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to my family

alla mia famiglia





Vedi, in questi silenzi in cui le cose

s'abbandonano e sembrano vicine

a tradire il loro ultimo segreto,

talora ci si aspetta

di scoprire uno sbaglio di Natura,

il punto morto del mondo, l'anello che non tiene,

il �lo da disbrogliare che �nalmente ci metta

nel mezzo di una verità.

Lo sguardo fruga d'intorno,

la mente indaga accorda disunisce

nel profumo che dilaga

quando il giorno piú languisce.

Sono i silenzi in cui si vede

in ogni ombra umana che si allontana

qualche disturbata Divinità.

Ma l'illusione manca e ci riporta il tempo

nelle città rumorose dove l'azzurro si mostra

soltanto a pezzi, in alto, tra le cimase.

La pioggia stanca la terra, di poi; s'a�olta

il tedio dell'inverno sulle case,

la luce si fa avara - amara l'anima.

Quando un giorno da un malchiuso portone

tra gli alberi di una corte

ci si mostrano i gialli dei limoni;

e il gelo dei cuore si sfa,

e in petto ci scrosciano le loro canzoni

le trombe d'oro della solarità.

(from �I limoni�, Eugenio Montale)
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Abstract

Wearable robots are person-oriented robots worn by human operators and aimed

at assisting users' movements. They provide human limbs with physical support

and functional supplement by enhancing the strength of wearer's joint in order to

give people with mobility impairments the chance to regain the ability to walk over

the ground, upstairs and downstairs, or to augment the performance of able-bodied

wearers.

Research in the �eld of wearable robots started in late 1960s in USA and Yugoslavia

for military and medical purposes respectively and even though a lot of progresses

have been done especially in the last two decades, a lot of challenges are still associ-

ated with them and several research contributions aim to overcome current limita-

tions. Portability is one of the main requirement of wearable robots. It is conceived

as the capability to be worn and carried around by users who need to be supported

in a large variety of operational scenarios and for an extended length of time. Com-

fortable and ergonomic mechanical structures, as well as e�cient and convenient

actuation systems ensure portability of this robotic devices.

Current actuation technologies challenge the development of portable and e�ective

wearable robots. Actuation of these devices must ful�l often opposing requirements

which are hard to conciliate at the same time. They must be powerful enough for

providing the high peak of torque and power demanded in a gait cycle of locomotion

tasks, they should have a low energy consumption in order to increase the operating

range of the device and �nally they must be as small and lightweight as possible in

order to decrease the metabolic expenditure and facilitate portability.

E�cient actuatosr capable of exploiting the passive dynamic of human walking by

storing and releasing energy according to the phases of the gait cycle, can reduce

the energy requirement of the motor leading to the development of long lasting and

lightweight systems.
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More than the joint power augmentation, also the balance challenges the develop-

ment of portable wearable robots. Most of wearable robots have been not primarily

designed to assist balance and users have to count on conventional assistive tech-

nologies, such as canes or crutches, to prevent the risk of falling. However, these

external assistive devices are hold in the hands and this is not convenient for people

with limited strength in upper limbs. Furthermore, they can interfere with balance

in some situations and they reduce the e�ectiveness of wearable robots in compar-

ison to wheel chairs. Multi degree of freedom actuated joints would improve gait

stability, despite the increase of the weight and of the control complexity.

Robotic assistive technologies, such as moment exchange actuators, have the po-

tential of providing balance assistance to the wearer in his daily life actions and

consistently with human balance control. They detect the subject's loss of balance

and exert corrective actions to avoid or delay the risk of falling. Balance assistive

devices can either be included in powered wearable robots or be worn separately by

subjects su�ering balance disorders to control and improve their balance.

This thesis gives a contribution to the development of portable wearable robots in

terms of energetic e�ciency and safety. The current actuation technologies for joint

power augmentation and balance assistance have been investigated with the aim

of �nding novel solutions that could improve the portability of wearable robots for

human locomotion assistance and human strength augmentation. The investigation

resulted in the development of two concepts of actuated devices focused on enhancing

joint strength and on balance compensation respectively.
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1 Introduction

1.1 Overview

The number of people with mobility impairment is rapidly increasing. The extent

and consequences related to movement disorders make this a relevant health global

issue deserving attention both from a social and ethical point of view. One of the

main causes of movement disorders is the aging of population. Over-60 global pop-

ulation percentage was 11.5% in 2012 and is expected to double in 2050 [1]. Indeed,

the low birth rate and the high life expectancy make the aging tendency unlikely

to stop. The weakened muscle strength in elderly people involves frailty which is

often re�ected by reduced physical activities, such as walking less frequently, which

in the worst scenarios contributes to accelerate the deterioration of the neuromusku-

loskeletal system and to arise degenerative age related pathologies like stroke. Un-

fortunately, dysfunctions in lower limbs do not a�ect elderly people only, but it is

related also to cerebral paralysis and orthopedic injuries. Furthermore, even though

nearly 75% of the strokes occurs in people older than 65, it hits also people under 30

because of accidents and diseases, imposing a long term and high �nancial burden

on family and society. Mobility impairments also a�ect lower extremity amputees,

that are often dissatis�ed by the passive nature of prostheses which constrain their

mobility and cause a larger metabolic energy consumption than non amputee[1].

More than mobility restrictions, paralysis causes secondary medical consequences

like osteoporosis, muscle dystrophy, obesity, coronal hearth disease, diabetes, in-

sulin resistance, which clearly contribute to worse the quality of life of these people.

Rehabilitation training is therefore highly important for these patients in order to

recover and regain mobility. A valid daily life assistance especially concerning mo-

bility and autonomy, is provided by wearable robotic devices which utilize the state

of the art of technologies to help disabled people to regain the ability to stand and

walk, contributing to increasing the expectation of life for people with impaired
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Chapter 1 Introduction

mobility. [2]

These robotic devices can be also used to augment the physical abilities of able-

bodied humans to enhance their performance in industrial and military work. Legged

robots are demanded to transport heavy objects because their easy adaptability to

a wide range of terrains, even to those inaccessible to wheeled vehicle, and because

they can decrease the likelihood of injuries in stressing working task and improve

the e�ciency of work [1].

Research in the �eld of wearable robots started in late 1960s in USA and Yugoslavia

for military and medical purposes respectively and even though a lot of progresses

have been done especially in the last two decades, a lot of challenges are still asso-

ciated with them [3, 4]. An overview on di�erent categories of wearable robots is

hereafter provided, with the aim of highlighting the current state of the art of these

technologies and the aspects needed to be developed and further improved .

1.2 Wearable robots

Wearable robots are person-oriented robots worn by human operators and aimed

at assisting users' movements. They provide human limbs with physical support

and functional supplement by enhancing the strength of wearer's joint in order to

give people with mobility impairments the chance to regain the ability to walk over

the ground, upstairs and downstairs, or to augment the performance of able-bodied

wearers.

Wearable robots may act alongside the user's limb, such as in the case of exoskeletons

and orthoses, or they may replace a missing limb lost after an amputation, such as

in the case of prostheses. Even though they are all expected to perform human limb

functions, important conceptual di�erences exist between them. The design of these

devices faces diverse issues and follows di�erent principles. The main point is that

while the former are external rigid structures tracing the outer shape of the human

limb, the latter can be seen as extensions of human body which replicate entirely

the biological limb even in its shape, size and weight [5].

Exoskeletons and orthoses are assemblies of links almost parallel to human bones

with the function of supporting body weight and of reinforcing joints. It is important

that robotic and biological joints are well aligned in order to ensure a proper transfer
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1.2 Wearable robots

of motion from the robot to the human limb. This is not an easy matter due to

the complexity of rotational axis of skeletal joints, which for instance are not �xed.

Prostheses must support body weight as well, but they are demanded to replicate

accurately the pattern of human walking without any �xed constraint on the degree

of freedom (d.o.f.) to actuate.

Despite di�erences related to their speci�city, wearable robots share a deep interac-

tion with the human body. They can all be seen as a set of complex combination

of di�erent technologies integrated with each other and interacting with the human

actor to perform the demanded function. Wearable robots integrate human intelli-

gence and robot power to enhance the strength of wearer's joint and give the chance

to people with mobility disorders to regain the ability to walk over the ground,

upstairs and downstairs.

The intrinsic dual interaction of wearable robots with humans is performed both

by a cognitive and a physical point of view. Cognitive (cHRI) and physical human

robot interactions (pHRI) are commonly distinguished [5]. cHRI deals with the �ow

of information exchanged between the two actors involved, which aims to make the

wearer aware of the possibilities of the robot and which allows him to control the

robot. Information exchanged is the result of processing, manipulating and organiz-

ing of data acquired by a set of sensors to measure bioelectrical and biomechanical

variables (e.g. electromiography, electroneuronography). pHRI supports the �ow

of power between the robot and the wearer and is based on the set of actuators

and rigid structures which generates forces to be transmitted to human body to

overcome physical limits. pHRI and cHRI are not independent, rather they interact

and in�uence each other in both directions. For instance, it could happen either

that physical interaction is modi�ed by the cognitive interaction or that it triggers

a perceptual cognitive process. Human-robot interface (HRi) supports both cHRI

and pHRI through control of the �ow of information and power in order to ensure

their operations are linked informationally, mechanically or electronically.

Although the principle of the interaction between the robot and the human is ba-

sically common to all the wearable robots, there are aspects strictly related to the

speci�c function that these devices are demanded to ful�ll. For instance the extent

of the interaction depends on the �nal aim of the robot. According to the function

that they perform in cooperation with the human actor, wearable robots can be

classi�ed as it follows:
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Chapter 1 Introduction

� wearable robots for rehabilitation: to help people with mobility disorders in

the rehabilitation of musculoskeletal strength, motion control and gait;

� wearable robots for human assistance: to enable paralyzed patient to regain

the ability to stand up, sit down, walk just as an able bodied person;

� wearable robots for human strength augmentation: to augment human strength

of able bodied humans in order to facilitate the execution of certain tasks.

Furthermore, wearable robots can be distinguished according to the part of the

body they are substituting or empowering. Full body, lower limbs and upper limbs

exoskeletons exist. This is another relevant aspect which involves di�erent aspects

to be faced in the design. For instance lower limbs wearable robots are simpler to

design, but harder to control. In this thesis, the attention is focused on wearable

robots for lower limbs. The way in which actuation technologies could face actual

relevant problems related to the assistance of human locomotion through wearable

robots has been examined.

1.3 Design requirements and research challenges

Even though in the last two decades a lot of progresses have been done in the �eld

of wearable robots, a lot of challenges are still associated with them and several

research contributions aim to overcome current limitations. The development of

wearable robots pursues speci�cations and design requirements which are related

factually to the function they are supposed to address (e.g., rehabilitation, human

assistance, strength augmentation), and which result in di�erences in the mechanical

design, actuation and control.

Wearable robots for rehabilitation of lower limbs are not usually intended to be

portable stand-alone systems. Rather, the majority of the robots belonging to this

category are bulky devices including a treadmill, a weight support and rigid external

structures worn by the patient in their rehabilitative training session. Furthermore,

since they are focused on motion recovery, rehabilitative wearable robots are often

limited in the scope of operational modes in which they are capable of providing

assistance. Indeed their main requirement is to perform standard and repetitive

movements with the capability of adapting them to the motion and to the grade of

recovery of the patient.
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1.3 Design requirements and research challenges

Portability is instead one of the main requirement of wearable robots for human

locomotion assistance and strength augmentation. It is conceived as the capability

to be worn and carried around by users who need to be supported in a large va-

riety of operational scenarios and for an extended length of time. This results in

speci�c control methods and design requirements of both mechanical structures and

actuation.

In order to make the usage of portable wearable robots convenient and long-lasting,

their mechanical interface has to be designed with the aim of preventing user's

discomfort and fatigue, which could limit the length of time that a device can be

worn. Therefore strong consideration is addressed in the design of the frames, which

should be customized to individual contours and anatomy, as well as to the materials

used in the view of making them comfortable, lightweight and small.

Actuation is another crucial aspect related to the development of functional and

autonomous portable wearable robots. Actuation of these devices must ful�ll often

opposing requirements which are hard to be addressed at the same time by cur-

rent technologies. They must be powerful enough for providing the high peak of

torque and power demanded in a gait cycle of locomotion tasks, they should have

a low energy consumption in order to increase the operating range of the device

and �nally they must be as small and lightweight as possible in order to decrease

the metabolic expenditure and facilitate portability. As a consequence of the dif-

�cult conciliation of weight and performance requirements of the actuation, most

currently developed wearable robots for lower limbs are heavy and they can provide

limited torques and power, restricting the e�ectiveness of these devices, especially

in case of patient assistance. Therefore, lightweight actuator and e�cient transmis-

sion are very important issues that researchers in this �eld have to face. A lot of

research e�ort is focused on the design of innovative and e�cient actuators capable

of exploiting the passive dynamic of human walking by storing and releasing energy

according to phases of the gait cycle, to reduce the energy requirement of the motor.

Typically, these actuators are bioinspired solutions including a compliant element

in parallel or in series to the motor [6, 7, 8, 9, 10, 11, 12, 13, 14] to replicate the

natural behavior of human tendons which store and release energy. In particular,

the Series Elastic Actuator (SEA) permits to reduce the motor peak power and the

energy requirement[13, 15]. However, bene�ts of SEAs depend on the sti�ness of the

elastic element, whose optimal value changes according to the torque-angle charac-

teristics of gait cycle[16]. This limit of SEAs recently motivated the development of
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Chapter 1 Introduction

compliant actuators with adjustable, load-dependent sti�ness of the elastic element

[17, 18, 19]. Despite their advantages, these actuators often result to be inadequate

because of their weight, e�ciency and torque [20]. For instance, a SEA decreases the

motor power requirement by reducing the motor speed more than a sti� actuator,

but it also transfers the same force or torque to the motor, a�ecting its size, its

weight, and also its e�ciency [21].

Joint power augmentation is not the only requirement that actuators of portable

wearable robots are demanded to ful�ll. Another challenging issue to face in order

to pursue the principle of portability, deals with the balance of these devices. This

aspect is more relevant in assistive than in strength enhancing robots because of

the mobility and balance impairments of the wearer. Balance can be improved by

reinforcing hip and ankle strategy or assisting foot placement[22, 23]. Actuators of

hip abduction/adduction plays a signi�cant role in walking and standing balance.

Even though wearable robots are usually actuated in the sagittal plane and the

lack of actuated d.o.f. in the frontal plane limits the capability of these robots to

contribute to maintain balance. However, most of wearable robots have been not

primarily designed to assist balance and users have to count on conventional assis-

tive technologies, such as canes or crutches, to prevent the risk of falling. However,

these external assistive devices, which have to be hold in hand/having to be hold in

hand, are not convenient for people with limited strength in upper limbs. Further-

more, they can interfere with balance in some situations and they actually reduce

e�ectiveness of wearable robots in comparison to their major competitors, the wheel

chairs.

An increasing research topic deals with the development of wearable and portable

robotic solutions aimed both at detecting the subject's loss of balance and at provid-

ing corrective actions to avoid or delay the risk of falling. These technology-based

applications mainly are reactionless actuators, as gyroscopes or inertial �ywheels,

which exert corrective actions on the human body by transferring the angular mo-

mentum between the wearer and the actuator[24, 25, 26, 27]. They are supposed

to provide balance assistance to the wearer in his daily life actions and consistently

with human balance control. Indeed, it is important that these devices provide as-

sistance only when it is needed in order to make the rehabilitation more e�ective

and to best promote neural recovery [28]. These balance assistive devices can either

be included in powered wearable robots or be worn separately by subjects su�ering

balance disorders to control and improve their balance. Indeed, they are mostly con-
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1.4 Contributions

ceived as minimalistic solutions which can be easily integrated to the upper body

through a backpack.

Another limitation of the development of wearable robots deals with the lack of

direct information exchange between human wearer's nervous system and wear-

able robot. Sensors currently used in this application cannot obtain accurately and

quickly wearer's intention, with the e�ect of limiting the assistance coming from

these devices to only some function such as walking on a level ground, climbing

stairs, standing up and sitting down. This aspect will not be further investigated

because it goes over the intent of this thesis.

1.4 Contributions

This thesis gives a contribution to the development of portable wearable robots in

terms of energetic e�ciency and safety. The currently actuation technologies for joint

power augmentation and balance assistance have been investigated with the aim of

�nding novel solutions that could improve the portability of wearable robots for

human locomotion assistance and human strength augmentation. The investigation

resulted in the development of two concepts of actuated devices focused on enhancing

joint strength and on balance compensation respectively.

In order to be usable, wearable robots should meet severe weight restrictions, which

are incompatible with the required actuator's size. Reducing the energy and power

consumption of the source of power is a valuable way for reducing the weight and size

of the actuator and for permitting a long-lasting usage of the device, with consequent

advantages in terms of portability. Energy recovery is a commonly accepted solution

to pursue this goal, but it does not always entail e�ective motor downsizing, which

can be achieved if both the motor power and torque requirements are reduced. It

is indeed well known that the size of an actuator is related to the value of its rated

torque. SEAs, which include springs as energy storage devices, reduce the peaks of

electric power and the energy consumption, but they transfer the same torque at

the motor shaft.

The concept of an innovative actuator with energy recovery capabilities which also

aims at downsizing the electric motor is presented in this thesis. Actuator's name is

Flywheel-In�nitely Variable Transmission (F-IVT) actuator and its application in

powering knee joints of wearable robots has been considered. It includes a brushless
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Chapter 1 Introduction

DC motor, a �ywheel, an In�nitely Variable Transmission (IVT) and a �xed ratio

drive (FR) gear. The main ideas behind the concept of the F-IVT come from the

intrinsic energetic e�ciency of legged locomotion. First of all, the passive dynamic

of human walking gives the chance to recover energy and thus to reduce the energy

consumption of the actuator. The instant power of leg joints oscillates between

positive and negative power, and thus energy can be stored in an energy storage

device under the passive phases of walking, and released otherwise. Furthermore,

all the kinetic and kinematic characteristics of leg joints change in a periodic fashion

in a gait cycle and the peaks power values are highly larger than the average values

in this application. These latest peculiarities of walking gait cycles can be exploited

in order to ful�ll the total joint energy requirement with a constant low input power

provided by the motor and with an additional changeable power provided by the

energy storage device. In the F-IVT the �ywheel is the energy storage device and also

the main source of power of the actuator, whose kinetic energy changes cyclically

according to knee energy needs of storing or releasing energy. Instead the motor

works at nearly �xed operating point and delivers an almost constant amount of

power, whose value is closer to the average demand of power in a cycle than to

the peaks. The F-IVT replicates the same operating principle of an automotive

mechanical Kinetic Energy Recovery System (KERS), in which energy is moved from

the tyres to the �ywheel where it is stored when the vehicle breaks, and released

when it accelerates.

Besides acting as an energy storage device, the �ywheel reduces the irregularity

of the motor working point, which is almost �xed over the whole gait cycle. The

IVT, a continuously variable transmission whose speed ratio can seamlessly change

between positive and a negative limit values, is crucial to keep the motor speed

nearly constant while the desired knee speed is always matched, as well as to control

the �ow of energy between the joint and the �ywheel.

Among the bene�ts of the F-IVT, the most important is the stabilization of the

working point of the motor, which is required to provide an almost constant power,

by far lower than the peak of the power requested by the knee. Also the torque

requested by the motor is greatly reduced with a consequently remarkable motor

downsizing possibility. Furthermore, if the motor working point is almost �xed, a

smart design can lead the motor to work always with high e�ciency. Two di�erent

architectures of the F-IVT actuator have been considered: the rotative F-IVT and

the linear F-IVT. They di�er from each other for the �nal ratio drive included: it
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1.4 Contributions

is an harmonic drive in the former and a ball screw in the latter.

Energy recovery is a smart strategy for reducing power and energy consumption of

actuators of lower limb joints. Speci�c advantages are expected at the knee joint in

level ground walking because its energy expenditure in a gait cycle is negative. This

means that knee passive phases, in which muscles absorb energy from the joint,

prevail on its active phases, in which they deliver power to the joint. Therefore,

the energetics of human walking could conceptually be exploited to ful�ll the total

knee power requirement, without resorting to any additional power injection from

motors. This idea gave rise to the self-powered F-IVT actuator in which the �ywheel

is the only source of power which stores and delivers energy from/to the knee joint

by changing the speed ratio of an In�nitely Variable Transmission according to the

phase of the gait cycle.

A simulation tool for evaluating the energetic e�ciency of the �ywheel based ac-

tuators has been built and the predicted performances of the actuators have been

compared with the ones of other e�cient actuators for lower limbs joints to assess

if the F-IVT could be a potential actuator for wearable robots or not.

The second contribution of this thesis deals with bipedal balancing, a relevant prob-

lem of bipedal robotic systems acting in cooperation with human body. Human

balance is the result of complex and synergic strategies of the neuromuskuloskeletal

systems, which are di�cult to replicate in robots. It would require complex control

strategies to be implemented in a system with multiple active degrees of freedom,

each actively controlled by actuators which a�ect the size and the weight of the

robot. The easiest way to face the bipedal balance issue without complicating the

control and mechanics of the robot, is to rely on external aids, like crutches or walker,

which basically help user's balance by increasing his base of support. This happens

for instance in [29]. However, holding in the hands these external aids constrains

user's freedom of movement and, in case of mobility impairments, this fact could

bring the wearer to prefer to move around on a wheelchair.

A wearable moment exchange device including a reaction wheel has been developed

with the aim of assisting people in keeping balance in the frontal plane. It has been

named �ywheel inertia actuator to highlight its main component, the �ywheel. Its

action replicates the same balancing function of the arms for human body and of

the pole for a funambulist. Both arms and pole rotate to generate a reaction torque

of the same size but opposite direction with respect to the balance disruptive force
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acting on the human body. Similarly, in the balance device a brushless electric

motor accelerates the �ywheel in order to have a corrective torque that helps the

subject to regain balance.

The main advantage of the �ywheel inertial actuator is to impart a free moment to

a body without the need of contacting it with a frame. Indeed it is included into a

backpack to connect the device to the user's upper body. It is easy to be worn and

it is also a valuable assistive technology to be used independently from exoskeletons

and orthoses. People with balance impairments who do not wear active orthoses,

could use it in their rehabilitation sessions or to receive everyday life assistance. In

order to promote the natural recovery of the patient, the control of the �ywheel

inertia actuator has been developed so that it acts consistently with human intent

and provides assistance only when it is needed.

This thesis discusses the safety and e�ciency of wearable robots and it is structures

as follows.

Section 2 introduces biomechanical concepts of human locomotion and balance to

de�ne the design requirements of wearable robots. Furthermore section 2 provides

an overview of the state of the art on actuation technologies aimed at enhancing

joint strength and at assisting human balance.

Section 3 explains the working principle of the �ywheel based actuators for knee

power augmentation. Three di�erent architectures of this kind of actuation are pre-

sented: the rotating F-IVT, the linear F-IVT and the self-powered F-IVT. Their

design concept is discussed and a simulation tool for estimating their performance

is provided. In the end, section 3 includes the sizing procedure for e�ciency opti-

mization of the �ywheel based actuators.

Section 4 describes the �ywheel inertial actuator developed for balance assistance.

The concept of the actuator, its design and control are deeply discussed. Addition-

ally, the protocol of experiments planned to test the device is explained.

Section 5 collects the results of this research study. Performance of the �ywheel

based actuators have been estimated and compared with those of other e�cient

actuation technologies for wearable robots. The �ywheel inertia actuator has been

tested on human subjects and the results of the experimental activity are discussed

in this section.

Section 6 critically overviews the contributions of this thesis. The results are com-

pared with the performance of existing technologies for joint empowering and balance
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assistance. Current limitations of the research study and future research opportu-

nities are also discussed.

13





2 State of the Art

2.1 Overview

Wearable robots are technological devices worn by human operators with the �nal

aim of assisting the wearer in his movements and actions by enhancing the strength

of his joints. They can restore functions of individuals with legs or arms pathologies

or help healthy people to perform with less e�ort some di�cult tasks such as carrying

heavy loads or covering long distances.

Wearable robots are basically wearable mechanical structures equipped with well-

integrated electronics that interact with the human body both on a physical and

on a cognitive level. In this respect, physical human robot interaction (pHRI) and

cognitive human robot interactions (cHRI) are usually distinguished [5]. The former

refers to the set of actuators and rigid structures that generates forces and powers

to be transmitted to human body to overcome physical limits. Instead the latter

aims to make the wearer aware of the possibilities of the robot and permits him

to control it. cHRI involves the �ow of information exchanged between the two

actors involved, that is the result of processing, manipulating and organizing of data

acquired by a set of sensors to measure bioelectrical and biomechanical variables

(e.g. electromiography, electroneurography). pHRI and cHRI are both supported

by Human-robot interface (HRI), which ensures that their operations are linked

informationally, mechanically or electronically.

Classi�cation of wearable robots can follow di�erent principles dealing with several

aspects such as the part of the body they enhance, the level and way of interaction

with the human body, their function. In order to provide a comprehensive overview

of these technologies, the most relevant aspects of wearable robots are exposed with

their related typical classi�cations.

� Full-body, upper-limbs and lower-limbs wearable robots
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Wearable robots can assist both upper and lower limbs movements, together, as it

happens in full body wearable robots, or separately, as in upper and lower limbs

robots. The former are usually attached to the arms, trunk and legs of the wearer,

whose both upper and lower limbs joints are strengthen (Fig. 2.1a). Instead the

latter support either the movement of upper (Fig. 2.1f) or lower (Fig. 2.1b, 2.1e,

2.1c, 2.1e) human extremities. In �gure 2.1 some examples of full body, upper limbs

and lower limbs wearable robots are provided. Upper and lower limbs wearable

robots face di�erent design challenges. For instance lower limbs wearable robots

have simpler mechanical structures than upper limbs robot because of the fewer

number of degree of freedoms, but they need more powerful actuators.

� Parallel or series interaction with the human body

Wearable robots are mechatronic devices operating in series or in parallel to human

limbs with the aim of restoring or augmenting the physical performance of the

wearer. Depending on how the device interacts with the human limb, two categories

of wearable robots are distinguished:

- powered prosthesis : operate in series to human limbs to replace missing parts of a

limb that they are required to replicate in its shape, size, weight and ultimately in

its function (Fig. 2.1c2.1f);

- powered orthoses and exoskeleton: are rigid structures working alongside human

limbs of wearers su�ering reduced locomotion ability [30, 31](Fig. 2.1e,2.1d), and of

an able-bodied wearer [4, 32](Fig. 2.1b2.1a) respectively.

� Function of wearable robots

According to the function that they perform in cooperation with the human actor,

wearable robots can be classi�ed as it follows:

- wearable robots for rehabilitation: help people with mobility disorders in the reha-

bilitation of musculoskeletal strength, motor control and gait (Fig. 2.1d);

- wearable robots for human assistance: enable a paralyzed patient to regain the

ability to stand up, sit down, walk just as an able bodied person (Fig. 2.1c2.1e2.1f);

- wearable robots for human strength augmentation: augment human strength of able

bodied humans in order to facilitate the execution of certain tasks (Fig. 2.1a2.1b2.1e).

One of the main threads of this thesis deals with the portability of wearable robots

for lower limbs, that is an issue mainly concerning devices for human assistance and
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(a) (b) (c)

(d) (e) (f)

Figure 2.1: Some examples of full body (a), upper limbs (f) and lower limbs wear-
able robots (b, c, d, e). a) HAL, developed by Japan's Tsukuba University and
the robotics company Cyberdyne, is the �rst full body powered exoskeleton. b)
Berkeley Lower Extremity Exoskeleton (BLEEX) is the �rst functional energeti-
cally autonomous load carrying human exoskeleton. c) First powered ankle-foot
prosthesis developed by the Biomechatronics research group at the MIT Media
Lab. d) Gait rehabilitation robot LOPES developed at the University of Twente.
e) ReWalk is a wearable robotic exoskeleton that provides powered hip and knee
motion to enable individuals with spinal cord injury (SCI) to stand upright, walk,
turn, and climb and descend stairs. f) My-HAND is the innovative prosthesis
developed at the Biorobot Institute Sant'anna Pisa. It moves according to user's
intention and it can reproduce the fundamental natural hand grasps (eg., precision
grasp, lateral grasp and power grasp).
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strength augmentation. Indeed, portability is not a design requirement of robots for

rehabilitation which are usually �xed to bulky structures including treadmills and

weight supports, and mostly receive power from the electricity grid. In order to be

portable, wearable robots need to be equipped with powerful actuators capable of

delivering the high torques/forces demanded in walking, as well as they need to be

comfortable for the wearer in order to ensure a long-lasting usage of the robot. The

portability of lower limbs wearable robots has been examined with a focus on the

energetic e�ciency and on the safety of these devices.

Another relevant aspect for ensuring the portability of wearable robots is their bal-

ance. Even if the balance of these robots is crucial for the safety of the wearer,

current robots do often not ensure it, rather they rely on external support struc-

tures like crutches or walkers . Most of wearable robots have indeed been designed

for joint power augmentation and not for balance.

These aspects have been deeply investigated in order to highlight which are the

design matters of portable lower limbs wearable robots and to evaluate some possible

technological solutions that could increase their energetic e�ciency and safety. These

contents are discussed below and in the following chapter of the thesis. Furthermore,

because of the close interaction of these devices with the human actor, concepts of

biomechanics of human walking relevant for this application are also presented.

2.2 Biomechanics of human walking

Wearable robots for lower limbs are mainly required to assist the wearer during walk-

ing by delivering the needed amount of power to perform the task, and by supporting

physically and safely the wearer. Their design cannot exclude the biomechanics of

human walking in order to mimic functional movements executed by biological mech-

anisms, and to take advantage from some of its peculiar aspects in the view of an

e�ective design of the device. Therefore, an overview of some concepts of the biome-

chanics of human walking, that are useful to understand the design requirements of

these robots as well as to draw inspiration for their design, follows below.
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2.2 Biomechanics of human walking

2.2.1 Anatomical planes

The biological structures and the direction of movements of the human body are

described with reference to anatomical planes, which are hypothetical planes used

to transect the human body (Fig. 2.2).

� Coronal Plane or Frontal Plane: vertical plane that separates the body into

anterior and posterior parts.

� Sagittal Plane or Lateral Plane: vertical plane that divides the body into equal

right and left halves.

� Horizontal Plane or Transverse Plane: horizontal plane that divides the body

or any of its parts into upper and lower parts. This plane runs perpendicular

to the coronal and sagittal planes and in an upright human is parallel, or

horizontal, to the ground.

Figure 2.2: Reference anatomical planes used for describing locations and move-
ments of structures of the human body.

2.2.2 Gait cycle

Human walking is a cyclic movement in which each leg alternates its role of support-

ing human weight and of advancing toward a new position. The gait cycle describes

the walking cycle for one leg and conventionally starts (0%) and ends (100%) at
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two successive heel strikes of the same foot. It is made up of two main phases: the

stance phase and the swing phase. In the stance phase the foot is on the ground,

acting as a support for the human body, whereas in the swing phase, which begins

around at 60% of the cycle, the foot is o� the ground and moves forward to a new

supporting point (Fig 2.4). Each main phase of the gait cycle further consists of

sub-phases (initial contact, loading response, mid-stance, terminal stance, preswing,

initial swing, mid-swing, terminal swing) identi�ed by di�erent contact conditions

between the foot and the ground (Fig 2.4) [3].

Figure 2.3: Gait cycle of human walking begins and ends at the heel strike of
the same foot. Contact events distinguish the di�erent phases and sub-phases of
the the gait cycle. Their location is given as approximate percentages of the gait
cycle. Adapted from [33].

Clinical gait analysis (CGA) data are kinematic and kinetic quantities which describe

the motion of a leg joint in a gait cycle of walking. Being human legs multi degree

of freedom systems, these quantities are always de�ned relatively to anatomical

reference planes. The sagittal plane is the dominant plane of motion during human

locomotion.

Figure 2.4 shows the CGA data of leg joints of an healthy individual walking at

the speed of 1.1 m/s. Even if CGA data may di�er somewhat across subject and

condition, the qualitative nature of this data does not change. It can be noticed

that each joint performs a cyclic motion in a gait cycle and that speeds, torques and

powers oscillate between positive and negative values. CGA are useful for de�ning

the kinematic and kinetic layout of the design wearable robots. They are usually

heavily analyzed to de�ne the the range of motion of leg joints of wearable robots, as

well as to compute the joint torque and power requirement needed for the actuation

design.
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2.2 Biomechanics of human walking

Investigation of CGA data also allows to detect relevant peculiarities of human

walking that could be replicated in the robotic devices in order to take advantage of

some e�cient biological mechanisms. Each leg joint performs positive and negative

work in a gait cycle, giving the possibility to recover energy. This possibility is

relevant at the knee joint, whose total energy demand is negative in level ground

walking. This means that knee joint is usually dissipating power during the gait

cycle and therefore its dynamics could be controlled by power dissipative devices.

However, the power at the individual joints changes dramatically if the walking

speed changes or if walking on a positive incline or ascending stairs. Therefore, it is

desirable to include also knee joint actuators in wearable robots to ensure that the

power needed to perform a large range of locomotion regimes can be delivered.
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Figure 2.4: Representative angles, moments, and power of the leg �exion/extension
joints over the gait cycle. Data are average curves from seven walking trials
adapted from [3].
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2.2.3 Human balance

Human balance is the results of �ne inter-played mechanisms and joint strategies

controlled by the central nervous system, which uses the information provided by the

sensory systems to generate muscle corrective actions [34]. A list of the main strate-

gies used by humans to maintain balance during standing and during locomotion

follows below.

� Ankle strategy : involves only ankle movement to maintain the center of mass

(COM) within the base of support (BoS) and to move consequently the Zero

Moment Point (ZMP), which is the point where the line of action of the ground

reaction force intersects with the ground. The ankle strategy is used to actively

maintain balance for small amounts of sway, when the perturbation is small

and the support surface is �rm. It is one of the prevailing balance strategy in

stance.

� Hip Strategy : moves the upper body in the opposite direction with respect

to the lower body to maintain the CoM over the BoS. Hip strategy reacts to

large and fast perturbations and is usually employed when one is standing on

narrow or compliant surfaces. Both the ankle and the hip strategies maintain

stability within the stability limits.

� Foot placement : helps to maintain stability by adjusting foot placement. The

stepping strategy realigns the BoS relative to the CoM, when one takes a step

to keep from falling. It is the strategy predominantly used during locomotion.

� Arms : rotate around the shoulder joint to change the angular momentum of

the body. Arm rotations play an e�ective role in balance recovery.

Human balance control strategies cannot be overridden in the design of walking

assist devices, that should provide only assist as needed to promote a cooperative

robotic support and to facilitate the user's adaptation to the robotic device[25].

2.3 Actuators in Wearable Robotics

Wearable robots transfer power to human limbs by mean of actuators located near

the controlled leg joint. These actuators usually include motors and transmission

devices assembled in di�erent schemes. The sti� coupling of the motor to the leg
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joint through a transmission device characterizes most of the commercially available

systems [35] and, among them, it is the one which involves the greatest demand of

electrical power and the highest value of the torque to be provided by the motor [6].

As a consequence of that, heavy and large sized actuators are often been chosen pre-

venting the development of portable wearable robots with low energy consumption

and large operating range.

The actuation system is a signi�cant aspect in the design of such devices because

it a�ects their e�ectiveness. In order to be usable, wearable robots should meet

severe weight requirements, which are incompatible with the required actuator size.

Thus, researchers in this area agree on the importance of improving the e�ciency of

the actuation system, to reduce the energy consumption and the peak power of the

motor [3, 16]. This requires that the motor operates e�ciently and that the whole

actuation system is designed in such a way that it exploits the human locomotion

dynamics [9, 36]. In fact, human walking can be very e�cient: the power request of

each joint is sometimes positive and sometimes negative, thus giving the chance to

recover a part of the energy [37].

Much research e�ort is indeed focused on the design of innovative and e�cient

actuators capable of exploiting the passive dynamic of human walking by storing

and releasing energy according to the phases of the gait cycle reducing the energy

requirement of the motor and thus enlarging the operating range of the device,

keeping it as lightweight as possible.

Electric machines are usually chosen to power exoskeletons [12, 38] because of their

high e�ciency [39, 12]. Even if electric drives are usually reversible, energy re-

covery is not usually considered [40, 41], because of the relatively low e�ciency of

the mechanical to electrical energy conversion and of the battery charge/discharge

process[9, 42]. Moreover, because the gait cycle frequency is some thousands cycles

per hour, the batteries would be easily stressed to failure. One of the most commonly

used methods to save energy is the application of springs [43, 44]. A well-known

solution in literature is the Series-Elastic Actuator (SEA), where an elastic element

is introduced between the motor and the load[45, 46, 47, 31, 48]. The spring stores

energy and delivers peak power values greater than the limit power of the motor

[49, 13, 50], as well as it o�ers greater shock tolerance, lower re�ected inertia, more

accurate and stable force control [15]. Variations of the above solutions include the

introduction of parallel elasticity [40] or clutches [11]. However the introduction of
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series or parallel elasticity, with or without clutches, does not give any advantage in

the optimization of the e�ciency of the motor, that still works in a wide range of

speed and torque. Furthermore, a SEA decreases the motor power requirement by

reducing the motor speed more than a sti� actuator, but it also transfers the same

force or torque to the motor, a�ecting its size, its weight, and also its e�ciency

[21, 20]. This evidence has recently motivated the development of compliant actu-

ators with adjustable, load-dependent sti�ness of the elastic element [19, 18, 17],

which more than making SEAs convenient for a larger range of walking regimes,

allows the motor to work at the most e�cient conditions.

Some of the latest actuation technologies for wearable robots are reviewed below.

2.3.1 Series Elastic Actuator

Series Elastic Actuators (SEAs) have been extensively employed in wearable devices

for lower limbs. In SEAs a spring is put in series between the motor and the

arti�cial powered joint (Fig. 2.5) to mechanically store energy. The spring increases

the actuation e�ciency by storing energy during negative power portions of the gait

cycle and then releasing the stored energy during subsequent portions of the cycle,

reducing motor work requirements and/or adjusting the speed regime of the motor

[16].

Beyond the energy storage capabilities, the elastic element gives other advantages to

the actuation system such as greater shock tolerance, lower re�ected inertia, more

accurate and stable force control, limited high-frequency actuator impedance[6, 15,

13].

motor kneegear
train

Figure 2.5: Block diagram of SEAs, in which a spring is in series to the motor
and the gear train.

Since the force/displacement characteristic of the spring is linear (Eqs. 2.12.2),

the SEA is very e�cient in powering the knee joint because it can be designed to

take advantage of the linear torque-angle (or spring-like) relationship of the knee in

the early-stance �exion-extension phase of level ground walking (Fig. 2.32.4). In

particular if the sti�ness of the spring (K) is chosen equal to the slope of the torque-

angle curve, the spring alone would render the spring-like relationship, resulting in a
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great reduction of the motor mechanical energy requirement. Series-elastic actuators

(SEAs) have been used in both ankle and knee prostheses to e�ectively reduce the

energy consumption of the devices [16, 12, 47, 36].

The electric power and energy requirement of a SEA to power knee joint can be

calculated through a function of the angle (ϑM) and torque (CM) requirement of the

SEA motor:

ϑM =

(

CK

K
+ ϑK

)

1

τGT

(2.1)

CM =

(

CKτGT

ηGT

)

(2.2)

In equations 2.12.2 CKand ϑK are the knee torque and angles, K is the sti�ness of

the spring, , τGT and ηGT are respectively the speed ratio and the e�ciency of the

gear train.

2.3.2 Parallel Elastic Actuator

Parallel elastic actuators (PEAs) combine DC motors with parallel springs that are

engaged and disengaged by clutches (Fig. 2.6). Parallel elasticity can largely reduce

power and torque requirements for actuators in legged systems [51, 52]. The peak

torque requirement of ankle and hip actuators is expected to be reduced respectively

of the 48% and 66% when using parallel springs around these joints in exoskeletons

[52]. PEA of [10], that mimics the torque and motion patterns of knee extensors

muscles in human rebounding, reduces the energy consumption of the actuator by

about 80% and the peak torque requirement for the DC motor by about 66%. PEAs

are also included in the Virtual Scenario Haptic Rendering Device of TU Munich[53],

in the knee joint of the robot Saika-4[54], in the powered ankle-foot prosthesis of

MIT[55].

A disadvantage of parallel elastic actuators (PEAs) is that they could limit move-

ment dexterity. Indeed, a spring in parallel to a motor reduces the energy consump-

tion and torque requirements for motions with torque patterns that �t the parallel
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(a) (b)

Figure 2.6: PEAs Schematic picture (a) and prototype (b) of the PEA presented
in [40]. When the clutch is disengaged, the shaft (blue) connecting the two gear
stages can rotate independent of the pulley. Only when the clutch is engaged, the
pulley rotates together with the shaft, thus extending the spring.

spring, but in other motions or gait phases it can hinder the movement. To resolve

these limitations the hardware design of PEAs is usually challenged by the need to

engage and disengage the parallel elasticity depending on the gait phase. To this

aim, simple trigger-based control has been developed for the Clutchable Parallel

Elastic Actuator (CPEA) of [40].

2.3.3 Clutchable-Series Elastic Actuator

The Clutchable-Series Elastic Actuator (C-SEA) (Fig. 2.7) was developed to over-

take one limit of SEAs that is related to the ine�ciency of the motor in the stance

phase [11]. In fact, even if SEAs greatly reduces the motor mechanical energy re-

quirement in the stance phase when the spring alone powers the knee joint, the

electric motor works at very slow speeds and thus very ine�ciently. The C-SEA

improved the design of SEAs by including a clutch on the motor shaft that is conve-

niently activated or deactivated according to the cycle phase. In particular, during

the spring-like phase of the gait cycle the clutch is activated and the spring renders

the complete torque-angle relationship while the motor is required to supply only

reactionary torque; during the other phases of the cycle, the clutch is deactivated

and the C-SEA works as a SEA.

Equations similar to SEAs' govern the operation of the C-SEA (Eqs. 2.12.2 ). The
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knee

motor

gear
train

clutch

Figure 2.7: Model of the clutchable series-elastic actuator. A clutch connected
to the motor allows two mechanical states of the actuator. When the clutch is
engaged the motor provides only a reactionary torque and the spring renders the
knee angle and torque. When the clutch is disengaged, it operates as a SEA.

complete set of equations given in [11]follows:

ϑM =
{

(

CK

K
+ ϑK

)

1
τGT

clutch on (2.3)

CM =
{
(

CKτGT

ηGT

)

clutch on (2.4)

When the clutch is not active, a constant clutch current (iC) and voltage (vC) are

provided by the motor.

Rouse [11]proved that the sti�ness of the spring of the C-SEA does not a�ects the

electrical power pro�les, but determines very di�erent knee kinematics. Indeed,

when the sti�ness a�ect the knee angle displacement, the clutch absorbs a nearly

constant electrical power. Therefore the optiml sti�ness is selected by minimizing

the kinematic similarity de�ned as:

Ψ =

∫

(ϑCSEA − ϑK)
2 dt

where ϑCSEA is the output displacement of the C-SEA and ϑK is the output dis-

placement of the knee joint.
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2.3.4 Continuously variable series elastic actuator.

The Continuously-variable series-elastic actuator (CV-SEA) has been presented in

[9] as an e�cient actuator for legged locomotion. It includes a continuously variable

transmission (CVT) between a motor and a series elastic element (Fig. 2.8). More

than reducing the motor energy and power requirements by storing and releasing

mechanical energy in a spring as in traditional SEAs, the CVT in CV-SEA �nely

tunes motor speed pro�les for optimal electrical e�ciencies during motor work pro-

duction and also reduces the torque seen at the motor, with resultant advantages in

terms of motor undersizing. The motor e�ciency further improves if an IVT, that

make the motor work at almost �xed operating point, is used instead than a CVT

(IV-SEA).

motor

CVT

knee

Figure 2.8: Schematic of the Continuously Variable Series Elastic Actuator. It
consists of three elements in series: an electromagnetic motor, a CVT and an
elastic element. The series elastic element can reduce motor work and power,
increase actuator e�ciency and limit motor/transmission shock, while the CVT
can further optimize the speed pro�le of the motor for greater actuator e�ciency.
[9]

Di�erently from Variable Sti�ness Actuator including a continuously variable trans-

missions between the load and an elastic element, the sti�ness of the elastic element

seen by the load remains constant. CV-SEA places a variable transmission between

the motor and elastic element to control the dynamics of the motor.

The energy e�ciency of the CV-SEA was compared to three other architectures: a

direct drive with no elastic element, a SEA, and an IV-SEA. The estimation of the

energy requirement of each actuator suggests that the CV-SEA can consistently re-

duce the energy associated with actuating human knee during level ground walking.

Although the advantages in terms of motor e�cency and motor torque reduction,

the IV-SEA performs worse than CV-SEA because of the ine�ciency of the IVT at

high transmission ratio.
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2.3.5 Variable sti�ness actuator

The concept of Variable Sti�ness Actuator (VSA) bears to overcome an intrinsic

limitation of the SEA, that is that the mechanical sti�ness of the compliant element

can be optimized only for a single task and/or user, since it is �xed. Applying the

concept of VSA to lower limb wearable robots would therefore allow to adapt the

actuator sti�ness not only to the user, but also to the detected gait and cadence

using an appropriate adaptive controller.

The adaptive sti�ness can be obtained on the basis of di�erent principles. In any

case, VSAs always require two motors: one to control the equilibrium position and

the second to control sti�ness. The di�erent actuators from literature can be clas-

si�ed into three major groups:

� Spring Preload : the sti�ness is adjusted by changing the pretension or preload

on the spring. The preload of a a single spring [56, 57] or of more springs is

changed by two motors working antagonistically [58, 59] or independently [60].

� Changing transmission between load and spring : the sti�ness is altered by

changing the transmission ratio between the output link and the elastic ele-

ments. This class can be further divided into the following subclasses:

- Lever length: the sti�ness is adapted by controlling the con�guration of a

lever mechanism [61, 62, 63, 64, 65].

- Nonlinear mechanical link: The sti�ness is adapted by controlling the prop-

erties of a nonlinear mechanical link [66, 67].

- Continuously variable transmission: The sti�ness is adapted by controlling

the transmission ratio of a continuously variable transmission [68, 69].

� Physical properties of the spring : The physical structure of the spring itself is

altered [70].

2.4 Balance Assistive Devices

Balance assistive devices are wearable and portable technologies that helps the

wearer to keep his balance, thus avoiding or delaying the risk of falling. Fall preven-

tion is recognized as an important health issue within UK, Europe, North America
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and Australia [71]. The aging of global population in the latest decades has con-

tributed to make it a relevant research topic aimed at developing technology-based

fall prevention systems that could reduce the health, social and economical impact

of falling. Indeed, the risk of falling increases with age often because physical, func-

tional and cognitive impairments. Unfortunately, fall prevention does not concern

only aged population, but it is also a relevant issue for young people a�ected by

balance disorders.

Exoskeletons could be a valid option for providing assistance to subjects with bal-

ance impairment even if they have some limitations that do not make them the best

option for supporting posture stability. Especially for what concerns aged people,

exoskeletons are usually too heavy and uncomfortable, and they are often not easy

to be worn without the help of another person. Furthermore, most of the commer-

cially available exoskeletons have no function to stabilize the posture of the wearer

[27], rather they are mainly designed for joint power augmentation. Therefore, bal-

ance assistive devices focused on ensuring wearer's stability have been developed.

These devices are basically actuation technologies that exert a corrective action on

the wearer subject after having detecting his loss of balance. Compared to exoskele-

tons, these technologies, that are usually integrated to the human body through a

backpack, are easier to wear and they do not impede walking.

These devices could provide assistance to people with balance impairments, who does

not need wearing exoskeletons, as well as they could be included in exoskeletons to

control postural stability. Indeed, bipedal balancing of current exoskeletons is often

ensured by conventional assistive technologies such as crutches aimed at increasing

the wearer's base of support. Nevertheless, even if they are the most spread balance

support devices, they involve signi�cant musculoskeletal and metabolic e�ort from

the patient and constrain his arms function [72]. Multi degree of freedom actuated

joints would improve gait stability, but the total weight of the robots would increase

too much. Indeed, exoskeletons are usually actuated only in the sagittal plane,

limiting the capability of these robots to contribute to maintain lateral stability and

to provide active lateral weight shift.

Furthermore, balance assistive devices could be worn separately from the exoskele-

tons becoming e�ective portable robotic solutions for rehabilitation of patients suf-

fering of balance disorders.

Balance assistive devices are supposed to provide stability assistance to the wearer
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in his daily life actions and consistently with human balance control. Indeed, it is

important that these devices provide assistance only when it is needed in order to

make the rehabilitation more e�ective and to best promote neural recovery [28].

These technology-based applications are mainly reactionless actuators, as gyroscopes

or inertial �ywheels, which exert corrective actions on the human body by transfer-

ring the angular momentum between the wearer and the actuator [25, 26, 27, 24].

Both reaction wheels and controlled moment gyroscopes consist of a rotating �y-

wheel connected to a rotor and they transfer free moments to the body without

structures on the joints. Despite these similarities, their operation is totally di�er-

ent: reaction wheels generates moment by changing the spin rate of the �ywheel,

instead controlled moment gyroscopes generates moment by rotating outer gimbals.

The inertial e�ect of the �ywheel, which has recently found a high-level application

in the Cubli balancing robot [73], has been used to counteract perturbations in the

frontal plane in the balance assistance devices proposed in [24]. The concept of

CMGs, largely investigated in aerospace, has been elaborated and applied to human

balancing by [25], who have proposed a wearable backpack device which include

multiple lightweight CMGs capable of providing balance assistance in any fall di-

rection. A variant of this latest device has been elaborated upon by [27] and [26]

constructed a simpli�ed prototype. A thorough description of the existing concepts

of actuated devices for bipedal balancing follows here.

2.4.1 Giroscopic e�ect for human balance/ control moment

gyroscopes and variable speed control moment

gyroscopes

Control moment gyroscopes (CMGs) are actuated devices that takes advantage of

the gyroscopic e�ect of a spinning wheel to stabilize the motion of unstable systems

like bicycles, monorail car or two-wheeled automobile [74], mobile robots [75, 76],

spacecrafts [77].

In a CMG, a �ywheel is coupled to a gimbal that is free to rotate around an axis

that is perpendicular to the �ywheel spin axis (Fig. 2.9a). When the gimbal rotates

and the �ywheel is spinning around its axis, a torque is generated around the cross

product direction of the �ywheel and spin axes. The magnitude of the torque is

proportional to the product of the �ywheel and gimbal angular velocities. Therefore,
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high torques can be generated easily and be controlled rapidly through the velocities

of spin axes.

CMGs are considered among those walking assist devices that keep posture of user's

trunk and enable the user to walk safely ( Fig. 2.9b). These devices usually includes

N ≥ 2 CMGs to control posture of subjects around roll and pitch axes, which are

the prevailing falling directions in humans. The number of CMGs included into the

device leads to di�erent con�gurations of the system which involve di�erent posture

control low methods [27] . Regardless of the method adopted, state feedback control

de�nes the target postural control torque to be generated by CMGs, in which gimbals

change their angular velocity and the �ywheel spins at constant speed.

a b

Figure 2.9: Diagram and experimental prototype of the control moment gyroscope
presented in [27]. The �ywheel is mounted on a gimbal that rotates around its
longitudinal spin axis. When the gimbal rotates, the orientation of the �ywheel
spin rotates and a torque is generated around a third axis orthogonal to �ywheel
and the gimbal spin axes.

it is supposed to be attached to human body by orthopedic corset in order to have

the backpack tightly attached to human trunk and pelvis. Each VSCMG has 2

actutors controlling the gimbal speed and the rotation speed of the reaction wheel.
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Gyroscopic e�ect of CMGs is used in combination with the inertial e�ect of the �y-

wheel accelerated around its spin axis in variable speed control moment gyroscopes

(VSCMGs) [78, 79]. A VSCMG that is able to counteract human falls in any di-

rection has been presented in [25]. This is supposed to be included into a backpack

tightly attached to human trunk and pelvis ans it includes N ≥ 2 VSCMGs with

gimbals aligned with the longitudinal axis of the human (Fig.2.10). Each VSCMG

has 2 actuators controlling the gimbal speed and the rotation speed of the reaction

wheel. The inertial e�ect of the �ywheel is useful to instantaneously compensate

for errors in the transverse plane. As in CMGs, the coordination of gimbal accelera-

tions is important to prevent moments about the longitudinal axis caused by inertia

of VSCMGs about the gimbal axis. Furthermore, in VSCMGs gimbals must be

stopped once the spin axis of the reaction wheel is aligned with the required torque

vector to avoid oscillation around this con�guration where no desirable moments

can be produced by CMG e�ect.

a b

Figure 2.10: Balance assistive device presented in [25]. Three variable speed control
moment gyroscopes are included into a backpack worn by a human subject to
counteract perturbations in any directions.

A controller acting consistently with the human control has been designed for this

application. An open loop assistance control generates a feed-forward moment pro�le

when the loss of balance is detected and until the human body is in the desired �nal

con�guration, that coincides with the vertical standing position at zero velocity. An

alternative goal could be to slow down the fall and give the patient more time to
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regain balance by himself. The reference torque to be tracked by the controller in

the transverse plane is calculated through the equation of motion for the VSCMG

assembly and for the human, modeled as an inverted pendulum pivoting around

point A (Fig.2.10). A minimizing a cost function that penalizes torque control error,

actuator torques and actuator power, solves the obained indeterminate equation

system.

The balance action of a system including 3 VSCMGs of about 3 kg each, has been

predicted through simulations which proved that it is able to correctly track the

desired moment pro�le when it starts from con�gurations di�erent from the upright

position, until a maximum angular shift of 10° from the vertical. Even if the system

is not able to generate a torque that compensates for larger angles, a bene�cial e�ect

is anyway expected. Indeed, an alternative goal of the balance device could slow

down the fall and give the patient more time to regain balance by himself.

2.4.2 Inertial e�ect for human balance

The movement of the upper body relative to the lower body plays a big role to

regain balance. When someone is about to lose his balance one of the strategies

adopted to counteract the perturbing action is the rotation of his arms or his trunk

in the same direction of the balance disruptive force. As long as they accelerate, the

arms and the trunk generate an inertial torque on the human body that helps the

subject to regain balance. The same e�ect is exploited by funambulists walking on

wires while holding a long pole to keep balance. Several studies have been carried

on to examine the balancing e�ect of a spinning �ywheel on inverted pendulums

[80, 81]. The torque generated when a rotating inertia is speed up, can be used to

balance systems in the plane that is orthogonal to the �ywheel spin axis. Based

on this principle, spinning �ywheel are accelerated to apply a corrective action on

the human body to counterbalance perturbing actions in the frontal plane [24].

The human balance-keeping feedback control is replicated by the balance device

presented in [24], that, once the lose of balance is detected, generates a counter

torque based on the measurement of body de�ections. Furthermore it supports

human balance in harmony with the human's own posture control mechanisms such

as postural re�exes, that are supposed to work correctly in the �natural recovery

area�, which is limited by threshold values of sway speed and angles (Fig. 2.11).

The balance device of [24], whose specs are listed in table2.1, has been tested in
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Figure 2.11: Diagram illustrating the working operating area of the device (D).
The balance device of [24] is supposed to work consistently with human's own
posture control mechanisms, that are supposed to work correctly in the Natural
Recovery Area. The operating area of the device is limited by threshold value on
the sway speed when both the sway angle and speed have the same orientation.
The digram is adapted from [24].

35



Chapter 2 State of the Art

standing and walking (Fig. 2.12) and an it has been proved to enhance the human

balance performance action by providing a maximum balance torque of about 7 Nm.

During tests the e�ect of feedforward and feedback control lows have been compared,

proving that a more e�cient control low that matches human innate postural re�exes

must be designed to improve the balance keeping action of the balance device.

Figure 2.12: Balance assistive device presented in [24]tested in human stance and
walking. It provides a corrective torque to the human body accelerating the
�ywheel once the subject loses his balance.

Parameter name Value

Flywheel weight 2.2 kg

Flywheel diameter 300 mm

Flywheel moment of inertia 0.028 kgm2

Motor stall torque 4.5 Nm

Motor nominal torque 0.5 Nm

Motor maximal prmissible speed 5000 rpm

Pulley ratio 4:1

Table 2.1: Technical features of the balance device presented in [24]
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3 Flywheel-In�nitely Variable

Transmission Actuators

3.1 Overview

One of the greatest limits to the development of powered orthoses, exoskeletons and

prostheses, deals with their portability that is often limited by current actuation

technologies which impede the development of devices with both reasonable weight

and acceptable operating range [5]. This is a relevant issue especially in wearable

robots for lower limbs because of the high power demand of locomotion tasks. Actu-

ators must supply high peaks of power and torque in order to replicate the walking

patterns. Nevertheless, the size of an actuator is basically a�ected by its torque and

power requirements (e.g., the higher they are, the bigger and heavier is the motor),

and thus the actuation design of these robots usually results in a compromise be-

tween powerful systems and small and lightweight devices. The sti� coupling of the

motor to the leg joint through a transmission gear, which characterizes most of the

commercially available systems, is the actuation scheme that is mainly a�ected by

this issue because the motor is selected with reference to the leg joint requirements.

Energy recovery is a smart strategy to face this problem and reduce the net energy

consumption of actuators of these legged robots. Leg joints require positive and

negative power in walking gait cycles, giving the chance to recover energy. Energy

recovery during normal operation could extend the portability of wearable devices by

enlarging their operating range and by reducing the power demanded to the motor.

Di�erent actuators with energy recovery capabilities have been developed with this

aim. However, beyond the motor power, also the motor torque requirement should

be reduced in order to achieve an e�ective motor downsizing and thus solving the

nodal question of actuation requisites. Indeed, the size and the weight of a motor

increase with the nominal torque.
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These ful�llments are addressed by the Flywheel-In�nitely Variable Transmission

(F-IVT) actuator, a new concept of actuator in which the main source of power

is a high speed rotating mass (�ywheel) acting as a kinetic energy storage device.

The �ywheel energy storage has been recently reconsidered in the automobile �eld

under the denomination of mechanical KERS (Kinetic Energy Recovery System). It

is one possible short-term solution to achieve an improvement of the fuel economy

performance of automobiles. In mechanical KERS, the energy is moved from the

load (vehicle) to the �ywheel under negative work phases and from the �ywheel to

the load otherwise [82] . When the vehicle brakes, its kinetic energy, instead than

being dissipated in thermal losses, is delivered from the tires to the �ywheel where

it is stored (Fig.3.1). Under this phase, the speed ratio of the variator decreases in

order to permit the recovery energy path. Conversely, when the vehicle accelerates

energy is moved from the �ywheel to the tires by increasing the speed ratio of the

variator. Under this latest condition additional power is provided by the thermal

engine. It is worth to notice that in a powertrain with a mechanical KERS, as well

as in the F-IVT, the energy recovery does not involve any energy conversion, with

advantage in terms of e�ciency.

Inspired by KERS, the F-IVT is supposed to lead to potential bene�ts when em-

ployed in powering knee bionic joints. The key and non-conventional elements of

this alternative design of actuator are the �ywheel and a micro In�nitely Variable

Transmission (IVT). This particular powertrain con�guration permits to exploit ef-

�ciently the dynamics of human locomotion which o�ers the possibility to recover

energy: energy is stored in the �ywheel under the passive phases of the gait cycle

and it is delivered to the knee joint under the active phases (Fig. 3.2). The IVT

plays a signi�cant role in the actuator: by changing its speed ratio (τIV T ) in a range

de�ned by a positive (τmax
IV T ) and a negative boundary values (τmin

IV T ), it controls the

�ow of energy between the �ywheel and the joint, and always adapts the nearly

constant �ywheel speed to the desired joint speed.

The concept of the F-IVT has been elaborated upon in two di�erent variants of

the actuator. The �rst one, that will be referred to simply as F-IVT from now on,

includes a motor in the power train which acts as an additional source of energy and

delivers an almost constant amount of power to mostly compensate for power losses

in the power train. The second variant is a self-powered actuator whose only source

of power comes from the energy absorbed by the knee and stored in the �ywheel.

Di�erently from the �rst option, the latest is expected to power knee joint only in
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Figure 3.1: The mechanical KERS consists of a �ywheel connected to the engine by
a variable ratio transmission. The energy produced by the vehicle during braking
is stored and converted by a system of pulleys and gears that works on the block
gear-converter-�ywheel. The arrows show the direction of power �ows in a power
train including a mechanical KERS: energy �ows from the tires to the �ywheel
when the vehicle brakes, and from the �ywheel to the tyres when it accelerates.
Adapted from [82].
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Figure 3.2: Instant power requirement of the knee joint in level ground walking at
natural speed. The active and passive phases of the gait cycle are distinguished:
in the active phases the power is positive and the knee demands power, in the
negative ones the power is negative the knee dissipates power.

locomotion conditions whit negative energy expenditure in a cycle. Therefore, power

demanding activities, as stairs climbing, have not been considered in the evaluation

of the self-powered F-IVT.

3.2 Flywheel - In�nitely Variable Transmission

The F-IVT is an actuator with energy recovery capabilities for knee joints of wearable

robots. It includes a brushless DC motor, a �ywheel, a micro In�nitely Variable

Transmission (IVT) and a �xed ratio drive gear (FR) (Fig. 3.3). The working

principle and the resulting advantages of the F-IVT mainly depend on the combined

action of the �ywheel and the IVT, which are are the key elements of the actuator.

The �ywheel, a high speed rotating mass, is coupled directly to the motor and

they spin at the same almost constant velocity. It acts as a mechanical energy

storage device and reduces the motor motion irregularity in order to make it work

e�ciently. The IVT is a continuously variable transmission whose speed ratio, which

is de�ned as the ratio between its output and the input shaft velocities, changes

continuously in a range limited by a maximum positive and a minimum negative

boundary values. The continuous change of τIV T adapts the nearly constant motor
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speed to the variable angular velocity of the knee. An IVT and not a CVT is needed

in this application because the knee speed spans among positive and negative value.

The IVT performs a crucial role in the actuator also because its speed ratio controls

the direction of the power �ow between the �ywheel and the knee: energy is stored

in the �ywheel when the knee power demand is negative (reverse motion) and it is

released otherwise (forward motion), as it is schematically depicted in �gure 3.3.
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Figure 3.3: Fluxes of power in the F-IVT under forward, reverse and irreversible
motion conditions. The arrows indicate the power �ows direction in each of
them:PM motor power, PF rate of change of the kinetic energy of the �ywheel, PL

power losses in the transmission devices, PK knee power.

The main idea behind the concept of the F-IVT actuator comes from the evidence

that legged locomotion can be very e�cient. Indeed the instant power requirement

of leg joints oscillates between positive and negative values in a gait cycle (Fig.

3.2), meaning that joints sometimes need power for propulsion (positive power) and

sometimes need to be braked (negative power). Furthermore joint power, as well

as all the kinetic and kinematic characteristics of the joints, changes in a periodic

fashion in a gait cycle. For these reasons the average power per gait is much smaller

than the peak power (positive and negative) requested, being even negative in the

case of the knee joint in normal walking. These peculiarities of human walking

suggest that, beyond the possibility to recover energy during gait cycles, the total

knee power requirement can be satis�ed by delivering the energy recovered and by

a constant input power, delivered for instance by the motor.
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This is the operating principle actually performed by the F-IVT actuator. Indeed,

more than exploiting the passive dynamic of human walking by recovering energy,

the working principle of the F-IVT makes the energy storage device the main source

of power of the actuator. The �ywheel in the F-IVT �lters the variable knee power

request and the motor only feeds the system with the average power need to work.

The motor delivers almost a constant amount of power to mostly compensate for

power losses in the power train. Therefore, being the motor speed nearly constant,

the motor applies an almost constant torque to the �ywheel, thus working on a �xed

operating point at optimal energetic e�ciency.

The stabilization of the working point of the motor is one of the most relevant

bene�ts of the F-IVT which could bring to remarkable motor downsizing. Indeed,

since average power and torque are much smaller than their peak values, the motor

can be greatly undersized. Furthermore, if the motor working point is almost �xed,

a smart design can lead to make the motor work always with high e�ciency.

Two di�erent design of have been elaborated: the rotating F-IVT and the linear

F-IVT (Fig. 3.4). They di�er from each other in the �nal transmission stage that is

a harmonic drive (HD) gear in the rotating F-IVT and it is a ball screw (BD) plus

a mechanism in the linear F-IVT. The di�erent actuation scheme of the rotating

and the linear F-IVT also involves relevant di�erences about the embodiment of

the overall assembly: the rotating F-IVT is �xed concentrically to the knee joint,

while the mechanism joins the linear F-IVT to the knee joint and adapts the BS

output linear motion to the rotating one of the knee. A schematic picture of the

mechanism is given in �gure 3.4c. The output shaft of the BS is connected to the

link l2 of the mechanism, whose length changes as the linear displacement of the

BS. The actuator is rigidly joined to the femur trough links l1 and l3 , and it is �xed

to the tibia by the rigid body identi�ed by the link l3 and by the constant angle

ψ. It is expected that the very high e�ciency of BS in the linear F-IVT, and the

possibility to optimize the geometry of the mechanism in order to achieve a more

e�cient usage of the IVT should lead to a much better energy saving performance

in comparison with the rotating F-IVT. Indeed, it is expected that the lower power

losses in the BS than in the HD would improve the power pro�le at the output shaft

of the IVT of the linear F-IVT that, if the average e�ciency of the IVT in both the

actuation schemes is nearly the same, would result in a greater amount of energy to

be stored and a more e�cient usage of the energy delivered by the �ywheel.
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The di�erent actuation scheme of the rotating and linear F-IVT also involves rel-

evant di�erences about the embodiment of the overall assembly. Even though the

connection of the actuator to the human joint is expected to be more complex in

the linear than in the rotating F-IVT, the side encumbrance of the former is lower.

Indeed, while the rotating F-IVT is nearly aligned with the joint axis resulting in a

side positioning of the actuator, the linear F-IVT is mainly located in the back of

the leg. The linear F-IVT is also expected to conform better than the rotating one

to the variable rotational axis of the knee joint.
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Figure 3.4: Schemes of the two di�erent designs of the F-IVT actuator: a) the
rotating F-IVT is made up of a Brushless DC motor, of a �ywheel, of an IVT and of
a HD gear; b) the linear F-IVT includes a Brushless DC motor, a �ywheel, an IVT,
a BS (ball screw) and a mechanism. In the picture c) details on the geometry of
the mechanism of the linear F-IVT, which joins the actuator to the human limb,
are given.
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3.2.1 In�nitely Variable Transmissions

The alternate motion of the knee joint requires a mechanical transmission that is

able to change seamlessly the speed ratio from positive to negative values (IVT).

Di�erent typologies of IVT have been proposed in literature [83, 84, 85, 86, 87, 88]

each of them based on a di�erent working principle. The most popular con�gura-

tion of IVT is the shunted CVT architecture, which is the one considered in the

F-IVT performance simulations. In truth, there are di�erent typologies if IVTs

that would probably be more suitable for exoskeletons because of their simpler con-

struction [86], even though their performance are still under investigation. The

shunted CVT architecture of IVT is made of the following component devices: a

micro-toroidal CVT, a micro planetary gear train (PG) and a �xed speed ratio drive

(FR). In order to evaluate and compare the e�ciency of di�erent joint drives, ac-

curate models of the power loss in the drive components, and in particular in the

transmission, are necessary[89]. The micro-toroidal CVT was assumed to incorpo-

rate a torque-sensitive mechanism, which permits to supply a clamping force on

the CVT proportional to the transmitted torque, with a resulting e�ciency very

close to the optimal one obtained through an optimal control of the clamping force

[90]. CVT, shunted CVT and IVT transmissions have been extensively studied the-

oretically and experimentally in the past[91, 90, 92, 93, 94, 95, 96], thus e�ciency

models of these transmissions both in direct and reverse operation are available in

the literature[89, 97][89, 97]. Furthermore, novel unconventional applications have

already been proposed [98]. In the proposed system the IVT permits the motor

to work almost at �xed operating point, close to the most e�cient condition, by

adapting the speed ratio to the end-user requirements. This latest aspect is a great

advantage in the mechanical systems where the IVT is introduced because it permits

to cut o� motor's consumptions and size [98, 99, 100]. These achievements are very

important for exoskeletons, since they lead to the improvement of the operating

range and the wearability.

E�ciency Model

Among the di�erent typologies of IVT proposed in literature [83, 84, 85, 86, 87, 88],

the most popular one is the shunted CVT architecture (Fig. 3.5) which includes the

following component devices: a micro-toroidal CVT (Continuously Variable Trans-

mission), a PG (micro planetary gear train) and a FR (�xed speed ratio drive). An
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IVT with shunted CVT architecture was considered in the F-IVT actuator, because

mathematical models of its e�ciency are well established in the literature [89].

Type I

Type II

(a) (b)

Figure 3.5: Schematic picture of the shunted CVT architecture of IVT, where
power circulation of type I or of type II can take place. Figures above depict the
two types of power circulation in direct (a) and in reverse (b) operating modes.

An IVT is needed in the actuation system of lower limb joints because it is able to

continuously change its speed ratio between positive and negative values, permitting

the motor speed to be kept constant or nearly constant, while the joint always

works at the desired speed value. The IVT speed ratio is given as a function of the

transmission ratios of all the components of the IVT:

τIV T =
1 + τCV T τFRχ

1 + χ
(3.1)

Where τFR is the speed ratio of the FR and χ is the basic transmission ratio of the

PG. Very often the lower and upper bounds of τCV T are �xed, being an intrinsic

geometric feature of the device. The IVT under consideration includes a micro-

toroidal CVT whose ratio range varies between 0.4 and 2.5. The speed ratio range

of the IVT has also to be �xed to match the requirements of the load. Once the lower

and upper bounds of τIV T and τCV T are chosen, both τFR and χ can be calculated

through Eq. 3.1. The IVT enlarges the transmission ratio range of the CVT, but

this increase involves a power circulation in the IVT device, which can be reverse

or forward according to the relationship between τIV T and τCV T . The reverse power

circulation, which is named power �ow of Type I, is characterized by a monotonic

decrease of τIV T when τCV T increases, conversely the forward power circulation,

named power �ow of Type II, by a monotonic increase of τIV T when τCV T increases.
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Chapter 3 Flywheel-In�nitely Variable Transmission Actuators

The IVT with a Type I power �ow for positive value of the τIV T and with a Type II

power �ow for the negative ones, was chosen as the most adequate for our purposes.

The e�ciency of the IVT (ηIV T ) was modeled as in [89], considering the di�erent

operating modes of the transmissions, i.e. the direct, the reverse mode and the

conditions under which the IVT is not back-drivable. ηIV T is a�ected by the type of

power circulation both in direct and reverse operating mode. The e�ciency of the

IVT is estimated through the following equations in forward (from �ywheel to the

knee) or reverse (from the knee to the �ywheel) operations:

forward mode ηIV T =



















1+τCV T τFRχ
1+τCV T τFRχηCV T ηFR

, Type I(τIV T ≥ 0)

ηCV T ηFR(1+τCV T τFRχ)
ηCV T ηFR+τCV T τFRχ

, Type II(τIV T < 0)

(3.2)

reverse mode ηIV T =



















ηCV T ηFR+τCV T τFRχ
ηCV T ηFR(1+τCV T τFRχ)

, Type I(τIV T ≥ 0)

1+τCV T τFRχηCV T ηFR

1+τCV T τFRχ
, Type II(τIV T < 0)

(3.3)

where ηCV T and ηFR are respectively the e�ciency of CVT and FR, for which the

following values are assumed: ηCV T = 0.93, ηFR = 0.98. ηCV T is assumed to be

constant because a micro-toroidal CVT equipped with a torque sensitive device was

considered. The torque sensitive cam, a simple and inexpensive device, permits to

supply a clamping force on the CVT proportional to the transmitted torque, with

a resulting e�ciency very close to the optimal that would be obtained through an

optimal control of the clamping force [91]. Such system permits to reach almost

the highest value of e�ciency for any requested load [101, 102] also minimizing the

e�ect of the speed ratio of the CVT on the value of its e�ciency as demonstrated in

[103]. As a consequence of these achievements, we considered that the micro-toroidal

CVT with torque sensitively regulated clamping force included in the F-IVT has the

e�ciency almost independent on the speed ratio and the load in our simulations. In

the F-IVT, an IVT with a Type I power �ow for positive value of the τIV T and with

a Type II power �ow for the negative ones is considered.

Figure 3.6 shows the e�ciency curves of the IVT included in the linear F-IVT. It
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3.2 Flywheel - In�nitely Variable Transmission

can be noticed that ηIV T is very low for small values of τIV T , close to the neutral gear

condition (τIV T = 0) [98], and increases with the absolute value of τIV T up to reach

its maximum value at the boundaries of the IVT ratio range (τmin
IV T , τ

max
IV T ). Thus, the

ratio range can be chosen according to the speed range of the knee joint to improve

the global e�ciency of the IVT. It is also important to notice that the e�ciency in

forward operation is larger than in reverse operation in particular at small |τ |, and

that if ηIV T is null τIV T , the back drive ability of the transmission is not permitted.
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Figure 3.6: IVT e�ciency map in forward and reverse operation mode according
to [89]. ηIV T is mainly a function of τIV T and it reaches its highest values for τIV T

close to the boundaries of the IVT ratio (τmin
IV T = −0.85, τmax

IV T = 1).

3.2.2 Harmonic Dive Gears

E�ciency Model

The HD unit is directly connected to the knee joint. Harmonic Drives are usually

chosen in biomechatronics application because of the large torque capacity, high

gear ratios and small size [39]. HD e�ciency depends mainly on the speed of the

input shaft and on the torque of the output shaft [104] as well as their size, the

temperature and the lubrication. In �gure 3.7the e�ciency of the HD unit is given

as a function of the absolute values of the output torque (COUT ) and speed in direct

(POUT ≥ 0) and reverse (POUT < 0) operation respectively. HD drives permit the

power �ow inversion only under certain conditions of output torque and input speed,

being irreversible otherwise. All these aspects have been considered in the model of
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Chapter 3 Flywheel-In�nitely Variable Transmission Actuators

the HD unit e�ciency, following the guideline given by one manufacturer (Harmonic

Drive AG).
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Figure 3.7: E�ciency maps of the HD gear. The maps distinguish the performance
of the transmission devices in forward (POUT ≥ 0), reverse (POUT < 0) and
irreversible motion conditions. ηHD is given as a function both of the output
motor speed and of the torque at the output shaft normalized to the rated torque
(RT) of the HD gear selected.

3.2.3 Actuator Model

A simulation tool for estimating the performance of the actuator in terms of energetic

e�ciency has been developed.Three performance indexes have been mainly consid-

ered: the energy consumption (per gait), the peak of electric power and the peak

of motor torque. These are signi�cant quantities for the development of lightweight

and portable wearable robots because they a�ect the size and the weight of the

actuator, as well as the operating range of the device. The energetic and power

requirements of all the actuators have been calculated through a back-dynamic ap-

proach, that is to say starting from the load characteristics (knee angle and torque

vs time) given as input data to the model (Fig. 2.4).

In particular, level ground walking in a range of speeds and stairs climbing at dif-

ferent inclination have been considered as locomotion conditions. Herewith an ex-

planation of the mathematical model of the actuator follows.

The following equation is the power balance equation of the F-IVT, in which the

motor power (PM) and the rate of change of the kinetic energy of the �ywheel (PF )

overcome power losses into the transmission devices (PL) to satisfy at each time the
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3.2 Flywheel - In�nitely Variable Transmission

power request of the knee joint (PK):

PK = PM + PF + PL (3.4)

Each term of equation 3.4 is explained below. In the F-IVT the motor must provide

an almost constant power, while the �ywheel provides the variations of the requested

power at the knee joint. As a consequence of the working principle of the F-IVT,PM

is given by the product of a nearly constant angular speed ωM and a constant

torque (CM). The continuously variation of τIV T between positive and negative

values ensures that the constant motor speed (ωM) and the changeable knee angular

velocity (ωK) are always matched. The kinematic relationship between ωM and ωK

is expressed by:

ωM =
ωK

τIV TτFR

(3.5)

where τFR is the �xed speed ratio of the �nal transmission stage of the F-IVT. τFR

is equal to the transmission gear ratio of a harmonic drive (τHD) in the rotating

F-IVT, and it is given by the product of the constant speed ratio of the ball screw

( τBS = lead
2π

) and the instant value of the speed ratio of the mechanism (τMECH) ,

which comes from its kinematic analysis:

τMECH =
ωK

l̇2
(3.6)

with l̇2 the time derivative of the length of the link l2 of the mechanism.

With the motor speed being nearly constant , in order to achieve an almost constant

power delivery, the motor is supposed to be controlled with constant torque given

by:

CM =
1

T ω̄M

∫ T

0

(PF − PL)dt (3.7)

where T is the period of the gait cycle, ω̄M is the mean value of the motor angular
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speed and (PF − PL) is the total amount of powerto be provided by the motor and

�ywheel block.

The power delivered by the �ywheel (PF of Eq. 3.4) is the rate of change of its

kinetic energy that a function of the �ywheel inertia (JF ), of the angular motor

speed (omegaM) and acceleration (ω̇M):

PF = −JF ω̇MωM (3.8)

Equation 3.8 shows clearly that the �ywheel inertia (JF ), the angular motor speed

(ωM) and acceleration (ω̇M) are the factors that a�ect the storage capacity of the

�ywheel. Neglecting ω̇Mthat has few relevance in this application, a bigger and/or

heavier �ywheel or mass rotating very fast may lead to a maximization of the �y-

wheel storage capacity. However, actuators for lower limbs have to face

In order to have a realistic evaluation of the performance of the actuator, the power

lost (PL) in all the mechanical drives of the F-IVT has been considered in the total

power balance of the system (Eq. 3.4). PL can be calculated by adopting detailed

e�ciency models of all the mechanical drives included into the actuators. These

models estimates the power losses considering the real operating condition of the

devices as the actual values of speeds and torques and the direction of the power

�ow (i.e. forward or reverse operating mode). The adopted e�ciency models also

consider the non reversible motion condition, which implies that PM , PF and PK

are all delivered to the transmission and dissipated as heat losses (Fig. 3.3). This

situation can involve the IVT, the FR or both simultaneously, depending on the

actual values of speed and torque. In particular, the model given in [89] has been

adopted for predicting the e�ciency of the IVT (ηIV T ) and the guidelines of the

data sheets of HD and BS gears have been followed for estimating the e�ciency of

the adopted �xed ratio drive (ηHD, ηBS). In the linear F-IVT power losses in the

mechanism are neglected. The BS always delivers power with almost constant and

high e�ciency both in the forward and reverse mode.

Power losses in the F-IVT can be estimated with following equation where the
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3.2 Flywheel - In�nitely Variable Transmission

forward and reverse operating modes are distinguished:

PL =



















−(1− ηf
IV Tη

f
BS)(PM + PF ), forward mode

−(1− ηr
IV Tη

r
BS)PK, reverse mode

(3.9)

In equation 3.9 ηf
IV T , η

r
IV T , η

f
FR, η

r
FR are the e�ciency of the IVT and of the FR in

forward (f) and reverse (r) power �ows.

The previous equations are collected into an iterative procedure aimed at predicting

the working points of the motor (ωM(t),CM(t)). The iterative calculation is neces-

sary to �nd the actual value of ωM(t) in the gait cycle, which is not known a priori.

Starting from a guess constant motor speed value (ω0

M), we compute �rst the corre-

sponding values of CM(t) (Eq. 3.7) and than those of ω̇M(t) (Eqs. 3.4, 3.9, 3.8), from

which ω1

M can be obtained through a numerical method (Newton-Raphson method).

At integration step j, an error is de�ned as Err
j
= 1

T

∫ T

0
(ωj+1

F − ωj
F )

2dt. The itera-

tion stops when Err
j
≤ Errmax where Errmax is the error tolerance, and requiring

also that the constraints on the IVT ratio are ful�lled (τmin
IV T ≤ τIV T ≤ τmax

IV T ).

After the mechanical motor requirements are de�ned, the electric power demanded

to the motor can be predicted through the equations governing the behavior of a

DC motor:

iM =
CM

kt

+
JM ω̇M

kt

+
νωM

kt

+
sign(ωM)Cfr

kt

(3.10)

VM = RiM + kemfωM (3.11)

where iM and VM are respectively the electric motor current and voltage, kt the

motor torque constant, ν the damping friction coe�cient, Cfr the Coulomb friction

torque, R the motor resistance , kemf the back EMF constant, JM the motor inertia.
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The electric motor power (PEL) was de�ned as:

PEL =







VMiM , PM ≥ 0

VMiMηgen, PM < 0
(3.12)

where ηgen is the e�ciency of converting mechanical power into electrical power.

According to [105], in the reverse operation it may happen that the electric motor is

not able to generate electricity. In those cases, PEL = 0. At last, the electric energy

demanded at the motor electrodes is calculated as the time integral of the electric

power:

EEL =

∫ T

0

PELdt (3.13)

3.2.4 Sizing Procedure

A wearable assistive device for lower limbs is expected to assist the wearer in its daily

activity. Thus the F-IVT is sized to ensure some of the most common human walking

regimes, which have been identi�ed with level ground walking at di�erent speeds

(0.5, 1.1, 1.6, 2.1 m/s) [16] and stairs climbing at di�erent inclinations (24, 36, 42°)

[106]. To design an e�cient F-IVT, both the most powerful and the most frequent

working conditions must be considered. In particular, the former ensures that the

actuator is powerful and robust enough to provide and to resist the maximum forces

and torques demanded. Whereas the latter (level ground walking at 1.1 m/s) is

necessary to optimally design the F-IVT in such a way it can work very e�ciently

over most of its operation. Level ground walking at natural speed (1.1 m/s) has been

assumed to be the most common locomotion condition, while gait cycle analysis

data suggest that stairs climbing at the maximum inclination is the most power

demanding condition.

The optimal design of the F-IVT leads to the choice of the motor, the �xed ratio

gear, the ratio range of the IVT and the related value of the motor working speed.

Indeed, as it will be clari�ed later, the optimization of the IVT consists in the
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calculation of its optimal speed ratio range, which also has a direct in�uence on the

actual working point of the motor.

The �rst step of the sizing procedure is aimed at selecting a suitable motor from

the catalogue of one (or more) manufacturers. The key parameter is the mean value

of the power requested to the motor at the most powerful condition, the value of

which has to be approximately equal to the motor nominal power. Indeed, based on

the working principle of the F-IVT, the electric motor is required to provide nearly

the mean value of the power demanded by the load in a cycle, while the �ywheel

compensates the �uctuations of the requested power.

At this step we assume that the �ywheel inertia is in�nite, thus the motor runs at

constant speed. Under this assumption, the constant power delivered by the motor

is thus calculated:

P̄M =
1

T

(

∑

i

∫

Tf,i

PKdt

η̄fIV T η̄
f
FR

+
∑

j

∫

Tr,j

∑

∫

Tr,i

η̄rIV T η̄
r
FRPKdt

)

(3.14)

where P̄M is the average power requested to the motor, Tf,i and Tr,j are the time

intervals of direct and reverse operation respectively, T = Tf,i+Tr,j is the duration of

the gait cycle, η̄f,rIV T and η̄f,rFR are the instant e�ciency values of transmission drives

in forward and reverse operating mode.

According to the IVT e�ciency model [89], ηf,rIV T depends on the direction of the

power �ow, on the actual value of the speed ratio relatively to the speed ratio range.

However, at this stage of the sizing procedure the IVT has not yet been selected,

rather it will be one of the output of the optimized sizing procedure of the device.

Therefore, being impossible to estimate power losses by applying the e�ciency model

of [89]at this step, e�ciency guess values have been assumed for the IVT in forward

(η̄f
IV T = 0.6 ) and in reverse (η̄r

IV T = 0.5) motion conditions to calculate P̄M .

The e�ciency of the �xed ratio drive (η̄f,rFR) corresponds to the e�ciency of the HD

in the rotating F-IVT and to the e�ciency of the BS and its joint in the linear

F-IVT.

Based on the e�ciency model of the HD, η̄f,rHDcan be estimated as a function of the

load condition once the gear has been selected. According to the guidelines suggested

by one manufacturer (Harmonic Drive AG), a HD gear can be selected on the basis
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of the maximum torque and speed applied, therefore the HD can be chosen at this

stage of the sizing procedure and the power losses easily calculated by adopting

the model described in section 3.2.2. Because in this application the speed limit

of the HD is by far respected (the knee speed is always lower than the maximum

speed allowed), the HD gear has been chosen constraining the greatest value of the

output torque in all the gait cycles examined (i.e. stairs climbing at the maximum

inclination), to be less than or equal to the Repeatable Peak Torque (RPT) value

of the HD gear (max |CK | ≤ RPT ). The selection of the HD gear focuses at the

smallest size and the greatest e�ciency, mainly depending on the speed of the input

shaft and on the torque of the output shaft, by means of a coe�cient that is a

function of the Rated Torque (RT) value of the device. Among all the admissible

options of HD gears (i.e. the ones that satisfy max |CK | ≤ RPT ), the smallest one

with the smallest RT value is chosen.

In the linear F-IVT the e�ciency of the FR is given by the power losses in the

BS and in the joint that connects the ball screw to the knee. The e�ciency of

BS mostly depends on the geometry of the BS and, as it is well supported by

datasheets, its value is very large and almost constant in a wide range of working

conditions. Therefore, the following e�ciency guess values have been assumed in

forward (η̄f
BS = 0.95 ) and in reverse (η̄r

BS = 0.94) motion conditions. Power losses

in the joints of BS have instead been neglected.

Calculation of P̄M (Eq. 3.14) is repeated for each of the working conditions examined.

Stairs climbing at the 42° is the most power demanding walking condition, which

leads to the choice of a 120W Brushless Maxon Motor in the rotating F-IVT and of

a 60 W Brushless Maxon Motor in the linear F-IVT (Table 3.1). Once a suitable

motor for the application has been selected, all motor parameters (Eqs. 3.103.11)

are known and step 1 is complete.

The e�ciency map of the motor is a necessary ingredient for the last step of the

actuator design whose goal is the optimization of the actuator with reference to

its prevailing operation. The second step of the sizing procedure selects the IVT

ratio range and the relative working points of the motor by minimizing the energy

consumption of the actuator under the most frequent locomotion condition (level

ground walking at 1.1 m/s). The energy consumption of the actuator can be mini-

mized if both the IVT and the motor work e�ciently. Therefore, an iterative routine

whose output is the average working point of the motor and the boundary values
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of the IVT ratio range τmin/max

IV T have been implemented. τmin/max

IV T are de�ned as the

minimum and the maximum value of the IVT speed ratio pro�le respectively. The

optimization routine simulates the operation of the F-IVT under the assumption of

an in�nite �ywheel inertia (i.e. constant motor speed) coupled to an IVT and solves

the constrained optimization problem (Table 3.2) by minimizing the electric energy

at the motor electrodes (objective function). The iterative routine solves the set of

equation provided in section 3.2.3.

The optimization procedure of the linear F-IVT di�ers from that of the rotating F-

IVT in some aspects related to the di�erent FR gears included. In the linear F-IVT,

the ratio range of the IVT and the location of the BS joints have a straightforward

in�uence on the working points of the motor and thus on the actual energy required.

The location of the BS joints plays a key role in the optimization of the linear F-IVT.

In fact, given the angle kinematics at the knee, the location of the BS joints de�nes

the actual instant value of the IVT ratio needed to provide the matching between

the motor and the knee speeds. Since the e�ciency of IVT strongly depends on the

speed ratio τIV T , it follows that the location of the BS joints is important to de�ne

the actual e�ciency of the whole actuator. In the light of these considerations,

the optimal design of the linear F-IVT is done through an optimization routine

aimed at �nding the optimal location of the BS joints and motor working speed, to

minimize the electric energy demanded. In order to speed-up the calculations, we

considered the IVT+BS as �equivalent IVT� (IVT*) , the speed ratio of which is

the product between the speed ratios of the IVT and of the BS, and it is bounded

between a minimum and a maximum value. The objective function is the energy

demanded by the motor, which must be minimized by �nding the optimal set of the

optimization variables l1, l3, l4 and ψ(location of BS joints) ωM1.1 (motor speed in

level ground walking at 1.1 m/s). For given set of the optimization variables, the

constraint indicated in Table 3.2 must also be satis�ed.

The parameters of each component of the rotating and of the linear F-IVT are given

in Table 3.1. Once the actuator have been sized, the operation of the F-IVT can be

simulated through the model given in Section 3.2.3, whose iterative routine starts

with a guess constant motor speed value ω0

M equal to the motor speed that minimize

the energy consumption of the actuator under the assumption of an in�nite �ywheel

inertia. Thus ω0

M is equal to ωM1.1
in level ground walking at 1.1 m/s and to other

optimal values of ωM found following the same optimization principle at all the other

locomotion conditions.
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Rotating

F-ITV

Linear

F-IVT

Brushless

DC

Motor

model

EC-max 40 p.n.

283871

EC-max 30 p.n.

272764

PNom[W ] 120 60

Cfr[mNm] 5.2 0.03

JM [g cm2] 101 21.9

MM [g] 720 300

kemf [
V

rad/s ] 0.0628 0.0359

k t[
mNm

A ] 62.8 35.9

R [Ω] 2.02 2.48

ν [ Nm
rad/s ] 8.66 10−6 4.3 10−6

FlywheeL JV [g cm
2] 5 103 5 103

IVT τIV T [-1.35, 1.21] [-1.04, 1.17]

Gear

Train

τFR 1/50 3.18 10−4 m/s
rad/s

ηFR by model 0.97

Mechanism

l1 [cm] - 15

l3 [cm] - 30

l4 [cm] - 5

ψ [°] - 36

Table 3.1: Model parameters of the rotating and linear F-IVT. The motor damping
parameters and the coulomb friction torque are not provided by data-sheet, but
they were estimated following the guide lines given by Maxon.
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Optimization Problem

Objective Function
min(EEL) in level ground

walking at speed 1.1 m/s

Optimization

Variables
l1, l3, l4, ψ, ωM1.1

Constraints on the

Mechanism

Geometry

limin
≤ li ≤ limax

0 ≤ l3 sin (ψ + ϑK) ≤ 20 cm

0 ≤ ϕi ≤ 2π

0 ≤ ψ ≤ ψmax

Constraints on the

IVT*
τ∗IV Tmin

≤ τ∗IV T ≤ τ∗IV Tmax

Constraints on the

Motor

0 ≤ ωM ≤ ωMmax

0 ≤ max (CM ) ≤ CMmax
(ωM )

in all investigated working

conditions

l1max
= 15cm; l2max

= 30cm; l4max
= 30cm; l1min

= 0cm;

l3min
= 5cm; l4min

= 5cm; l2min
= 5cm; ψ = π −max (ϑK)− 10°;

τ∗IV Tmax
= τIV Tmax

τBSmax
= 2.1 8 10−4 (m/s)

(rad/s) ;

τ∗IV Tmin
= τIV Tmin

τBSmin
= 1.1 1.6 10−4 (m/s)

(rad/s)

Table 3.2: Optimization routine aimed at �nding the optimal size of the linear
F-IVT which is the one that minimizes its energy consumption

3.3 Self-powered Flywheel-In�nitely Variable

Transmission

The self-powered Flywheel-In�nitely Variable Transmission (self-powered F-IVT) is

an actuator for knee joint of wearable robots that exploits the e�cient energetics

of human walking to ful�ll the total joint power requirement, without resorting to

any additional power injection from motors. Beyond a �ywheel acting as an energy

storage device, no source of power is indeed included into the actuator. By starting

from the evidence that knee energy expenditure in a gait cycle of level ground

walking is negative, meaning that its passive phases, in which muscles absorb energy

from the knee, prevail on its active phases, in which they deliver power to the joint
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(Fig. 2.4), the self-powered actuator uses only the energy recoverable from walking

gait cycles to power the knee joint. The self-powered F-IVT is expected to recover

energy from the knee joint under the passive phases of human walking, to store it in

a �ywheel and to deliver it to the knee joint when required, by controlling the IVT

speed ratio.

The actuation scheme of the self-powered F-IVT (Fig. 3.8) is similar to that of the

linear F-IVT (Fig. 3.4) with the di�erence that it does not include the motor. Figure

3.8 provides a schematic representation of the novel self-powered F-IVT actuator,

whose main components are a �ywheel, an In�nitely Variable Transmission (IVT)

and a Ball Screw (BS) transmission. The output linear motion of the BS is adapted

to the rotative motion of the knee joint through the same linkage structure of the

linear F-IVT (3.8b). The output shaft of the BS is connected to the link l2 of the

mechanism, the length of which is regulated by the linear displacement of the BS.

The actuator is rigidly joined to the femur trough links l1 and l3, and it is �xed to

the tibia by the rigid body identi�ed by the link l3 and by the constant angle ψ.

Lenghts l1, l3, l4 and angle ψ a�ect the actual speed ratio between the knee joint

and the input shaft of the BS transmission, so they must be determined according

to some design criterion, as it will be shown in the following sections.

As it also happens in the rotating F-IVT and in the linear F-IVT, the IVT plays a

signi�cant role in the actuator. It changes its speed ratio (τIV T ) in a range de�ned

by a positive and a negative boundary values, it controls the �ow of energy between

the �ywheel and the joint, and always adapts �ywheel (nearly constant) speed to

the desired joint speed.

+-

flywheel

IVT

J
BS

Figure 3.8: Schematic representation of the self-powered F-IVT actuator. It in-
cludes a �ywheel, an In�nitely Variable Transmission (IVT), a Ball Screw (BS)
and a mechanism (Mech.) to convert the linear motion at the output shaft of BS
in the rotating one of the knee joint.
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The main peculiarity of the self-powered F-IVT is that it does not include any

external source of energy to deliver power to the knee joint, rather it uses the

energy recoverable during the gait cycle to satisfy the total knee energy demand.

As a consequence of that, the performance of the self-powered F-IVT in terms of

power and force deliverable are strictly dependent on the actual working condition

of the device: higher is the amount of energy recoverable in a gait cycle, higher is the

probability that the actuator could provide the quantity of power needed. Of course,

as the energy conservation principle teaches, only if the amount of energy absorbed

by the joint is greater than the energy demanded, the actuator can be considered as

a valid actuation option for satisfying the total knee energy demand, otherwise an

external power injection would be needed. Because of that, the self-powered F-IVT

actuator has been assessed just in level ground walking in a range of speeds.

3.3.1 Actuator Model

A mathematical model of the self-powered F-IVT has been developed to evaluate if

the actuator can provide the needed knee power in level ground walking in a range

of speeds without including an external source of power. In particular, the purpose

is to evaluate how much energy the actuator can deliver given a certain amount of

energy recoverable under the passive phases of human walking. Indeed, although

the walking biomechanics data of the knee joints (power in particular) suggest that

energy in a cycle is always negative, meaning that it would be always possible, in

principle, to recover enough energy in the passive phases to fully power the joint in

the active phases, the actual energy that can be recovered and reused depends on the

e�ciency of the actuator. The energetic autonomy level is a meaningful parameter

to assess the energetic e�ciency of a self-powered actuator. It can de�ned as the

amount of energy provided by the actuator relatively to the energy recoverable

during the gait cycle. The K index has been introduced to quantify the energetic

autonomy level of the actuator:

K = −

∫

Tr
ηr
BSη

r
IV TP

r
Kdt

∫

Tf

1

ηfBSη
f
IV T

P f

Kdt
(3.15)
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Chapter 3 Flywheel-In�nitely Variable Transmission Actuators

where ηf,rBS, η
f,r
IV T are respectively the e�ciency of BS and of IVT in forward (f)

and reverse (r) operation mode, which have been modeled as describes in sections

3.2.13.2.2. In the equation 3.15, K is given by the ratio between the energy actually

stored in the �ywheel during the passive phases of the gait cycle (Tr) and the energy

delivered by the �ywheel to ful�ll the knee power requirement in the forward phases

of the gait cycle (Tf ). It is worth noting that, in the ideal case of negligible power

losses (all e�ciency parameters equal to one) K > 1 for the reasons explained above.

Power loss has the e�ect to reduce the numerator and to increase the denominator,

thus reducing the value of K with respect to the ideal case. K < 1 means that the

device is not able by itself to activate the joint over the whole walking cycle, since

it can give only a fraction K of the energy required each cycle without discharging

progressively the �ywheel until it stops. However, even in this case, it could be used

as an auxiliary device to compensate for locomotion impairments. The equation

(3.15), where K is de�ned on global quantities (energies) can be used to de�ne a

instantaneous e�ective power Pout as it follow:

Pout =







KP f

K , forward mode (PK ≥ 0)

P r
K , reverse mode (PK < 0)

(3.16)

Equation 3.15 has been derived from the energy balance equation of the system in a

cycle, that can be written by distinguishing the contribution of each term in forward

and reverse modes:

EF + Eout + EL = Ef
out + Er

out + Ef
L + Er

L (3.17)

Each term of equation 3.17 is de�ned as it follows:

Ef
out energy provided by the actuator in forward operating mode:

Ef
out =

∫

Tf

P f
outdt =

∫

Tf

KP f
Kdt (3.18)

Er
out energy provided by the actuator in reverse operating mode:

Er
out =

∫

Tr

P r
outdt =

∫

Tr

P r
Kdt (3.19)
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3.3 Self-powered Flywheel-In�nitely Variable Transmission

Ef
L energy lost in the transmission devices in forward operating mode:

Ef
L =

∫

Tf

P f
Ldt = −

∫

Tf

K
1− ηfIV Tη

f
BS

ηfIV Tη
f
BS

P f
Kdt (3.20)

Er
L energy lost in the transmission devices in reverse operating mode:

Er
L =

∫

Tr

P r
Ldt =

∫

Tr

(1− ηrIV Tη
r
BS)P

r
Kdt (3.21)

PL power dissipated in the transmission devices in forward (P f
L) and in reverse (P r

L)

operating modes:

PL =







P f
L = −

1−ηfIV T ηfBS

ηfIV T ηfBS

P f
out, forward mode

P r
L = (1− ηrIV Tη

r
BS)P

r
out, reverse mode

(3.22)

EF energy provided by the �ywheel in a cycle:

EF =

∫

Tf+Tr

PFdt (3.23)

where PF is the rate of change of the kinetic energy of the �ywheel (Eq. 3.8).

EF must be zero if the energy stored is exactly equal to the energy delivered each

cycle (periodic motion). Notice that PF can also be directly related to the power

request by the knee through the following formula:

PF =







P f
K =

P f
out

ηfIV T ηfBS

, forward mode

P r
K = ηrIV Tη

r
BSP

r
out, reverse mode

(3.24)

When simulating real operating conditions, K is unknown a priori and it must be

determined. We followed an iterative procedure aimed at �nding the actual working

points of the system. Starting from guess values of theK index (K0) and of the

�ywheel speed (ω0
F ), that only at �rst step is considered constant, we compute �rst

Pout, that depends only on the knee power PK (given as input) and the value ofK0
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Chapter 3 Flywheel-In�nitely Variable Transmission Actuators

(Eq.3.16). τIV T can be calculated easily since the input (�ywheel) speed is known,

and the output speed is given as input. Also ηIV T is calculated since, according

to eqs. (3.2, 3.3) and the aforementioned hypotheses, it is only a function of the

τIV T . Then, we compute the corresponding values of PF from eq. (3.24) and so

of ω̇F (Eqs. 3.8), from which ω1
F can be obtained through a numerical method.

Since at the end of the �rst step the angular speed ω1
F (function of t) and the

calculated coe�cient K di�er from the guess values ω0
F and K0, an error is de�ned

as Err1 = 1
T

∫ T

0
(ω1

F −ω0
F )

2dt. Thus, the routine is re-started until the error, de�ned

in general as Erri = 1
T

∫ T

0
(ωj+1

F − ωj
F )

2dt], is below a threshold. At each step, it is

also requred that that τIV T never exceeds its limits (τmin
IV T ≤ τIV T ≤ τmax

IV T ).

The starting guess value of ωF is calculated with the following formula:

ω0
F = max

(

min

(

ωK

τMECHτmin
IV T τBS

)

,max

(

ωK

τMECHτmax
IV T τBS

))

(3.25)

where τBS is the speed ratio of the ball screw, and τMECH is the kinematic law

between the angular knee velocity (ωK) and the output linear speed of BS (vBS).

The calculations carried out in this thesis have been done under the assumption

that the �ywheel has a certain angular speed at the beginning of the gait cycle. In

real life operation, before the usage the �ywheel is still and it must be speed up to a

certain speed value. In this thesis this aspect has been neglected; however it would

be very easy to speed up the �ywheel by some cycles of free movements of the legs

or by a very small auxiliary motor which would be activated only to �charge� the

�ywheel up to its nominal level of accumulated kinetic energy.

3.3.2 Sizing procedure

The self-powered F-IVT has been designed with reference to a 75 kg healthy subject

and for powering knee joint of wearable robots in level ground walking in a range

of speeds (0.5, 1.1, 1.6, 2.1 m/s) (Fig. 2.4a). Table 3.3 lists the size of each device

included into the self-powered F-IVT actuator. While the highest load demand has

constrained the selection of the BS from data-sheet, a speci�c operating condition

of the device has been selected in order to optimize the design of the actuator,
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3.3 Self-powered Flywheel-In�nitely Variable Transmission

speci�cally relating to the IVT e�ciency. This aspect mainly a�ects the design

of the BS joint to the knee (i.e. the mechanism) and the selection of the IVT

ratio range. The self-powered F-IVT actuator has been sized following the same

approach used for the linear F-IVT actuator by considering a di�erent objective

function. Because the motor is not included in the self-powered F-IVT actuator,

the average e�ciency of the IVT has been maximized in this case.

Self-Powered F-IVT

Flywheel JF [kgm
2] 5 · 10−4kg ·m2

IVT [τmin

IV T
, τmax

IV T
] [-0.85,1]

BS

τBS[m/rad] 3.2 · 10−4

ηf

BS
, ηr

BS
0.96, 0.95

Mechanism

l1[cm] 15

l3[cm] 30

l4[cm] 5

ψ[°] 36

Table 3.3: Size of the devices included into the self-powered F-IVT actuator.
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4 Flywheel Inertial Actuator

4.1 Overview

Fall prevention is an important health issue, which has a great impact on demand

for health and social care services [71]. Therefore, fall prevention interventions have

been recognized as good instruments to compensate for balance loss disturbances and

thus to reduce falling related problems. Despite rehabilitation is a good practice to

improve and reinforce balance weakness, sometimes the patient feels himself more

stable and safer if he uses external supports. This motivates research e�orts of

developing wearable and portable robotic solutions which detect subject's loss of

balance and provide corrective actions to avoid or delay the risk of falling.

An inertial �ywheel reactionless actuator has been developed with the aim of com-

pensating human balance dysfunctions. It counterbalances balance disturbance ac-

tions in the frontal plane through the inertial torque generated by accelerating and

decelerating a �ywheel around the falling direction. The working principle of the ac-

tuator emulates the contribution of arms in changing the angular momentum of the

trunk to restore balance. Both the mechanical construction and the control signal

generation have been designed in cooperation with the department of Biomechanical

engineering of the University of Twente. The control of the device has been designed

in order to make it work in parallel with humans. The device is started when the

falling condition is detected and stopped once the steady posture is attained again.

When the balancing intervention of the device is required, the �ywheel is speeded

up in the direction that makes its inertial torque opposite to the gravitational per-

turbing action. The �ywheel is then slowly stopped to minimize any additional

disturbance e�ect.

The �nal goal of this research activity is to evaluate how the balance performance of

a subject changes by wearing the supportive device. Stance of healthy subjects has

been perturbed to assess the contribution of the device in assisting human balance.

65



Chapter 4 Flywheel Inertial Actuator

To this aim, the e�ectiveness of the device has been be evaluated by comparing the

balance keeping performance of subjects when they wear and when they do not wear

the inertial �ywheel actuator.

4.2 Mechanical Design

Developing wearable human assistive technologies, such as balance keeping devices,

is a challenging task. These devices are worn by human operators and are expected

to interact with the human body over most of their operation. Therefore their

design principles encompass both their functionality and also users' comfort and

safety. The former, ensures that the device e�ciently operates as it is expected to

do. The latter guarantee a safe integration of the device with the human body,

making sure that its shape, weight and size are comfortable and do not hurt the

human wearer.

The �ywheel balance is a wearable solution that supports people's balance recovery

in the frontal plane through a moment exchange with a rotating inertia, the �ywheel.

It includes a motor, a planetary gear drive, a �ywheel, a battery, electronic devices,

support and covering structures. All the components are assembled together and

�xed to a back plate attached to a universal corset worn by the subject close to

his pelvis. A schematic overview of the mechanical design architecture is shown in

�gure 4.1.

The design of the balance device has been driven by the principle of minimizing

the size and weight while guaranteeing certain performance. The e�ectiveness of

the balance device is mostly related to the magnitude of the torque it can apply on

the human body. The higher is its value, the stronger is the support that the user

could receive. However, as the torque value increases, the size and the weight of the

actuator do the same. The size of an electric motor mainly depends on the value

of the rated torque, and the inertia and the acceleration of the �ywheel de�ne the

value of the inertial torque. Therefore, by considering that the �ywheel is one of

the most critical components of the device in terms of weight and size, its maximum

outer diameter has been constrained in order to limit the weight of the complete

device. Starting from the maximum size of the �ywheel (i.e. outer diameter of 30-35

cm) and also limiting the weight of the entire system to less than 10 kg in order

to not perturb the gait of healthy subjects [107], the best combination of motor,
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(A) POM plate (L) Steel heat sink for the motor drive

(B) plastic cover (M) CE certi�ed motor drive (iPOS80x0 BX-CAT

Technosoft)

(C) backplate in PMMA (N) CE certi�ed motor battery (LiPo Pack ZIPPY

Compact 5000mAh 8S 25C. )

(D) Motor �ange in PMMA (O) CE certi�ed logic battery (LiPo Pack 2500mAh

4s 30C)

(E) PCB (P) PMMA Input PG support

(F) CE certi�ed Rotary encoder ( iC-MHM

14-bit absolute angle hall encoder)

(Q) Planetary gear ( HD HPGP 11 A, Harmonic

Drive AG)

(G) PCB support in aluminium (R) PMMA Output PG support

(H) CE certi�ed Outrunner brushless motor

(Tiger-U8 pro)

(S) Aluminium Spoke Flywheel (D =33 cm, 1.6 kg,

0,029 kg m2 )

(I) Steel Motor shaft (T) PMMA External cover of the device

PMMA (Polymethylmethacrylaat), POM (Polyoxymethylene)

Figure 4.1: Schematic representation of the �ywheel balance device.
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Chapter 4 Flywheel Inertial Actuator

transmission gear and �ywheel has been selected.

The mechanical design of the balance assistive device also ensures its safeness. One

of the potential risks that could be associated to the operation of the actuator in

the worst scenario, is the explosion of the �ywheel and the consequent potential

breaking of the containment. To avoid this, the �ywheel has been designed in order

to have radial and tangential stresses lower than the safety limits [108], and the

containment structure has been designed to resist �ywheel explosion. In particular,

the housing of the �ywheel has been sized as suggested in [109], where the minimum

thickness of the wall is calculated considering the energy that must be absorbed by

the containment in case of failure of the �ywheel.

The design procedure resulted in the balance device depicted in �gure 4.2, whose

�nal dimensions are approximately 390 x 132 x 520 mm (L x W x H) and its weight

is about 6 kg (Fig. 4.3).

Figure 4.2: Flywheel inertial actuator for balance assistance. It weighs around 6
kg and its outer size is nearly 390 x 132 x 520 mm (L x W x H).
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motor
planeary gear

plas!c suppor
and cover 
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electronics

ba"eries

flywheel 

Figure 4.3: Percentage contribution of each component of the �ywheel inertial
actuator to the entire mass of the system.

The device is foremost a combination of commercially available products (corset, mo-

tor, battery, sensors, planetary gear, electronics) and custom parts that we designed

based on personal insight and experience, and manufactured by external suppliers.

The non-commercially available parts, which are labeled according to �gure 4.1,

are the following:(A) POM plate; (B) plastic cover, (C) backplate in PMMA, (D)

Motor �ange in PMMA, (E) PCB, (F) CE certi�ed Rotary encoder ( iC-MHM 14-

bit absolute angle hall encoder), (G) PCB support in aluminium, (H) CE certi�ed

Outrunner brushless motor (Tiger-U8 pro), (I) Steel Motor shaft, (L) Steel heat

sink for the motor drive, (M) CE certi�ed motor drive (iPOS80x0 BX-CAT Tech-

nosoft), (N) CE certi�ed motor battery (LiPo Pack ZIPPY Compact 5000mAh 8S

25C. ), (O) CE certi�ed logic battery (LiPo Pack 2500mAh 4s 30C), (P) PMMA

Input PG support, (Q) Planetary gear ( HD HPGP 11 A, Harmonic Drive AG)(R)

PMMA Output PG support, (S) Aluminium Spoke Flywheel (D =33 cm, 1.6 kg,

0,029 kg m2 ) ,(T) PMMA External cover of the device. A detailed description of

the components arranged in the �ywheel inertial actuator is given below.

Universal corset: a padded plastic corset is used to connect the device to the

subject. In general, the padding or any other part of the brace will not come in

direct contact with the subject's skin, as it is worn over the clothes. There are

threaded holes readily present in plates, packaged inside the plastic of the brace

(back side). A small plate in POM (A) has been added to the slides prese<xnt in

the back of the brace as well. The bolts used for this attachment have �at heads,

such that they do not press in the back of the subject. No metal part of the corset

is in direct contact with the wearer subject.

POM Backplate: it is used as a �xed support for the actuator and its devices. It
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Chapter 4 Flywheel Inertial Actuator

also connects the device to the corset.

Out-runner brushless DC motor: the Tiger-U8 pro motor (Table 4.1) has been

included into the �ywheel inertial actuator. It is attached to the backplate through

the motor �ange (i.e. a PMMA plate). Four M3 SFHCS1 screws connect the motor

to the motor �ange, and 3 M3x0.5 Tap screws connect the motor �ange to the

backplate.

KV 170 rpm/V

Max Watts/time 1300/180 s

Max Amps/time 35 A/180s

Weight 239 gr

Dimensions: 86.8x25.5mm

Recommended battery

configuration

6-12 S

Table 4.1: Technical characteristic of out-runner brushless dc motor Tiger-U8 pro
included into the balance assistive device.

Motor shaft: a steel motor shaft is screwed to the rotor of the motor from one side

(8 M3 screws), and �xed to the input side of the planetary gear from the other side

(2 M3 screws).

Rotary Encoder: the absolute angle hall encoder iC-MHM 14-bit is �xed to the

rotor of the motor. It is coupled to the magnet support and pressured in the motor

hole. It is coupled to a PCB located on the PCB support attached to the motor

�ange.

Planetary Gear: the transmission gear included into the device is a planetary
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gear drive from Harmonic Drive AG (Table 4.2). Its input and output �anges are

�xed to the backplate by mean of two PMMA supports speci�cally designed.

Ratio 5

Momentary peak torque 20 Nm

Maximum input speed 10000 rpm

Weight 140 gr

Table 4.2: Features of the planetary gear drive HPG-11A from Harmonic Drive
AG.

Input PG support: the PMMA input Planetary Gear support is connected to

the input �ange of the PG with 4 M3 screws and to the backplate with 12 M5 x 0.8

screws. There are cooling holes on the surface of the support.

Output PG support: the PMMA output PG support is connected to the output

�ange of the PG with 4 M3 screws and to the backplate with 24 M5 x 0.8 screws.

There are cooling holes on the surface of the support.

Flywheel: a six spokes �ywheel in aluminium is included into the actuator. Its

diameter is nearly 330 mm and it weighs around 1.6 kg. the greatest part of its mass

is concentrated on the external ring in order to maximize its inertia, whose value is

about 0.029kg m2. It is connected to the output side of the PG with 3 M4x6 screws.

It has been designed in order to have radial and tangential stresses lower than the

safety limits [108].

Containment: a PMMA containment covers the actuator. It is connected to the

backplate with 12 M5 x 0.8 screws. It has been designed in order to contain the

�ywheel in case of its breaking up as in [109].

Power Supply: a LiPo Pack (ZIPPY Compact 5800mAh 8s 25C, EU Warehouse)

has been included. It is �xed to the backplate with strips.
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Capacity(mAh) 5800 Con�g (s) 8 Discharge (c) 25 Weight (g) 1020 Max Charge

Rate (C) 5 Length-A(mm) 167 Height-B(mm) 46 Width-C(mm) 64 Table 1 Specs

of the LiPo battery included into the inertial �ywheel actuator.

Power

Supply

Logic

Battery

Capacity 5000 mAh 2500 mAh

Voltage 8 Cell / 29.6V 4 Cell / 14.8 V

Discharge 25C Constant /

35C

30 C Constant

/ 50C

Burst

Weight

937g 213g

Dimensions 160x46x59mm 108x27x34mm

Table 4.3: Technical data of the power supply (LiPo Pack ZIPPY Compact) and
of the logic battery (LiPo Battery RC-Plus Sportsline) included into the balance
assistive device.

Logic battery: a LiPo Battery (30C-50C 2S 7.4V 2500mAh) has been included.

It is �xed to the backplate with strips. It has the following specs:

Motor drive: iPOS80x0 BX-CAT Has been included (Table 4.4). It is �xed to the

backplate thanks to a metal strip that acts as heat sink.

ipos8020 BX-CAT Intelligent Drive (1600 W)

Output current 20 A continuous, 40 A peak

Motor Supply 12-80 V

Logic Supply 12-36 V

Table 4.4: Technical data of iPOS8020 BX-CAT motor drive from Technosoft.

XSENS IMU: Inertial Measurement Units are used to track human body move-

ments. It is a self-contained system that measures linear and angular motion usually

72



4.3 Control System Architecture

with a triad of gyroscopes and triad of accelerometers. XSENS IMU are supposed

to be strap down to the human body.

Emergency Button: emergency stop device to be hold by the wearer to interrupt

motor operation in case of danger or discomfort.

4.3 Control System Architecture

The inertial �ywheel actuator device exploits the rotational action/reaction principle

of the �ywheel to help the user in keeping balance in the frontal plane. The control of

the device has been designed consistently with the human balance control mechanism

in order to make it act only when assistance is needed. This means that the device

will support the subject to keep balance only when he is not able to do it by himself.

This would make the rehabilitation more e�ective and it would best promote neural

recovery.

A feedback control algorithm, that replicates the balance recovery in humans, ac-

tivates and deactivates the device. It detects the subject's loss of balance and

generates a counter torque based on the measurement of body de�ections. When

the balancing intervention of the device is required, the �ywheel is speeded up in

the direction that makes its inertial torque opposite to the gravitational perturbing

action. The �ywheel is then slowly stopped to minimize any additional disturbance

e�ect.

Subject loss of balance can be detected through the de�ection of the human body

from the upright vertical posture, which identi�es the reference balance position of

a standing human body (ϑ0 = 0°). The vertical component of the C.O.M. velocity

de�nes the movement of the body relatively to the upright posture: an upward

velocity component means that the body is moving close to ϑ0, instead a downward

component means that it is going away from ϑ0 and that, maybe, is falling down. In

the �rst case, the subject is recovering the balance by himself and the balance device

is not needed to provide any corrective action. Instead, in the second case, it could be

asked to assist human balance recovery. However, the velocity of the C.O.M. cannot

actuate the device alone. Indeed humans experience natural sway in walking and

even in standing, with individual variations in terms of magnitude. The action of

the device would not be worthwhile nor even bene�cial when the user is performing

ordinary movements and his balance is actually not perturbed. Therefore, threshold
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values on the sway angle (ϑth) and speed (ϑ̇th) have been considered together with

the direction of the C.O.M. velocity, to detect the loss of balance of a subject. These

conditions de�ne the operating region of the controller of the balance device.

Figure (4.4) depicts the control scheme of the �ywheel inertial actuator. Inertial

measurements units (IMU) collect data on the trunk sway (ϑ,ϑ̇) and send them to

the falling detect block. This latter, calculates the C.O.M. velocity and compares

data received from the IMU with sway threshold values. If a loss of balance is

detected, the controller generates the reference torque signal that the motor must

provide to support user's balance. Two di�erent controllers have been considered.

The �rst, Controller 1 generates a reference target torque (Cref ) proportional to

the errors onϑandϑ̇calculated with reference on ϑthandϑ̇th (Eq. 4.1), the second,

Controller 2, generates a reference target torque (Cref ) proportional to the errors

onϑ̇(Eq. 4.2).

Cref =



















kϑ(ϑ− ϑth) + kϑ̇(ϑ̇− ϑ̇th) (|ϑ| ≥ ϑth) | (
∣

∣

∣
ϑ̇
∣

∣

∣
≥ ϑ̇th)

0 else

(4.1)

Cref =



















kϑ̇(ϑ̇− ϑ̇th) (
∣

∣

∣
ϑ̇
∣

∣

∣
≥ ϑ̇th)

0 else

(4.2)

where kϑ and kϑ̇ are the controller gains onϑ andϑ̇(kϑ = −20Nm/rad, kϑ̇ = −70Nm/rad/s

for both controllers). The control torque is then compared with software motor con-

straints in order to ensure that the motor could safely operate as the controller

expect.

4.4 Motion control

The motion control of the actuator is handled by a motor drive, that executes the

motor low-level control on the basis of control signals received from a standard PC
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Figure 4.4: Customize simulink control model of the �ywheel inertial actuator.
The sway angle and velocity measured by the IMU are received by the falling
detect block which compare these values with the operating area of the device. If
the device is demanded to provide a corrective torque (i.e., the subject is losing his
balance), a reference torque is generated and sent to the block of the motor. A non-
null reference torque can be provided only if the experiment clock is started. The
value reference target torque is also constrained by the software motor limitations
to ensure a safe operation of the motor.

(the master device) running a real time operating system.The drive is connected

both to the actuator of the balance device and with the master PC (Fig. 4.5).

The three phases of the motor, both the power and logic batteries, the emergency

button, the motor absolute angle hall encoder and the IMU sensors are physically

connected to the motor drive. The motor cannot be controlled without the motor

drive, that is responsible for regulating the motor output while enforcing boundaries

on velocity and torque to protect the drive from breaking and to ensure a safe

operation of the motor. Furthermore, it receives the information about the motor

position, speed and torque and send it to the master PC, that generates the control

signals on the basis of these data. The Ethercat protocol governs the master/slave

network connection.

Further details on the hardware components involved in the master/slave commu-

nication of the �ywheel inertial actuator follows below.

� Motor drive

The motor low-level control is handled by the �rmware of the motor drive

which is automatically booted when the motor drive is turned on. A fully

digital drive with embedded motion controller from Technosoft (iPOS8020

BX-CAT) is used to control the DC brushless motor of the �ywheel inertial

actuator. Thanks to the embedded motion controller, the iPOS80x0 BX-CAT

drive combines controller, drive and PLC functionality in a single compact

unit capable of executing complex motions without requiring intervention of
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TestManager

DataLogging

System
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BALANCE ASSISTIVE DEVICE

MOTOR DRIVEMASTER PC

X-SENS 

IMU

Figure 4.5: Scheme of the master/slave connection of the hardware components
included into the �ywheel inertial actuator. The arrows indicate the network
connection among master/slave devices.
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an external motion controller. The drive is based on the latest DSP technol-

ogy and it controls the motor with EtherCAT interface and built-in motion

controller with high-level Technosoft Motion Language (TML).

TML is a high-level language that permits to program complex motion pro�les

for the intelligent drive/motor to execute independently. Using the high-level

TML several operations can be executed directly at drive level, as setting var-

ious motion modes (pro�les, PVT, PT, electronic gearing or camming, etc.),

changing the motion modes and/or the motion parameters, executing hom-

ing sequences, etc. By implementing motion sequences directly at drive level,

intelligence between the master and the drive in complex multi-axis applica-

tions can be distributed, reducing both the development time and the overall

communication requirements.

Among the supported Motor-Sensor Con�gurations, in this application we

used the one in which the position, speed or torque control of the brushless

DC rotary motor is done by using digital Hall sensors and an incremental

quadrature encoder on its shaft.

The drive's setup, tuning and motion programming has been done with Easy-

Motion Studio. In this phase the drive has been set to operate in EtherCAT

communication mode that permits the drive to be controlled via the appro-

priate masters.

Technical data of the iPOS80x0 BX-CAT are provided in Table 4.4.

� EtherCAT network protocol

The iPOS80x0 BX-CAT drive uses EtherCAT with CoE as Network Commu-

nication Protocols. It is an Ethernet-based protocol developed by Beckho�,

which sets new standards for real-time performance and topology �exibility.

The EtherCAT option allows the user to operate the drive, monitor the status,

and change parameters from an EtherCAT master device.

EtherCAT cards are used for analog data acquisition and signal generation.

These cards are used to collect data about body kinematics, motor speed and

ground reaction forces.

� Master PC

The EtherCAT master device is a standard PC running Real-Time Linux that

executes custom code for control signal generation and data collection from the
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EtherCAT card. All control signals generated by the Real-Time Linux are sent

to the motor drive and are subjected to all limiters and constraints enforced

by the drive. A custom control code generated with MATLAB/Simulink is

compiled and run by Etherlab, an open source toolkit for rapid real time code

generation under Linux.

Two di�erent applications, Testmanager and Data Logging Service (DLS), are

used for managing the motor control process and storing simulation data re-

spectively. An overview of the control interface of the �ywheel inertia actuator

follows.

� TestManager

Figure 4.6: Graphical interface of the Test Manager application that allows to
manually manages the Etherlab control process.

TestManager is an application that manages the Etherlab control process. It
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is connected to the control process via TCP/IP port 2345. An XML-based

protocol is used for the communication. Parameters and signals of the control

process are registered within the application. These values can be dynamically

linked to operation and visualization instruments. For that, the Testmanager

gets a �exible and user-friendly operator's application. In Testmanager the

user can manually switch on/o� the drive, start/stop the motor and start/stop

the experiment clock by clicking on the correspondent button (Fig. 4.6). The

function of each button shown in �gure 4.6 is explained here:

- drive o� : it switches o� the drive;

- motor control on: it starts the motor drive. Drive operation can be enabled

only if the drive is switched on ( i.e. button �DRIVE ON� clicked).

- motor control o� : it stops the motor drive

- start experiment : it starts the experiment clock. A non-zero reference signal

can only be generated if the clock is running.

- start experiment : it stops the experiment clock.

� Data Logging Service (DLS)

The Data Logging Service (DLS) is a data logging system for EtherLab, that

is capable of collecting, compressing and storing high-frequency realtime data.

It allows unlimited and performant access to the stored data.

� Simulink Model
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Figure 4.7: Simulink control code of the Flywheel Inertial actuator.

Figure 4.7depicts the Simulink control code that we developed to actuate the

balance assistive device. The function of each block included in the custom

control model is explained below.

(1) Experiment Clock: it sets the start of the control routine. It requires a

manual start done through TestManager (button �Start Experiment� of Fig.

4.6). The balance assistance device cannot be actuated if the Experiment

Clock is not activated.

(2) Data collection from X-SENS IMU: it collects data on the trunk sway in

the frontal plane that are measured through IMU sensors. EtherCAT cards

are used for analog data acquisition and signal generation.

(3) Controller: it generates the target torque signal to be sent to the motor

drive. The controller output torque is zero by default and thus the �ywheel

does not spin. If the Experiment Clock has been started, a non-null reference

torque can be generated if the loss of balance of the subject is detected. The

block includes the falling detection block and motor target torque generation.

The former, includes a falling detection algorithm that, based on the trunk

sway (angle and velocity), establishes if the assistive action of the balance

device is needed or not. The latter, generates a reference motor torque that

the motor should provide. The value of the target torque is constrained by

motor software limitations that prevent the system to work above the current
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and voltage limits. To this aim the block receives data on the actual motor

working point from the motor drive, and ensures that the motor is always

demanded to work in its safe operating area.

Furthermore, the controller block also processes the signal received by the

Experiment Clock. A non-null reference torque can be generated only if the

Experiment Clock is activated.

(4) Status of the Controller: the controller must be manually initialized and

switched on through the linux terminal window and TestManager respectively

(button �Motor control on� of Fig. 4.6 )

(5) Motor Drive: the operation of the drive must be enabled manually by

clicking on the button �Motor on� in TestManager (Fig. 4.6).

(6) Motor Drive: it controls the motor motion accordingly to the input control

signals that it receives. These signals are the control word, that de�nes the

state of the controller and the target motor operation. Since, in this application

we decide to do a torque control of the actuator by making the drive work in

�cyclic synchronous torque mode�, the motor target torque signal is received

by the drive. The quantities measured by the encoder can be saved and read

through DLS data manager and TestManager.

(6) Analog I/O data: it receives analog data useful for synchronization of

di�erent controlled measurement units used in the experimental setup, as the

trigger signal that synchronizes the visualyze system, the treadmill and the

pelvis perturbator.

4.5 Technical Testing

Some tests have been conducted to validate the software control. In particular, the

operation of the control buttons has been tested.

Tests on the control buttons aim at proving that if the controller or the motor control

are switched o�, no reference signal is received by the motor drive. The following

conditions have been tested considering a sine wave motor target toque:

- Experiment Clock o�, Drive o�, Motor control o�

- Experiment Clock o�, Drive on, Motor control o�
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- Experiment Clock on, Drive on, Motor control o�

- Experiment Clock on, Drive on, Motor control on
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Figure 4.8: From top to bottom: a) experiment clock time (0=o�, 1 = on), b)
status of the drive(0 = o�, 1 = on state, c) motor control state (0 = opera-
tion disabled, 1 = operation enabled), d) actual torque measured by the encoder
compared with the motor reference torque.

The unit and zero value identi�es the on and o� conditions of all the variables

considered respectively. Results of �gure 4.8show that:

1. A non-zero reference torque is executed only if the experiment is active (Fig.

4.8a, d). Normally there is another constraint to this: an event trigger gener-

ated in the Simulink block �Controller� of the control model after the falling

of the subject is detected.

2. The motor operation can be enabled (Fig. 4.8c) only if the drive is switched

on (Fig. 4.8b).
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3. The motor does not generate torque when the motor block status is disabled,

regardless of the generated reference torque.

4. The motor provides a torque when it is switched on (i.e. status of the motor

is 1) and the experiment clock is active (Fig. 4.8a, c,d).

5. Oscillations in the measured torque are due to electrical noise in the encoder.

4.6 Experimental investigation of the balance

device

4.6.1 Objectives

The contribution of the �ywheel inertial actuator in helping people to keep balance

has been evaluated trough experiments on healthy subjects in perturbed standing.

During experiments subjects were asked to wear the device and to stand on a tread-

mill with their feet together, while their equilibrium was perturbed by sudden and

horizontal forces exerted at the pelvis by mean of a pelvis perturbator.

The main goal of the experiments was to asses if the balance device could improve

the balance keeping response of humans and thus, if it could be e�ectually used as

a rehabilitation robotic device for recovery of patients or eventually included into

exoskeletons for controlling their lateral balance. Therefore, the balance performance

of subjects while they were wearing the balance device has been compared with their

natural response to perturbed standing (i.e. when they did not wear the device).

All the experiments were carried on with the permission from Medisch Ethische

Toetsingscommissie (METC) Twente.

4.6.2 Study design

The human balance response to lateral perturbing actions has been be investigated.

During these experiments, the subjects were asked to stand on a treadmill with

feet together while sudden and horizontal forces were exerted at their pelvis to

perturb their equilibrium (Fig. 4.9). Perturbations were applied through the pelvis

perturbator, a system developed at the University of Twente that can provide a wide
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range of perturbations by directly controlling the forces on the pelvis. Subjects were

also told to cross their arms to the chest to avoid any arm balancing e�ect.

Figure 4.9: Experimental setup to assess the how the �ywheel inertial actuator
a�ects human balance. During experiments subjects were instructed to stand
with bare feet on a treadmill including force plates, keeping their arms close to
the chest to avoid any balancing e�ect. The subjects were attached to the pelvis
perturbator system using a pelvis belt, and to a safety harness to prevent them
from falling down if they were not able to keep balance by themselves.

The balance of the subjects was challenged not to make them fall, but to make them

react to perturbations with ankle and hip strategies, or in the worst cases by making

a step. However, even if the magnitude of perturbations provided was similar to the

one of disturbances that could occur in daily life, subjects worn a safety harness for

the entire duration of the experiments in order to prevent them from falling down if

they were not able to keep balance by themselves. Furthermore, the safety harness

is also a reliable measure to safely face unexpected malfunctioning of the system.

The study consisted of four sessions of the same main experiment. Each session had
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similar structure and setup, but also some altered conditions. In order to assess how

the balance supportive device could a�ect human balance performance, the balance

response of subjects to lateral perturbations has been investigated both while they

were wearing the balance device, and while they were not. Furthermore, in order to

assess the e�ect of the mass of the device on human posture and balance response,

two more sessions of the main experiment were distinguished. Subjects performed

experiments wearing the balance device while it was operating and while it was

turned o�. The operation of the device was tested with two di�erent controller.

The �rst one considers both the error on sway angle and velocity of the human

trunk, the second one only the error on the sway velocity as in [24].

Subjects' standing was perturbed through pushes and pulls of three di�erent mag-

nitudes randomly applied with a mean time of 10 s in between. The magnitude of

the perturbations scaled on the body weight of the participants. Their value was

0.1, 0.08 and 0.06 times the body weight.

Healthy subjects were asked to participate in all the additional sessions in order to

collect and compare data from the same subject in the di�erent conditions. A single

session lasts approximately 2 to 2.5 hours (depending on how much rest a subject

desires to take). A duration estimation is shown below in table 4.5.

Explanation

and

preparation

Measurement Cleaning up

Healthy

Subject

45 45 15

Table 4.5: Duration estimation of the experiment per subject (in minutes).

4.6.3 Study population

Data were collected on 10 healthy young adults (5 females, 5 males) which partici-

pated as volunteers at the experiments. They were recruited from students and sta�

of the University of Twente by posting �yers. Subjects were asked to participate

at all the sessions of the experiment in order to collect and compare data from the

same subjects. The number of subjects to involve in the study has been chosen on

the basis of what has been done in previous studies investigating assisting balance
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devices. A sample size of 10 subjects is most common in both perturbed standing

and walking [24].

Subjects eligible to participate in this study met all of the following criteria:

� between 18 and 30 years of age

� body weight < 100 kg

� given written informed consent

Subjects were excluded from the study if they met one or more of the following

criteria.

� have current lower extremity problems or de�ciencies (e.g. knee problems,

disabilities in walking)

� have (a history of) neurological or balance related disorders

� are using medication that can a�ect balance control

� are pregnant, or have a chance of being pregnant

� have chronic joint pain

� have orthopedic problems

� have (a history of) cardiac conditions that interfere with physical load .

4.6.4 Investigational and non-investigational instruments

Pelvis Perturbator

The pelvis perturbator is a setup developed at the University of Twente that can

apply a wide range of perturbations by directly controlling the forces on the pelvis.

It consists of two torque controlled motors (Moog, Nieuw-Vennep, The Netherlands)

that are placed adjacent to a dual-belt instrumented treadmill, such that the motors

are located to the right and behind of the subject respectively. The motors are

connected to a hip brace (Universal hip abduction system, Distrac, Belgium) worn

by the subject. In this study the motor to the right of the subject is connected

to the brace with a cable, while the motor to the right is disconnected (Fig. 4.9).

Each motor contains a torque sensor for measuring the torque on the motor axis.

When the motors are turned on but no external force is applied to the subject,

the interaction force between motors and the subject is regulated to be minimal
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(zero impedance mode). A custom made computer algorithm in Matlab Simulink

(Mathworks, Natick, USA) is used to generate control signals for the motors, and

record torque and position data from them.The risks for subjects while connected

to the pevis perturbator are small. Altough perturbations could not lead to a fall,

a safety harness will prevent injury when falling.

Dual belt instrumented treadmill

The dual-belt instrumented Y-Mill (Forcelink, Culemborg, The Netherlands) is a

custom made treadmill consisting of two belts. This way it is possible to have

both legs walk at a di�erent speed, during investigations on human walking. The

treadmill furthermore contains a force plate beneath each belt. These was used to

obtain 3 DoF ground reaction forces and moments. The treadmill has a CE-IIB

certi�cate (Fig. 4.9).

VisualEyez motion capture system

The VisualEyez VZ4000-II motion capture system (Phoenix Technologies, Vancou-

ver, B.C. Canada) was used to capture the subject's movements. 3 stationary cam-

eras were used to record the position of multiple light emitting diodes (LEDs).

Wireless battery powered LEDs incorporated in small plastic frames in clusters of 3,

were attached to di�erent part of the human body using soft elastic straps. Marker

frames (9) were positioned on the chest, on the pelvis, on the each upper leg, lower

leg and foot. A cluster of LEDs was also attached to the balance device to measure

its movement relatively to the human body.

XSENS IMU

Inertial Measurement Unit is a self-contained system that measures linear and an-

gular motion usually with a triad of gyroscopes and triad of accelerometers. An

IMU can either be gimballed or strap down, outputting the integrating quantities of

angular velocity and acceleration in the sensor/body frame. In literature, they are

commonly referred to as the rate-integrating gyroscopes and accelerometers. It was

used to track human body movements and to detect falls. During experiments they

were attached to subjects chest through skin friendly tape..

4.6.5 Study parameters

Many di�erent methods exist today for assessing postural stability. The most com-

monly measurement used to evaluate human sway consider the deviation of the sway
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angle. It can be easily measured through inertial measurement units or through data

collected by motion capture systems.

Using the equipment described in section 4.6.4, data on body kinematics and ground

reaction forces were collected. In particular, the main parameters considered in this

study to evaluate human balance performance in perturbed standing are :

� sway angle of the human body

� ground reaction forces of the stance legs

� number of lift feet

4.6.6 Study procedures

The total experimental procedure can be separated into 4 phases: general prepara-

tion, subject preparation , probe measurements and perturbations measurements.

1. General preparation

- The subject inclusion and exclusion criteria are re-evaluated

- The researcher explains the content of the study and the experiment

- If the subject complies, the subject is given the opportunity to read and �ll

out the permission form

- If the subject has given written informed consent, the researcher completes

the form by signing it

- The subject is asked to change clothes (shorts, t-shirt, barefooted)

- The subject's body height, leg length (distance malleolus lateralis � trochanter

major) and body weight is measured

2. Subject preparation

- The size of the universal hip brace is adjusted such that it tightly �ts the

subject's pelvis.

- The size of the balance device backpack is adjusted such that it tightly �ts

the subject's trunk.

- The IMU is positioned on the trunk of the subject.
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3. Probe measurements

Probe measurements aim to de�ne the location of some anatomical points of

the human body relatively to the cluster of LEDs, whose position is measured

during experiments. It consists of the following phases:

- The subject is asked to stand on the dual belt instrumented treadmill and

put on the safety harness, connected to the ceiling.

- Up to 26 probe measurements of 8 seconds each must be done with the

Visualeyez.

� During a probe measurement the experimenter points toward a location

on the subject's body using a LED based stylus.

� Using the probe measurements, these locations can be reconstructed for

all subsequent measurement in which only the 9 marker frames are mea-

sured.

� Probe locations are the following:

Feet : caput metatarsale 1 and 5, calcaneus

Lower legs : malleolus medialis and lateralis, tuberositas tibiae, caput

�bulae

Upper legs : epicondylus medialis and lateralis, trochanter major

Pelvis : spina iliaca anterior superior, spina iliaca posterior superior

Thorax : incisura jugularis, proc. xyphoideus, C7 and T8 vertebra

- A 10 second static trial must be captured with the Visualeyez to obtain

reference joint angles. In the static trial the subject will be asked to stand

still for 10 seconds, with knees and hip extended, feet at shoulder width, toes

pointing forward.

4. Perturbation measurements

The balance response of healthy subjects standing on a treadmill while they

receive perturbations is measured. The procedure is the same for all of the

sessions of the main experiment, with the exception of the phases involving

the balance device. Purturbation measurements includes:

- The subject is asked to stand on a treadmill with his feet at a location

indicated on the �oor (toes in forward direction).
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- The subjects is put on the universal safety harness

- The subjects is connected to a hip brace

- The subjects is put on the balance assistive device (only in experiment ses-

sions 2, 3 and 4)

- The handrails of the dual-belt treadmill can provide support when taking

this leaning position

- The subject is instructed to stand in a comfortable position keeping knees

and hip straight, to cross his arms to the chest to avoid any arm balancing

e�ect and to prevent a fall in case of fall onset .

- The subject is be allowed to step to keep balance, but he is told to postpone

step initiation as long as possible.

- The balance device is activated (only in experiment session 3 and 4).

- Perturbations are provided trough the pelvis perturbator.

- Subjects can rest at any time

4.6.7 Safety reporting

All experiments are non-invasive procedures involving disturbances similar to those

that could occur in daily life. An experiment required approximately 45 minutes of

active participation for healthy subjects and was not expected to put extensive load

on the subjects. All subjects could take rests during the experiment and participate

on their own pace. Risks leading to injury of the subject were low, given the safety

precautions. The study did not lead to any direct bene�ts for the subject, but may

lead to the development of technologies to support human balance control. This

knowledge might be applied in both clinical and robotics �elds of research.
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5.1 Performance estimation of the �ywheel based

actuators

In order to evaluate which are the potential bene�ts or the drawbacks of the �ywheel

based actuators for wearable robots, their performance have been estimated through

the model provided in section 3.2.3. The energetic and power requirements of all

the actuators have been calculated following an inverse dynamic approach, that is

to say starting from the load characteristics (knee angle and torque vs time) given

as input data to the model.

Three main performance indexes have been taken into consideration for comparison:

the energy consumption (per gait), the peak values of electric power and motor

torque. Both the electric energy and power have been calculated at the motor

electrodes. This means that the power losses in the electronics and in the batteries

have not been considered in our calculations. These are signi�cant quantities for

the development of lightweight and portable wearable robots because they a�ect the

size and the weight of the actuator, as well as the operating range of the device.

The investigation of the �ywheel based actuators has started with the evaluation

of the operation of the rotating F-IVT in one speci�c walking condition, for which

it has been optimally designed. In this case, calculations have been done under

the assumption that the motor mostly works with the maximum e�ciency. This

means that it has been selected in order to always provide its nominal power. Two

di�erent power demanding walking regimes have been examined, i.e. level ground

walking and running. A traditional sti� actuation scheme has been also considered

for comparison.

However, estimation of the performance of the F-IVT actuator when it works under

its nominal condition gives a limited sight of its potential. Portable lower-limb
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wearable robots are required to support the wearer in his daily activity, thus their

actuators do not usually work under the best condition. In this view, the �ywheel

based actuators have been further investigated by predicting their performances

when they do not work under the condition for which they were optimally designed,

like di�erent walking speeds and stairs climbing. The energy and power requirements

of F-IVT actuators, i.e. rotating F-IVT and linear F-IVT, have been compared

with those of two very e�cient actuators already used in biomechatronics devices,

the SEA and the C-SEA, in order to evaluate if they could be a competitive actuator

for arti�cial knee joints of wearable robots, or not.

In the end, the possibility of assisting human walking by only taking advantage of

the e�cient energetics of knee joints without resorting to any additional source of

energy, has been considered. The amount of energy that the self-powered F-IVT can

deliver to knee joint in level ground walking in a range of speeds has been calculated.

5.1.1 F-IVT in optimal designed conditions

In this section results published in [2] are provided. The performance of the rotating

F-IVT actuator has been compared to a traditional system, named Fixed Ratio

Drive (FR-D), where the joint speed is regulated by controlling the motor speed.

The aim of this section is to give a proof of the working principle of the actuator

and of its potential bene�ts. Therefore the F-IVT has been optimally sized for

the walking condition examined. This means either that the motor mostly works

at its nominal working point, and that the IVT ratio range has been selected in

order to minimize power losses in the transmission device. Two di�erent locomotion

conditions have been examined: level ground walking at 1.1 m/s and running. GCA

data taken from [16] have been given as input data to our model to estimate the

power requirements of the two actuators compared.

The nominal values of the components of the system are listed in Table 5.1 for both

F-IVT and FR-D con�gurations, considering a body mass of 75 kg. The sizing of all

the components pursued the principle of minimizing their weight and of maximizing

their e�ciency, resulting in a high-speed motor paired with a large gear reduction.

In fact high speed motors are usually adopted is this kind of applications because

of their very small mass. The low value of τHD resulted both from the high speed

of the motor and from the load requirements.
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level ground walking running

rotating F-IVT FR-D rotating F-IVT FR-D

nominal speed [rpm] 3406 2911 8657 8283

nominal torque [Nm] 0.008 0.811 0.045 2.58

radius [m] 0.07 - 0.07 -

weigth [kg] 0.2 - 0.2 -

τmax
IV T 0.8 - 1 -

τmin
IV T -1 - -0.85 -

τHD 1/50 1/50 1/80 1/80

nominal torque [Nm] 25 25 63 63

Table 5.1: Nominal values of the components of the actuation system of the ex-
oskeleton in the two con�gurations considered in this work (F-IVT and FR-D).
The design is proposed for two operating conditions: level ground walking and
running.

Level ground walking at the speed of 1.1 m/s requires an overall negative amount

of energy at the knee, about equal to -0.21 J/kg. For this reason, in ideal work-

ing condition no external positive power source would be needed, i.e. the electric

machine should work as a generator recovering energy to be stored in the batter-

ies. Unfortunately, transmissions often work far away from the condition of unit

e�ciency. In the knee joint, transmission devices are forced to work under variable

speed and torque, even with changes of power �ow direction. As a consequence,

the instant working e�ciency varies very much in particular when passing from di-

rect to reverse mode. Furthermore, the reverse mode is not always possible, i.e. in

particular working conditions, the IVT and the HD could result to have negative

e�ciency, which means they are non-reversible. I refer to this condition naming it

�irreversible motion�. In this case (Fig. 3.3) both PF , PM and PK are delivered to

the transmission and are dissipated as heat losses. This situation can involve the

HD, the IVT or both simultaneously, depending on the actual values of speed and

torque. We considered all the possible directions of power �ows in the actuation

system, providing for each of them detailed e�ciency models for all the elements of

the transmission: the e�ciency of the IVT and the HD in direct and reverse mode

was estimated as function of the speed ratio, the torque and the speed.

In general, the e�ect of the power loss on the energy balance of the system cannot
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be neglected. Indeed, it results that in real working conditions, as a consequence

of the power loss in the powertrain components (Fig. 5.2), the motor is asked to

deliver a positive amount of power (Fig. 5.3). It can be noticed in Fig. 5.2 that,

as a consequence of the strongly variable angular speed and torque, the e�ciency of

the IVT and of the HD is far from being constant and sometimes it is even equal

to zero or negative (only positive e�ciency points are shown in Fig. 5.2). Negative

e�ciency points (non-reversible motion) are achieved for the 15% and 20% of the

cycle for the IVT and the HD respectively. In these intervals, even if the power at

the output shaft of the transmission is negative, the energy is not transferred from

the knee to the �ywheel because the transmission devices do not permit the power

�ow inversion and additional power is requested to the motor/�ywheel block to keep

the system in motion.

Figure 5.3 shows the time histories of PF , PM and PK in level ground walking . It can

be noticed that the electric machine works as a motor providing a nearly constant

amount of power, while the �ywheel follows the trend of the power requested by the

knee joint. Despite the variable power demand of the load, the motor works almost

at �xed point, close to the nominal working condition and maximum e�ciency value

(Fig. 5.2).

The achievement is due to the �ywheel, which plays the role of energy storage device,

and the micro IVT, the ratio of which has to change as shown in �gure 5.1ato perform

the energy transfer properly. An ideal control of the IVT was also assumed i.e. it is

assumed that the IVT gives exactly the required speed ratio at each instant of the

gait cycle. Figure 5.1b shows that the motor/�ywheel speed varies between 300-360

rad/s, that is always by far greater than zero even when the angular speed of the

knee joint is zero thanks to the neutral gear condition of the IVT.

The advantages that can be achieved are clearer if the F-IVT is compared with a FR-

D system, where the electric machine is asked to ful�ll the power requirement of the

knee joint adapting torque and speed. Under these variable operating conditions,

the e�ciency of electric machine is usually lower than the maximum value (Fig.

5.4). The F-IVT permits to reduce the electric energy required per cycle, from

0.34 J/kg of the FR-D to 0.05 J/kg of the F-IVT, achieving a -85.3% of energy

consumption. Also the peak of electric power demanded to the motor is reduced

from 0.61 W/kg with FR-D to 0.05W/kg of the F-IVT. (Fig. 5.5a), resulting in

-91.8% of peak electric power requested. Thus the F-IVT system results to be very
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Figure 5.1: IVT ratio (a) and the motor/�ywheel speed (b) in level ground walking
.
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Figure 5.2: E�ciency of the motor, of the IVT and of the HD unit of F-IVT in
level ground walking at 1.1 m/s.
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machine in the F-IVT. The assumed operating condition is level ground walking
at 1.1 m/s. Power loss in all the components of the actuator is simulated in detail.

e�cient permitting to reduce both the energy and peak power requirements of the

motor, which lead to downsize the electric machine. We roughly estimated that such

reduction in size of the motor of F-IVT with respect to the motor of FR-D, makes

both the actuators almost equal in weight.
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Figure 5.4: E�ciency of the motor and of the HD unit of FR-D in level ground
walking at 1.1 m/s.

As done for level ground walking, the energy and power requirements of the F-IVT

actuator was predicted in running, by changing the input data (Fig. 5.6). The knee

joint requires a more negative value of energy in running (-0.96 J/kg) than in level

ground walking. This means that a greater amount of energy could be recovered and

that running would be potentially more e�cient than walking. The higher values

of speed and power (Fig. 5.6) of the knee joint, requires a di�erent design of the

transmission devices. In particular a bigger HD gear is needed because of the higher

output torque involved. This penalizes the HD e�ciency over all the gait cycle and

in particular when low torques are required, reducing the potential e�ciency of the
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Figure 5.5: Electric energy and peak power requirements in level ground walking
(a) and running (b) with F-IVT and FR-D actuators.

system.

Like in level ground walking, even if the energy required by the knee joint is negative,

because of the power losses in the transmission, the motor is asked to provide a

nearly constant amount of positive power, whereas the �ywheel follows the trend of

the power requirements of the knee joint. Simulations show that the F-IVT actuator

outperforms the FR-D system (Fig. 5.5) also in running. In fact, F-IVT actuator

allows heavy motor downsizing, since the peak of electric power is reduced by 96.2

% respect to FR-D system. Furthermore the electric energy consumption is reduced

by 83.1 %. It can be noticed that the energy economy achieved in walking is almost

equal to the one obtained in running. These results could be counterintuitive, since

in running the magnitude of the negative peaks of power is much larger than in

walking, giving the chance to recover more energy. Unfortunately, the average HD

e�ciency is lower because of the larger average speed.

5.1.2 F-IVT in daily life conditions

The potential bene�ts of the �ywheel based actuators have been further investigated

by predicting their performance when they do not work under the condition for which

they have been optimally designed. Actuators of lower limb joints are expected to

support the subject in his daily activities, which often requires di�erent amount

of power. In this study the energy and power consumption of the �ywheel based
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Figure 5.6: Speed and power requirements of the knee joint in a cycle of running
[3].

actuators has been estimated in the following conditions: level ground walking in a

range of speeds (0.5, 1.1, 1.6, 2.1 m/s) and stairs climbing of di�erent inclinations

(24, 30 and 42°). The �ywheel based actuators, the rotating F-IVT and the linear

F-IVT, have been compared with two other high performance actuators, the SEA

and the C-SEA, which were largely investigated in the literature.

The electric power and energy consumption of the actuators compared has been

estimated following a model based approach in back dynamics. We used the model

described in section 3.2.3 to estimate the performance of the �ywheel based actua-

tors, and models available in literature for the SEA and C-SEA 2.3. Representative

weight-normalized gait cycle data from[16, 106] have been given as input data to

the models considering a 75 kg person. The rotating F-IVT and the linear F-IVT

have been sized according to the procedure explained in Section 3.2.4to maximize

the e�ciency at the most frequent working condition (Table 5.2) ensuring that the

actuator is capable of operating correctly in any other working condition examined.

In order to have a fair comparison, also the SEA and C-SEA have been sized to

ensure knee powering in the selected tasks (Table 1).

In order to give an evaluation of the performance of the actuators, their energy
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Figure 5.7: Clinical Gait Cycle data of knee joint (angle ϑK , torque CK and power
PK) in level ground walking at di�erent speeds (a) and at stair climbing at di�erent
inclination (b)[16, 106] .
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consumption and the peak of the electric power demanded to the motor have been

estimated. Such quantities can be considered as indexes of the challenging develop-

ment of lightweight and portable wearable robots with an operating range adequate

to daily activities. Furthermore, an estimation of the energy recovery capabilities

of the actuator has been done by calculating the energy stored and released by the

storage device in a cycle.

The electric energy demanded by the motor was calculated through Eq. 3.13 for

all the cited actuators. In this study, for all devices we neglect the possibility

to recover electric energy (i.e. ηgen = 0): data available in the literature of bio-

mechatronic devices[110, 105] are not yet clear enough on this topic to allow us

to make calculations of electric re-generation straightforwardly. Indeed, although

mathematical model of the brushless motor (Eq. 3.113.10) predicts very large values

of the e�ciency of the electric motor in the 2nd and 4th quadrant, experimental

measurements are only in qualitative agreement with the model, since the measured

values of e�ciency are in the range 18-30% [110]. This assumption explains the

null energy consumption of the linear F-IVT and of the SEA at the slowest walking

speed (Fig. 5.8).
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Electric Energy Consumption [J/kg]
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ba
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rotating F-IVT linear F-IVT SEA C-SEA

Figure 5.8: Energy demanded at the motor electrodes of the rotating F-IVT, of the
linear F-IVT, of the SEA and of the C-SEA in level ground walking at di�erent
speed (a)s and stair climbing at di�erent inclinations (b).

Figure 5.8 shows the values of energy consumption of all the actuators considered.

From calculations, it results that the SEA has the greatest energy consumption

almost at all the walking speeds, while the rotating F-IVT is the the most energy

demanding actuator in stairs climbing. The C-SEA has better energy performance
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rotating

F-ITV

linear

F-IVT

SEA C-SEA

Brushless

DC

Motor

model EC-max 40

p.n. 283871

EC-max 30

p.n. 272764

EC 60

p.n.

167131

EC 45

p.n.

136209

PNom[W ] 120 60 400 250

Cfr[mNm] 5.2 0.03 0.8 0.77

JM [g cm2] 101 21.9 831 209

MM [g] 720 300 2400 1100

kemf [
V

rad/s ] 0.0628 0.0359 0.147 0.0739

k t[
mNm

A ] 62.8 35.9 147 73.9

R [Ω] 2.02 2.48 1.03 1.01

ν [ Nm
rad/s ] 8.66 10−6 4.3 10−6 1.4 10−4 2.7 10−5

ic[A] - - - 0.25

vc[V ] - - - 24

FlywheeL JV [g cm
2] 5 103 5 103 - -

IVT τIV T [-1.35, 1.21] [-1.04, 1.17] - -

Gear

Train

τFR 1/50 3.18 10−4 m/s
rad/s 1/80 1/143

ηFR by model 0.97 by model 0.9

Spring K [Nm/rad] - - 375.14 330

Mechanism

l1 [cm] - 15 - 15

l3 [cm] - 30 - 30

l4 [cm] - 5 - 5

ψ [°] - 36 - 36

Table 5.2: Model parameters of the actuators compared in this study:rotating F-
IVT, linear F-IVT, SEA and C-SEA. The motor damping parameters and the
coulomb friction torque are not provided by data-sheet, but they were estimated
following the guide lines given by Maxon.
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than the SEA thanks to the greater e�ciency of the transmission devices. It is also

more e�cient than the rotating F-IVT at all the locomotion condition considered.

The linear architecture of the F-IVT improves the e�ciency of the �ywheel based

actuators. If the linear and the rotating F-IVT are compared, it can be noticed that

the the energetic consumption of the F-IVT is highly reduced at all the walking

speeds and stair inclinations (mean value of the reduction: 72%). By comparing

the linear F-IVT with the C-SEA, two cases must be distinguished: in walking,

the linear F-IVT outperforms the C-SEA, in particular at very low walking speeds;

in stairs climbing, the C-SEA has better energy saving performance if compared

with the linear F-IVT, even though the energy consumption is very similar. It is

important to notice that the results of �gure 5.8 do not include the power losses in

the electric modules between the motor and the batteries. These power losses may

alter the �nal comparison of the energy consumption of all the actuators because

they have di�erent impact in each of them [11]. Indeed, the electronic modulus and

the batteries are expected to work very di�erently in the F-IVT and in the C-SEA:

the working conditions are almost stationary in the F-IVT, and very changeable in

the C-SEA. This can advantage the F-IVT further but we cannot discuss this point

herein.

Another important index to evaluate an actuator for arti�cial leg joints is the electric

peak power, which a�ects the size of the motor and consequently the size and the

weight of the whole actuator. In �gure 5.9 the electric peak power provided by

the motor of all the actuators compared is normalized to the knee peak power at

all the locomotion regimes explored. The results shown in �gure 5.9 highlights the

bene�ts of both the �ywheel and the IVT in cutting down the power demanded to

the motor of the F-IVT. They reduce the irregularity of the working point of the

motor, which must provide an almost constant amount of power, nearer to the mean

value of the power request than to the peak, giving the chance to design properly the

whole actuator such the motor works very e�ciently. On the contrary, the working

points of the motors of the SEA and of the C-SEA are very changeable and both the

motors must supply the peak of power demanded by the knee. This is clearly shown

in �gure 5.10 where the instant value of motor power is shown as a function of time

for all the devices under analysis and in two walking regimes, for instance walking at

2.1 m/s (Fig. 5.10a) and stairs climbing at inclination of 30° (Fig. 5.10b). Similar

results have been obtained in all other walking regimes.
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For this reason, the electric peak power of the �ywheel based actuators is by far

lower than the C-SEA both in level ground walking and stair climbing. Thanks to

the greater e�ciency of the powertrain, the linear F-IVT is also characterized by

lower peaks of electric power than the rotating F-IVT, permitting to select motor

with a halved nominal power (Table 5.2).
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Figure 5.9: Peak values of the electric power provided by the motor, normalized
to the peak of the power demanded by the knee joint. Results are shown for
the linear F-IVT, the rotating F-IVT and the C-SEA in level ground walking at
di�erent speeds(a) and stair climbing at di�erent inclinations (b).

Besides the peak of electric power supplied by the motor, also the peak value of

the torque signi�cantly a�ects the size of the motor. The size and the weight of

a motor increase by increasing the nominal torque [21, 20, 17]. In �gure 5.11 the

peak value of the motor torque of all the actuators is normalized to the peak value

of the knee torque at all the conditions examined. It can be noticed that values of

the SEA and C-SEA are always greater than the others, which take advantage from

the stabilizing e�ect of the �ywheel.

Figures 5.9 5.11 prove that the the �ywheel based actuators can entail a signi�cant

downsizing of the motor as it can also be noticed comparing the masses of the motor

(MM ) of the linear F-IVT, rotating F-IVT, SEA and C-SEA which were selected

in this study (Table 5.2). Since all the actuators considered in this study involve

a mechanical energy storage device with regenerative potential usage (the �ywheel

and the spring, respectively), it is interesting to compare the energy actually re-

cycled in both devices. Data shown in Table 5.3 prove that the �ywheel is able

to re-cycle much more energy (about three times) than the spring in all walking

103



Chapter 5 Results

0 20 40 60 80 100

percent gait cycle [%]

-8

-6

-4

-2

0

2

4

6

p
o

w
e

r 
[W

/k
g

]

0 20 40 60 80 100

percent gait cycle [%]

-4

-2

0

2

4

6

p
o

w
e

r 
[W

/k
g

]

rotating F-IVT linear F-IVT SEA C-SEA knee

a b

Figure 5.10: Instant power requirements of the knee joint and of the electric motor
of the actuators compared (F-IVT, SEA, C-SEA) in level ground walking at 2.1
m/s (a) and in stairs climbing at inclination of 30° (b).

regimes, in particular in the case of linear F-IVT. It follows that the bene�ts given

by the spring in terms of energy recovery in the C-SEA are much less then the ones

given by the �ywheel in the F-IVT, meaning that in the C-SEA most of the reusable

energy should be recovered electrically.

5.1.3 Self-powered F-IVT

The energetic capacity of the self-powered F-IVT actuator has been evaluated by

estimating how much energy it delivers to knee joint in level ground walking in a

range of speeds. The mathematical model provided in the previous section has been

used for calculations considering normalized knee gait cycle analysis data [111] (Fig.

5.7).

Table 3.3 lists the size of each device included into the self-powered F-IVT actuator.

In this paper, the self-powered F-IVT has been designed with reference to a 75 kg

healthy subject. While the highest load demand has constrained the selection of the

BS from data-sheet, a speci�c operating condition of the device has been selected

in order to optimize the design of the actuator, speci�cally relating to the IVT
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Figure 5.11: Peak values of the motor torque provided by the motors of the linear
F-IVT, of the rotating F-IVT and of the C-SEA in level ground walking at dif-
ferent speeds and stair climbing at di�erent inclinations. Peak torque values are
normalized to the peak value of the knee torque.

Amount of energy stored and released by the storage device [j/kg]

0.5 m\s 1.1 m\s 1.6 m\s 2.1 m\s 24° 30° 42°

rotating F-IVT 0.04 0.13 0.24 0.32 0.08 0.01 0.01

linear F-IVT 0.09 0.16 0.26 0.32 0.16 0.19 0.14

SEA 0.01 0.03 0.09 0.18 0.00 0.00 0.00

C-SEA 0.02 0.06 0.09 0.14 0.00 0.00 0.00

Table 5.3: Amount of energy re-cycled by the storage device of the three actuators
compared in this work: rotating F-IVT, linear F-IVT, SEA and C-SEA.
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e�ciency. This aspect mainly a�ects the design of the BS joint to the knee (i.e. the

mechanism) and the selection of the IVT ratio range.

According to [89], the IVT speed ratio pro�le has to fully exploit the IVT ratio

range in order to minimize power losses in the IVT (�g. 3.3). The size and the

geometry of the mechanism, which determine τMECH and thus the IVT ratio pro�le,

have been found through an optimization procedure aimed at maximizing ηIV T under

the assumption of an in�nite �ywheel inertia. In this paper, the IVT ratio range

and the mechanism have been selected with reference to walking at natural speed.

A comparative analysis of the e�ect of the �ywheel inertia and speed on the global

performance of the system has lead to the selection of the �ywheel. Figure 5.12

shows the estimated value of the K index for a self-powered F-IVT whose �ywheel

inertia changes in a range coming from 10−5 to 10−3kgm2. It reveals that after a

positive peak, K does not change signi�cantly by increasing the �ywheel inertia.

Additionally, the trend of K in �gure 5.12, proves that the lower irregularity of

the �ywheel speed, got equally for high values of JF or of ωF, negatively a�ects

the e�ciency of the IVT. However, lower motion irregularity involves high speed

variation of τ IV T. Therefore, a �ywheel inertia of 5 · 10−4kgm2 has been considered

a good compromise among size, performance and motion irregularity.
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�ywheel inertia [kg m
2
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Figure 5.12: Estimated values of K index as a function of the �ywheel inertia in
a range changes in a range coming from 10−5 to 10−3kg ·m2

Figure 5.13 is a proof of concept of the operating principle of the actuator. In

�gure 5.13a the instant trend of the �ywheel speed is compared with the knee power

requirement in a gait cycle of natural level ground walking. It can be noticed that the

rate of change of the (nearly constant) �ywheel speed is opposite to the sign of the

instant knee power requirement: when PK is negative, energy moves from the knee
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to the �ywheel whose speed increases, conversely when PK is positive the �ywheel

delivers energy to the joint and ωF decreases. This general operation of the actuator

makes an exception in some phases of the gait cycle because of the power losses in

the transmission devices, and in particular in the IVT. These happen when, under

the reverse operation mode of the device, the amount of power losses into the IVT

makes the motion not back drivable (i.e. irreversible motion condition) and, even

if PK is negative, both the �ywheel and the knee deliver power to the transmission

gear to keep the system in motion. As a consequence of that under these phases

of non-reversible motion, which are characterized by negative IVT e�ciency points

(Fig.5.14), ωF decreseas when the PK is negative (Fig.5.13 b, c).
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Figure 5.13: a) Instant �ywheel speed pro�le (ωF) compared with the instant knee
power requirement (PK) in a gait cycle of natural level ground walking. In b) and
c) the trend of ωF and PK is shown in two intervals of the gait cycle in which the
motion is non-reversible (30-40%, 70-80%).

In order to evaluate the e�ectiveness of the self-powered F-IVT, K index has been

calculated at all the walking regimes considered and its values are shown in �gure

5.15. Despite the very low average value of the e�ciency of the transmission (Fig.
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Figure 5.14: IVT e�ciency (ηIV T) in a gait cycle of natural walking. The IVT
e�ciency points are very changeable according to the operating condition of the
transmission device. They are negative under the non-reversible motion condition.
Only positive e�ciency points are shown in this �gure.

5.14), it can be noticed that K is always greater than one, meaning that the instant

pro�le of the power provided by the self-powered actuator (Pout) coincides with the

knee power requirement (PK) when both are negative (i.e. in reverse operating

mode), while PK is greater than PK when they are positive (Fig. 5.16). Therefore,

the self-powered F-IVT actuator is able to recover enough power from the passive

dynamic of knee joint in walking to deliver even more than the knee power request

in the active phases of the gait cycle, giving also the chance to face unexpected

obstacles or situations which could require more torque.
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Figure 5.15: Value of K index in real operating condition of the self-powered
F-IVT at di�erent walking speeds (xs - extra slow; s - slow; nat - natural; m -
medium; l - large).
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Figure 5.16: Instant pro�le of the power provided by the self-powered actuator
(Pout) compared with the knee power requirement (PK) in a gait cycle of natural
walking. Both pro�les coincide when they are negative (i.e. in reverse operating
mode), while Pout is greater than Pout when they are positive.

5.2 Balance performance estimation of the

�ywheel inertial actuator

The �ywheel inertial actuator was experimentally tested to estimate how it a�ects

balance keeping performance of people in perturbed standing. All the experiments

were carried on with the permission from Medisch Ethische Toetsingscommissie

(METC) Twente. Ten healthy subject in the age 23-30 years participated in the

study. The participants in the study were asked to stand still on a treadmill including

force plates, with bare feet, in upright position. The subjects were attached to the

pelvis perturbator system using a pelvis belt. The pelvis perturbator applied lateral

perturbations of three di�erent magnitudes at the pelvis in both directions. For

each subject and for each direction, the magnitude of the force applied was scaled

on the human body mass using the following weight 0.1, 0.08, 0.06. According to

the value of the weight, the magnitude of the perturbations can be distinguished

in maximum, medium and minimum. The subject received sixty perturbations in

each session of the experiment every 10 seconds. The order of the perturbations, i.e.

weight used to cause the perturbation, was randomly selected. The subjects were

instructed to keep their arms close to the chest to avoid any balancing e�ect, and

to try to maintain balance without stepping in order to consider the number of foot

lifts as an index of their balance performance.

Each experiments consisted of four di�erent sessions whose details follow below:
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1. Trial I, Baseline: subjects do not wear the device

2. Trial II, O� : subjects wear the device but it is turned o�

3. Trial III, On: subjects wear the device that operates with Controller 1. Con-

troller 1 activates the balance device on the basis of the sway angle and ve-

locity.

4. Trial IV, On2 : subjects wear the device that operates with Controller 2. Con-

troller 2 activates the balance device on the basis of the sway velocity.

5.2.1 Proof of the operating principle of the balance device

In this section the instant trends of some quantities measured during trial 3 and 4

are provided in order to explain how the control of the balance device works and

which is its e�ect on the human sway. Figures 5.175.18 show the instant trend of

some quantities measured during trials III and IV, in which the device operates

with two di�erent controllers. In trial III (i.e. On) , the operation of the device

is controlled on the basis of the values of the sway angle and velocity and thus

threshold values have been considered for both of them (Controller 1 ). In trial

IV (i.e. On2 ) , the operation of the device is controlled only on the basis of the

sway velocity (Controller 2 ). All the quantities represented in �gures 5.175.18 are

normalized to the maximum values they got in the time span considered. Therefore

the value of all the quantities can change between -1 and 1.

Figure 5.17refers to Controller 1 and 5.18 to Controller 2. Figures reveals that both

the amplitude of the sway angle and the magnitude of the sway velocity increases

in the same direction after the perturbation is applied. In the experimental trial

selected (Fig. 5.17), Controller 1 activates the balance device when the threshold

value on the sway velocity is overcome (t ' 0.3sec). The motor provides a corrective

torque proportional to the error on the angle, de�ned as the di�erence between the

actual sway angle and the velocity threshold value, that quickly reduces the sway

velocity. In the mean while, the amplitude of the sway angle decreases and this

makes the balance device still operate even if the sway velocity is lower than the

threshold value (t ' 0.4sec) until both the measured sway angle and velocity are

lower than the threshold values (t ' 0.5sec). After this phase, the subject still

experiences sway whose amplitude requires the intervention of the balance device

that provides again torque (0.7 ≤ t ≤ 0.9sec). When the corrective torque of the
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Figure 5.17: Instant trend of some quantities measured during experiment trial
III, when the device operates with controller 1. Figure a shows the sway angle
and the sway velocity after a perturbation. The threshold values of the angle and
velocity which de�ne the starting of the operation of the device are also shown.
Figure b shows the torque provided by the motor and the velocity of the �ywheel
after the perturbation considered. All the quantities represented in the picture
have been normalized to their maximum value in the trial.
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Figure 5.18: Instant trend of some quantities measured during experiment trial IV,
when the device operates with controller 2. Figure a shows the sway angle and
the sway velocity after a perturbation. The threshold value of the sway velocity
which de�nes the starting of the operation of the device are also shown. Figure b
shows the torque provided by the motor and the velocity of the �ywheel after the
perturbation considered. All the quantities represented in the picture have been
normalized to their maximum value in the trial.
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balance device is not needed anymore (t ' 0.5sec, t ' 0.9sec,), the �ywheel is

slowly decelerated in order to minimize the e�ect of the inertial torque that in this

case would disrupt body balance. When Controller 1 detects the loss of balance of

the subject, the motor provides the maximum torque and then its value decreases

because of the constrains on the safe operating area of the motor.

Controller 2 operates similarly to Controller 1, with the di�erence that it detects the

subject loss of balance only on the basis of the sway velocity (Fig. 5.18). The motor

starts around t ' 0.2 sec by providing almost the maximum motor torque. After the

balance device applies torque on the human body, the sway velocity decreases and

oscillates around its threshold value. This explains the trend of the motor torque

from t ' 0.2sec to t ' 0.35sec. After the operation of the balance device the sway

velocity decreases and changes its direction. Around t ' 0.5sec, when the sway

velocity is higher than the threshold value and it has the same direction of the sway

angle, the controller activates again the balance device. In this time span, the motor

is fast decelerated to provide the corrective torque, because its velocity is still non

null. Then the motor is slowly speeded down and it stops at t ' 2.5sec.

5.2.2 Analysis of the human balance performance

Data collected during experiments have been analyzed to assess human balance

performance. Some of these data are collected in �gure 5.19, which shows the values

of some measured quantities in a generic session of the experiment.

Figure 5.19 clearly shows that once the subject receives a perturbation (i.e. he\she

is pushed or pulled by the pelvis perturbator) it starts to oscillate in the M/L plane

experiencing larger body sway than in quiet standing. Indeed, the sway angle gets

peaks values just at the perturbations (5.19 b). The COP excursion has the same

trend that changes similarly according to the perturbations applied (5.19c). The

magnitude of the vertical ground reaction forces also changes at the perturbed in-

stants. The perturbation usually involves a weight shift in human body. Depending

on the direction of the perturbation, the subject unloads one foot and loads the

other. In particular, when the perturbation is positive and the subject is pushed

toward the left, the ground reaction force on the right foot decreases and the one on

the left foot increases. The contrary happens when the subject is pulled toward the

right side. Sometimes, it also happens that the subject needs to lift one or both of
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his feet to keep balance. In this condition the ground reaction force of the lift foot

is null.

These considerations motivated to assess the balance performance of subjects by

considering the following parameters:

� maximum amplitude of the oscillation of the subject's body in the frontal

plane after a perturbation is applied;

� number of lifts foot after a perturbation is applied.

In the data analysis, the e�ect of the �rst two perturbations has not been considered

for the experimental session 2 to 4 ( O�, On, On2 ). The �rst four perturbation has

not been considered for the session 1 (Baseline) to minimize start up e�ects.

5.2.2.1 Maximum amplitude of the oscillation of the subject body in the

frontal plane after a perturbation

The amplitude of the sway angle (∆ϑ) at each perturbation provided (i.e. peak

to peak value) has been calculated for each subject in each session of the experi-

ment (i.e. trial I to IV). For each subject and trial, the maximum sway amplitude

(∆ϑPEAK) at each magnitude of the perturbation applied has been computed. Then,

the average value of ∆ϑPEAK of all the subjects and its standard deviation has been

got for each trial ( 5.20 ). Data from the non-stepping trials were used in the fol-

lowing analysis, so perturbations that caused a step have not been considered in the

calculation. Results shown in �gure 5.20 have been obtained.

Figure 5.20 shows that the device decreases the amplitude of the maximum sway of

the human trunk of the 24% with Controller 1 (trial On) and of the 28% with the

Controller 2 (trial On2 ). However, if ∆ϑPEAK of trial I (Baseline) is compared with

that of trial II (O� ), it can be noticed that the peak of the sway angle decreases

already of about the 16% when the device is worn but it does not operate. The

balance device increases the total mass of the perturbed system (i.e. human body

plus balance device) and the e�ect of perturbations is lower if it is compared with

that of trial II (i.e. Baseline). The e�ect of both the controllers on human sway

can be assessed by comparing the trial in which the device is switched o� (i.e., Trial

II, O� ) and the trials in which the device operates with Controller 1 (i.e. trial III,

On) and Controller 2 (i.e. trial IV, On2 ). Controllers 1 and 2 further improves the

balance performance of the subject in perturbed standing by reducing of the 10%
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Figure 5.19: Instant trend of some quantities measured during one session of the
experiment: a) perturbations applied whose value is normalized to the maximum
perturbation applied; b) sway angle of human trunk; c) COP displacements in
M\L direction; d) vertical components of the ground reaction forces of the right
and left foot. For each quantity the trend during the whole trial is given on the
left, and a zoom out of them in the very close range of a maximum perturbation
on the right.
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and 15% the maximum amplitude of the sway angle respectively. In table 5.4the

percentage change of ∆ϑPEAK in trials II-III-IV and III-IV relatively to trial I and

trial II is shown. Controller 2 performs better than Controller 1 and that it is

advantageous especially at the medium and minimum magnitudes of perturbations,

when it reduces the amplitude of the sway angle of the 18% and 21% respectively.

percentage variation of the sway

angle relatively to

trial i: baseline trial ii: off

trials trials

magnitude of

the

perturbations

ii iii iv iii iv

tot -16% -24% -28% -10% -15%

max -19% -22% -31% -4% -14%

med -22% -24% -36% -3% -18%

min -18% -13% -35% 6% -21%

Table 5.4: Percentage variations of the maximum amplitude of the sway angle
relatively to the trial Baseline, when subjects do not wear the device, and the
trial O� when subject wear the device but it do not operate.

5.2.2.2 Number of foot lifts after a perturbation

The percentage of perturbations that caused a foot lift has been evaluated for each

subject and trial. It has been calculated as the ratio between the number of the foot

lifts and the total number of perturbations applied. The percentage of perturbations

has also been distinguished on the basis of the magnitude of perturbations applied, in

order to analyze how the balance performance of the subject changes with reference

to the disruptive force applied. Therefore the percentage of foot lifts caused by the

maximum, medium and minimum perturbations have been calculated. The average

value of the percentage of foot lifts to the total number of perturbation applied and

to the three magnitudes of perturbations applied (i.e. max, med. min.) are provided

in �gure 5.21 for each trial.
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Figure 5.21: Average value of the number of foot lifts in the four sessions of the
experiments with reference to the total number of perturbation applied (Tot), to
the number of the maximum perturbation applied (Max), to the number of the
medium perturbation applied (Med) and to the number of the minimum pertur-
bation applied (Min). The error bars show the values of the standard deviations
of data.

Results shown in �gure 5.21 reveal that the percentage of foot lifts after a perturba-

tion decreases if subjects wear the balance device, even if it is turned o�. As already

discussed for the trunk sway, the higher total mass of the subject wearing the device

signi�cantly reduces the number of foot lifts because the e�ect of the perturbation

is lower. In trial II-III-IV subjects wear the device and receive perturbations of

the same magnitude, that generate comparable e�ects on the total weight of the

system �human body plus device�. Therefore, data collected during these sessions

can be fairly compared to assess the e�ect of both the controllers on human balance

performance. This comparison proves that Controllers 1 and 2 reduce additionally

the number of steps respect to the performance measured in trial O�. They reduce

the foot lifts of the 6% and 9% respectively (Table 5.5). Furthermore, results show

that Controller 1 is more e�ective in reducing the number of step at the medium

perturbations, while Controller 2 is more e�ective at the maximum perturbations

(Table 5.5).
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percentage variation of the sway

angle relatively to

trial i: baseline trial ii: off

trials trials

magnitude of

the

perturbations

ii iii iv iii iv

tot -40% -43% -45% -6% -9%

max -20% -21% -28% 0% -9%

med -55% -60% -57% -11% -5%

min -91% -91% -91% -5% -5%

Table 5.5: Percentage variations of the maximum amplitude of the sway angle
relatively to the trial Baseline, when subjects do not wear the device, and the
trial O� when subject wear the device but it do not operate.
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Even though research on wearable robots developed a lot in the last decades, their

portability still challenges their development and widespread among users. E�ec-

tiveness of wearable robots depends on their portability, which is conceived as the

capability of these robots to be worn and carried around by users who need to be

supported in a large variety of operational scenarios and for an extended length of

time in daily life. Comfortable and ergonomic mechanical structures, as well as ef-

�cient and convenient actuation systems contribute to the progress of portable and

free-standing robotic devices.

Actuation of these devices must ful�ll often opposing requirements which are hard

to conciliate at the same time. They must be powerful enough for providing the high

peaks of torque and power demanded in a gait cycle of locomotion tasks, they should

have low energy consumption in order to increase the operating range of the device

and �nally they must be as small and lightweight as possible in order to decrease the

metabolic expenditure and facilitate portability. As a consequence of the di�cult

conciliation of weight and performance requirements of the actuation, most currently

developed wearable robots for lower limbs are heavy and they can provide limited

torques and power, restricting the e�ectiveness of these devices, especially in case

of patient assistance.

Reducing the energy and power consumption of the source of power is a valuable

way for reducing the weight and size of the actuator and for permitting a long-

lasting usage of the device, with consequent advantages in terms of portability. A

lot of research e�ort is focused on the design of innovative and e�cient actuators

capable of exploiting the passive dynamic of human walking by storing and releasing

energy according to phases of the gait cycle, to reduce the energy requirement of

the motor [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 19]. Energy recovery is a commonly

accepted solution to pursue this goal, but it does not always entail e�ective motor

downsizing, which can be achieved if both the motor power and torque requirements
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are reduced. It is indeed well known that the size of an actuator is related to the

value of its rated torque. Actuators including springs to store energy, reduce the

peaks of electric power and the energy consumption, but they transfer the same

torque at the motor shaft [21, 20].

More than the joint power augmentation, also the balance challenges the develop-

ment of portable wearable robots. Most of wearable robots have been not primarily

designed to assist balance and users have to count on conventional assistive tech-

nologies, such as canes or crutches, to prevent the risk of falling. However, these

external assistive devices are hold in the hands and this is not convenient for people

with limited strength in upper limbs. Furthermore, they can interfere with balance

in some situations and they reduce the e�ectiveness of wearable robots in compar-

ison to wheel chairs. Multi degree of freedom actuated joints would improve gait

stability, despite the increase of the weight and of the control complexity. Robotic

assistive technologies, such as moment exchange actuators, have the potential of

providing balance assistance to the wearer in his daily life actions and consistently

with human balance control. They detect the subject's loss of balance and provide

corrective actions to avoid or delay the risk of falling. Balance assistive devices can

either be included in powered wearable robots or be worn separately by subjects

su�ering balance disorders to control and improve their balance.

This thesis gives a contribution to the development of portable wearable robots in

terms of energetic e�ciency and safety. The current actuation technologies for joint

power augmentation and balance assistance have been investigated with the aim of

�nding novel solutions that could improve the portability of wearable robots for hu-

man locomotion assistance and human strength augmentation. This thesis presents

two actuators focused on enhancing joint strength and on balance compensation re-

spectively. The �st actuator, named F-IVT, transfers power to the knee to enhance

the strength of the joint, the second one is a �ywheel inertia actuator for assisting

human balance.

6.1 Flywheel based actuators for knee power

augmentation

In this thesis we propose an innovative and more e�cient actuation system (named

F-IVT actuator) to power knee joints of exoskeletons. F-IVT is an actuator adapt-
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able to any walking regime and its e�ectiveness comes from an advantageous ex-

ploitation of inherent characteristics of human locomotion.

F-IVT is made up of an electric motor, a �ywheel, an In�nitely Variable Trans-

mission (IVT) and a �xed ratio drive (FR). The IVT allows to properly move the

energy between the �ywheel and the load: when the knee joint demands negative

(positive) power, energy is driven to (from) the �ywheel through a proper variation

of the speed ratio of the IVT. The �ywheel works as a mechanical storage system.

The rate of change of the energy stored in the �ywheel follows instantly the require-

ments of the joint. In this way the �ywheel reduces the motion irregularity of the

motor shaft and the motor works almost at �xed operating point. With a proper

design of the motor, the working point corresponds to almost maximum e�ciency,

thus reducing the electric energy consumption.

The performance of the F-IVT actuator has been compared to a traditional sys-

tem, named Fixed Ratio Drive (FR-D), where the speed is regulated by controlling

the motor speed. Two conditions have been analyzed: level ground walking and

running. Both the actuators have been optimally designed for the speci�c walking

conditions. The results show that the peak of electric power and the electric energy

required in a gait cycle are reduced respectively of the 91.8% and 85.3% in level

ground walking, and of the 96.2% and 83.1% in running with the F-IVT system,

with great advantages in terms of reduction of motor size and improvement of the

operating range. We proved that the F-IVT architecture permits to undersize the

electric motor, which in F-IVT delivers an almost constant power value roughly

equal to the mean power requested and by far less than the peak power. Moreover,

the electric motor can be sized for working at a nearly �xed point at the greatest e�-

ciency values, with a resulting potential saving of electric energy consumption. The

motor undersizing would be a great advantage in this kind of application because it

facilitates the portability of the device, also enlarging its operating range. However,

these results give a limited sight on the F-IVT potential because the performance

are therein estimated in the nominal working condition, i.e. the one taken as a ref-

erence to optimally design the F-IVT components. Indeed, the portable lower-limb

wearable robots are required to support the wearer in his daily activity, thus their

actuators do not usually work under the nominal condition.

We have further investigated the F-IVT by predicting its performance when it does

not work under the condition for which it was optimally designed, like di�erent
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walking speeds and stairs climbing. The energy and power requirements of the ro-

tating F-IVT and of the linear F-IVT have been estimated through a model based

approach and compared with those of two very e�cient actuators already used in

biomechatronics devices, the SEA and the C-SEA, in order to evaluate if it could be a

competitive actuator for arti�cial knee joints of wearable robots. We have estimated

the motor performance of the di�erent actuators in powering an arti�cial knee joint

under di�erent locomotion regimes very recurring in daily life: level ground walking

at di�erent speeds and stairs climbing at di�erent inclinations. Detailed e�ciency

models of all the devices have been used to obtain realistic estimations of the mo-

tor consumption following an inverse dynamic approach. Two main performance

indexes have been taken in consideration for comparison: the energy consumption

(per gait) and the peak of electric power, both calculated at motor electrodes. As

a result of the simulations, it was found that the motors of the linear F-IVT and of

the C-SEA have the lowest energy consumption in level ground walking and stairs

climbing respectively. Thus they would permit a larger operating range of the de-

vice. However, it is important to specify that in this work the energy requirement of

the motor has been calculated at the motor electrodes, not at batteries. There are

at least two reasons why the e�ective energy requirement of the actuators, i.e. the

energy demanded by the battery, may be di�erent with respect to the motor energy

requirement, in particular in SEA and C-SEA. First, the working point of the motor

is quickly and repeatedly variable, and this may a�ect the actual e�ciency of the

electronic devices between the batteries and the motor, and the batteries themselves.

Second, the electrical power generated by the motor could be smaller than the es-

timated, as the very low experimental values of the regeneration e�ciency achieved

in practice [110] would demonstrate. Unfortunately, these issues are still debated,

and no precise data are available in the literature.

Furthermore, this study proves that the F-IVT permits to achieve a drastic reduction

of the peak power and of the peak torque at all the conditions examined. In fact, the

�ywheel and the IVT stabilize the working point of the motor, which always provides

a nearly constant amount of power that is very lower than the peak power request.

This achievement is very important in view of the possibility to downsize the electric

motor, which would also mean reducing the size and the weight of the actuator, with

advantages in terms of portability. Moreover, the motor of the F-IVT always works

very e�ciently, even when it does not work under the condition for which it is

optimized, and this may be true for the power electronics and the batteries. Of
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course, even if the motor mass is the most critical one, in order to make the F-IVT

more lightweight than the other devices developed for the same purpose, the mass

loss due mainly to the reduced motor size should overcome the additional masses

of the micro-IVT and the �ywheel. We have also roughly estimated that the motor

downsizing achieved through the �ywheel based actuators is such that they and the

other actuation systems considered have almost equal weight. Moreover the mass

of the F-IVT could be further reduced through the design of proper transmission

devices properly developed for such biomechanical applications.

This thesis also explores the idea of a self-powered actuator for arti�cial knee joint

of wearable robots. The novel actuator, named self-powered F-IVT, uses only the

energy recovered during the passive phases of a gait cycle to power the knee joint

in level ground walking. As in the powered F-IVT, the role of the IVT is crucial

to control the energy exchanges between the �ywheel and the knee joint: when the

knee absorbs power ( PK < 0), τIV T has to change in order to move energy from the

knee to the �ywheel where it is stored, conversely when the knee demands positive

power (PK ≥ 0), energy has to be delivered to the joint. The e�cacy of the F-IVT

has been evaluated in level ground walking in a range of speed. The model based

estimation of the amount of power deliverable by the self-powered F-IVT reveals

that the energy recoverable in a gait cycle of walking is enough to ful�ll the total

knee power requirement and also more, despite the low average e�ciency of the

transmission. This means that the actuator would also permit to face unpredictable

increases of the knee load, as obstacles or waste of power. This is a promising result

in the view of developing lightweight actuators for arti�cial leg joints in the �eld

of wearable robots. Indeed, the lack of the motor, of the battery and of all the

electronics related to them, would signi�cantly decrease the weight and the size of

the actuator, improving the portability of such devices.

The results presented in this thesis reveal that �ywheel based technologies are

promising actuation technologies that could improve portability of wearable robots

by signi�cantly downsizing the motor and reducing the energy consumption of the

actuator, that means enlarging its operating range. However, this thesis contains

the results of a preliminary assessment of the actuator and experimental investi-

gations are needed. The comparative analysis of the actuators done in this thesis

were �rstly aimed at assessing which are the potential bene�ts and the drawbacks

of the �ywheel based actuators, in order to evaluate if they could be or not compet-

itive actuators for arti�cial knee joints of wearable robots. Then, the results of the
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compared analysis are also usefully supporting the development of a prototype of

the F-IVT, leading to the selection of the most e�cient solutions to include in the

actuator. For example, results of this thesis shown that the linear F-IVT is more

advantageous that the rotating F-IVT in terms of energetic e�ciency.

These promising results stimulate us to work on the design and development of com-

pact, light and e�cient IVT drives that can actually be used for active exoskeletons.

The commercially available IVTs cannot be used for leg joints actuators because

they are designed for higher power demanding applications. Indeed, IVTs are cur-

rently largely used in the automobile �eld and in wind power systems, but they have

never been included in biomechatronic devices.

Future investigations will also aim to de�ne an e�cient control strategy of the actu-

ator and to investigate the interaction of the actuator with the human subject, such

as the evaluation of the e�ect of gyroscopic torques due to the rotating �ywheel on

walking.

6.2 Flywheel inertial actuator for human balance

assistance

A �ywheel inertial reactionless actuator for human balance assistance is also pre-

sented in this thesis. It is a wearable moment exchange device including a reaction

wheel that assists people in keeping balance in the M\L direction. It counterbalances

balance disturbance actions in the frontal plane through the inertial torque gener-

ated by accelerating and decelerating a �ywheel around the falling direction.The

working principle of the actuator emulates the contribution of arms in changing the

angular momentum of the trunk to restore balance. The control of the device has

been designed in order to make it work in parallel with humans. The device is

started when the falling condition is detected and stopped once the steady posture

is attained again. When the balancing intervention of the device is required, the

�ywheel is speeded up in the direction that make its inertial torque opposite to the

gravitational perturbing action. The �ywheel is then slowly stopped to minimize

any additional disturbance e�ect.

The �ywheel inertial actuator imparts a free moment to a body without the need

of contacting it with a frame. It is included into a backpack to connect the device
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to the user's upper body. It is easy to be worn and it is also a valuable assistive

technology to be used independently from exoskeletons and orthoses. People with

balance impairments who do not wear active orthoses, could use it in their reha-

bilitation sessions or to receive everyday life assistance. In order to promote the

natural recovery of the patient, the control of the �ywheel inertia actuator has been

developed so that it acts consistently with human intent and provides assistance

only when it is needed.

The device developed weights around 6 kg and it can apply a maximum torque of

about 10 Nm on human body. The value of the peak torque of balance assistive

device we developed is higher than that of the device presented in [24], that also

includes a heavier �ywheel.

The contribution of the �ywheel inertial actuator in helping people to keep balance

has been evaluated trough experiments on healthy subjects in perturbed standing.

During experiments subjects were asked to wear the device and to stand on a tread-

mill with their feet together, while their equilibrium was perturbed by sudden and

horizontal forces exerted at the pelvis by mean of a pelvis perturbator. Perturba-

tions of three di�erent magnitudes, whose value was scaled according to the subject's

body weight, were applied.

The �nal goal of this research activity was to evaluate how the balance performance

of a subject changes by wearing the supportive device. To this aim, the e�ectiveness

of the device have been be evaluated by comparing the balance keeping performance

of subjects when they wear and when they do not wear the inertial �ywheel actuator.

Each experiment consisted of four di�erent trials: in trial I (Baseline) subjects did

not wear the device, in trial I (O� ) subjects worn the device but it was turned o�,

in trial III (On) and in trial IV (On2 ) subjects worn the device that operated with

Controller 1 and with Controller 2 respectively. Controller 1 activates the balance

device on the basis of the sway angle and velocity, instead Controller 2 activates

the balance device on the basis of the sway velocity.

The human balance performance has been assessed through the following parame-

ters: the peak values of the trunk sway after a perturbation and the number of foot

lifts after a perturbation . Data collected during experiments have been analyzed

on the basis of the magnitude of perturbations applied and of the di�erent experi-

ment sessions. The comparison of trial II-III-IV, when subjects wore the device, and

trial I when subjects did not, reveals that the balance device improves the balance
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performance even if it is turned o� due to the increase the total mass of the per-

turbed system (i.e. human body plus balance device) that reduces the e�ect of the

perturbation. Interesting considerations on the e�ectiveness of the controller come

from the comparison of trial II and trials III-IV. In trial II subject wore the device

that was kept turned o�, on the contrary in trials III-IV subjects wore the device

which was activated by two di�erent controllers. The comparison reveals that both

the trunk sway and the number of foot lifts decreases when the device operates.

Better performance are achieved through Controller 2, which detects subject's loss

of balance on the basis of the sway velocity. It determines a stronger reduction of

both the sway peaks (15%) and of the number of foot lifts (9%), especially at the

medium and maximum magnitudes of perturbations.

One of the limits of this study is that the balancing e�ect of the �ywheel cannot

be separated by the human balance strategy. Even if they wore the device, subjects

reacted to perturbations with their natural postural mechanisms during experiments.

This would also explain the low value of the percentage change of some trials. A

preliminary estimation of the contribution of human strategies during experiments

could be evaluated by estimating the torque exerted at the ankle. This would

allow to asses human e�ort and to quantify subject's participation during the trials.

Another aspect to consider is that both the learning e�ect and the fatiguing e�ect

could have been a�ected results. Further experimental investigations could support

the evaluation of these e�ects.

This thesis collects only some preliminary results of this study. The e�ect of some

parameters useful to asses human balance has been estimated, but more parameters

could give a wider overview of the e�ect of the �ywheel inertial actuator on human

balance (e.g. torque exerted at the ankle). For this reason no statistical test has been

done at this stage of the study. However, a reliable discussion of the results needs

also statistical considerations of the data collected and analyzed. Therefore, next

stages of the study will surely include both the analysis of additional parameters

and the statistical analysis of the results.

Data analysis also included the operation of the balance device. The instant trend

of some measured motor quantities reveals that the motor provides torque after

the controller detects the subject's loss of balance and for a very short length of

time. What usually happens is that once the motor provides torque, it brings the

dynamics of human body in the region in which no balance intervention is required.
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This sometimes generates an intermittent behavior of the motor, and sometimes

it just slows down the balance recovery of the system. The controller could be

improved in order to make the motor providing a maximum torque for a longer time

span in order to quicken the balance recovery. This would mean either implementing

a feed-forward control algorithm that activates the motor once the loss of balance

is detected and stop it when the subject get the upright stable position, or reducing

the threshold value which limit the region in which the subject experiences natural

sway.
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