vsak nebyly zapojeny a
testovany. Po zapojeni senzorl do systému lze ocekavat plné automatickou chlzi, bez nutnosti
manualni aktivace pohonu tlacitkem, tato nova automaticka funkce pak zlepsi plynulost chize, toto je
vsak nutné podloZit redlnymi experimenty. Reakéni sily (GRF) chodidla béhem pocatecniho kontaktu
se zemi Castecné pUsobi proti vektoru rychlosti tézisté téla, viz obrazek 9.2. To zplsobuje disipativni
negativni praci, kterd pak musi byt kompenzovana a je tfeba vynalozit dalsi Usili na pokracovani v
pohybu vpred (Kuo and Donelan 2010).
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PFi posuzovani reakcnich sil v pripadé aktivniho pristroje @halo byla zjisténa vétsi zmarena energie
béhem pocateéniho kontaktu chodidla se zemi. Tato ztrata je zplisobena inercidlnimi silami pUsobicimi
na télo pfi zpomalovani pohonu, coZz pomaha uZivateli snadno prekonat fazi presmérovani (z jednoho
kroku na druhy) s minimalnim Usilim, ale na druhou stranu je ndraz paty pfi poc¢ate¢nim kontaktu méné
komfortni. Pro sniZzeni tohoto ucinku lze pouzit mékkou odpruzenou podrazku podobnou bézeckym
botam nebo Ize pfistoupit k zcela novému navrhu ortopedické boty (Suzuki et al. 2005). Dal$i moznosti
jak ovlivnit sniZeni reak¢nich sil je zména trendu referencni Uhlové trajektorie pohonu, rdzné uhly
rozbéhu a zpomaleni pohonné jednotky byly experimentdlné testovany, porovnani a vystupy z téchto
zkousek by mély byt rozsireny a ddle zkoumany.
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