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Abstract

Robots have been used in physical rehabilitation to increase the intensity of practice

and relieve therapists from the demanding task of manually assisting the patient.

Robot-assisted therapy has shown encouraging results, comparable to the ones

achieved with traditional therapy, while allowing greater patient compliance and

a quantitative, more accurate monitoring of the subject’s performance. Unfortu-

nately, currently available robotic platforms are not logistically capable of following

the patient after discharge from physical therapy. Patients go back home, training

stops and their conditions plateau or even deteriorate.

The fairly recent introduction of soft materials to design robotic devices has had

a significant impact on assistive technologies. Wearable robots made of fabric and

elastomers, also known as exosuit, are a promising way of delivering power to the

human body, with potential applications in the medical field. Being lightweight,

ergonomic and low power-demanding, exosuits are an attractive tool to provide

assistance, not only in clinical settings but also in daily life. Understanding how

these devices affect the physiology and mechanics of human movements is funda-

mental for quantifying their benefits and drawbacks, assessing their suitability for

medical use and guiding a continuous design refinement.

In this thesis we hypothesize that a soft exosuit can comfortably deliver assistive

forces to the joints of the upper limbs, working in parallel with the human muscles

to delay the onset of fatigue, without altering kinematic characteristics of human

movements such as smoothness and accuracy.

To address these question, we present the development and evaluation of a wearable

exosuit for assistance of the elbow joint and introduce a controller that compensates

for gravitational forces acting on the limb while allowing the suit to cooperatively

move with its wearer. We examine the feasibility of using the device to assist human

movement by testing its effect on the kinetics and kinematics of healthy subjects.

Subjects wore the exosuit and performed elbow movements in two conditions: with

assistance from the device (powered) and without assistance (unpowered). The test

xv
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included a dynamic task, to evaluate the impact of the assistance on the kinematics

and dynamics of human movement, and an isometric task, to assess its influence

on the onset of muscular fatigue.

Powered movements showed a low but significant degradation in accuracy and

smoothness when compared to the unpowered ones. The degradation in kinematics

was accompanied by an average reduction of 59.20 ± 5.58% (mean ± standard

error) of the biological torque and 64.8± 7.66% drop in muscular effort when the

exosuit assisted its wearer. An analysis of the electromyographic signals of the

biceps brachii during the isometric task revealed that the exosuit delays the onset

of muscular fatigue.

The thesis then proposes an actuation paradigm to reduce the size and power

consumption of soft wearable devices by independently controlling many degrees

of freedom using a single electric motor (One-To-Many). In Chapter 6, we detail

the design and functioning principle of this mechanism and test its performance on

the soft exosuit for the elbow joint, comparing it with the performance obtained

using a traditional DC motor. The exosuit powered by the One-To-Many actuator

reduces the biological torque required to move the forearm by an average of 46.2%,

compared to the unpowered condition, but negatively affects movement smoothness

and accuracy. When compared to the DC motor case, it slightly deteriorates

performance. Despite the technical limitations of the current design, the One-To-

Many paradigm is a promising scheme to design lighter, more portable wearable

robots.

The results of this thesis demonstrate a high potential of soft exosuits as tools

for assistance of upper limb movements and propose an innovative method for en-

hancing their portability. Furthermore, the design process, control, and assessment

methodology presented in the thesis can serve as a basis for the future development

of exosuit and exoskeleton platforms.
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Chapter 1

Introduction

1.1 The humble sea squirt

We move to reach, grasp, gesture, feel, touch, feed, discover, play, dance, commu-

nicate and speak. Movement is the only way we have of affecting the world around

us, points out the distinguished neuroscientist Daniel Wolpert. In his beautiful

TED talk in 2011, he addresses a simple and fundamental question: Why do we

have a brain?

“If you think about this problem for any length of time, it is blindingly obvious why

we have a brain. We have a brain for one and one reason only, and that is to

produce adaptable and complex movements.” [1].

Wolpert invites us to reflect that all living beings that move voluntarily have a

brain, and all living beings that do not move, e.g. plants, do not have a brain.

The clinging evidence, however, is a rudimentary creature: the sea squirt. It has a

nervous system and swims in the ocean in its juvenile life until it finds a rock on

which it settles and never leaves; upon doing so, it digests its own nervous system

for food. Once it does not need to move, it does not have the luxury of having a

brain.

The complexity of movement somewhat reflects the complexity of our brain. Both

still raise more questions that we can not answer. Our limited understanding of

how the central nervous system deals with movement is clear when comparing the

dexterity of humans with that of state of the art robotic platforms (a humorous

1
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demonstration can be found here). This gap has fundamental implications for

helping those that have, to some degree, lost the ability to move independently.

1.2 Broken movement

Damage to the central nervous system can significantly affect one’s ability to move,

with drastic consequences for one’s Quality of Life (QoL). Disorders of the nervous

system account for approximately 28% of all years of life lived with disability world-

wide [2]. These include, among others, disorders related to age, spinal cord injury,

multiple sclerosis, traumatic brain injury and cerebral palsy, and stroke outweighs

all others combined in terms of disability-adjusted life years (DALYs) [3]. Although

epidemiological studies report controversial results, 30% to 60% of stroke survivors

experience chronic movement dysfunction in the upper limbs 6 months after the

stroke [4]. The distal parts of the limbs are known to be the most affected by per-

sistent deficits, with weakness of voluntary contraction and hypertonus of the flexor

muscles strongly reducing the ability to extend the joints [5]. Losing the remark-

able and unmatched dexterity of our arms in manipulating and communicating

severely hampers one’s ability to accomplish simple, yet fundamental, activities of

daily living (ADLs) such as eating, drinking and getting dressed.

The incidence of stroke increases significantly with age [6] and, as the lifetime ex-

pectancy rises, its prevalence and impact on society are expected to grow. Various

strategies have been explored to improve motor recovery after stroke, and, so far,

repetitively performing isolated [7] and functional [8, 9] movements in the acute

phase of recovery has produced the best outcomes. These findings support the

hypothesis that practice is the main leading factor in promoting synaptogenesis

and brain plasticity [10].

Robots have been used to increase the intensity of practice and relieve therapists

from the demanding task of manually assisting the patient. Robot-assisted therapy

has shown encouraging results, comparable to the ones achieved with traditional

therapy [11], while allowing greater patient compliance and a quantitative, more

accurate monitoring of the subject’s performance.

https://www.youtube.com/watch?v=g0TaYhjpOfo
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Unfortunately, currently available robotic platforms are not logistically capable of

following the patient after discharge from physical therapy. Patients go back home,

training stops and their conditions plateau or even deteriorate.

1.3 Out of sight, out of mind?

Only 5% to 20% of patients fully recover their lost motor function [12] before being

discharged from physical therapy, and the great majority do not regain enough

dexterity to be independent. Even those who do are at high risk of deterioration.

In a critical comment on the practices of physical therapy after stroke, MacLeod

and Turner point out that by the 12th month after the incident, one in six people

loses the gains achieved in the first three months of training [13]. Among other

factors, the lack of continuous monitoring and the abrupt interruption of training

play a key role in the deterioration process.

In a thoughtful essay on the theoretical perspectives of neurorehabilitation, James

Gordon states: “It is easy enough to facilitate a certain pattern of movement.

What is difficult is to get patients to use that pattern when they are carrying out

some functional activity. This is the fundamental challenge facing rehabilitation

therapists”[14].

Despite this compelling evidence for the need of movement assistance after dis-

charge from physiotherapy, the current contribution of robotic devices is limited

to the clinical environment. Very little effort has been committed to design and

evaluate a wearable robot that is simple and portable enough to be used both in

a clinical setting and at home, in common daily activities. Most of the robots

designed so far are made of a heavy and bulky frame. Their structural complexity

makes them ideal to perform accurate movements and apply high forces on their

wearers joints, but these same features cause them to be very poor candidates for

daily use, outside of specialized clinics or research laboratories.

The use of soft materials could be a solution to this problem. Clothing-like exoskele-

tons, known as exosuits, for transmitting forces to the human body represents an

appealing solution for human motion assistance. Their intrinsic compliance, low
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profile and quasi-negligible inertia make them likely candidates for use on a daily-

basis. The absence of a rigid structure, moreover, avoids the joint misalignment

problem and makes the device completely transparent to human kinematics, re-

sulting in a svelte, ergonomic and low power-demanding device.

Extensive work has been carried out to demonstrate the effectiveness of this tech-

nology for aiding locomotion, while very little research exists for the upper limbs,

whose function in daily life is equally, if not more, important.

In this thesis, we present the design, control and validation of a soft exosuit for the

elbow, with the aim of filling this research gap.

1.4 Motivation and aim of the thesis

1.4.1 Problem statement and hypotheses

Neuromuscular disorders such as stroke can significantly affect’s one’s ability to

move, reducing independence in daily tasks, integration in social activities and

affecting one’s physical and psychological well-being. Robotic platforms have been

shown to be effective tools in physical therapy, but their use is limited to the clinical

environment. There is compelling evidence to suggest that patients might benefit

from a robotic platform able to assist a patient not only in the clinical setting but

also in a domestic environment, in activities of daily living.

This sets a number of strict design requirements on the weight, size, power con-

sumption, ease of use, comfort and aesthetic impact of the assistive apparatus,

that are unlikely achievable with a traditional rigid robot. While soft devices have

been engineered for assisting locomotion, little effort has been devoted to design

something similar for the upper limbs.

We believe that soft, lightweight clothing-like robots can be likely candidates to

satisfy these requirements while effectively assisting the upper limbs. We aim at

testing this paradigm on a simple but fundamental joint, i.e. the elbow, confident

that the same principles can generalize to more complex joints like the wrist and

shoulder.
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– H1: We hypothesize that an exosuit working in parallel with the human

muscles can reduce the effort that its wearer needs to exert to perform the

movement and hold a position.

– H2: We hypothesize that an exosuit working in parallel with the human

muscles can delay the onset of fatigue.

– H3: We speculate that the low inertia and intrinsic compliance of the suit

will allow its wearer to move without significantly affecting his/her natural

kinematics.

Addressing the engineering challenges to verify H1-H3 will bring us one step closer

to verify the feasibility of exosuits as both tools for clinical therapy and for assis-

tance in ADLs.

1.4.2 Aim of the thesis

The broad aim of this thesis is to design, build and validate a soft exosuit for

supporting the arm, addressing hypothesis H1-H3, where the device needs to be

lightweight, cosmetically acceptable, low-power consuming, comfortable and intu-

itive to use.

This objective involves the following work packages (WP), constituting the three

building blocks of the thesis:

– WP1: Design of the exosuit – Design and realization of a soft, lightweight

and comfortable robotic garment, able to support and assist arm movements.

– WP2: Control of the exosuit – Implementation of a control paradigm

that allows the suit to move in concert with its wearer, while providing, in

whole or in part, the power needed to perform the task.

– WP3: Validation of the exosuit – Design of an experimental protocol

and performance indexes to evaluate the bio-mechanical and physiological

response of the suit’s wearer. This work package directly addresses H1-H3.
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Reaching WP3 involves addressing a moderate degree of engineering challenges.

This, as the reader might expect, was achieved more through a trial-and-error pro-

cess rather than a strict scientific hypothesis-driven approach (Appendix A shows

the “history” of the exosuit’s design). In addressing the challenge of making the ex-

osuit as light and low power-consuming as possible, we embarked in experimenting

the feasibility of a novel actuation method; this is the topic of Chapter 6.

Common to all the objectives addressed in this thesis is the idea of evaluating the

performance of the exosuit using, as a performance index, the bio-mechanical and

physiological response of its wearer. We believe that keeping the human being

in the loop is fundamental for an objective, data-driven and effective design of

wearable devices.

1.4.3 Challenges

The specific technical challenge in designing an active exosuit for assistance of

arm movements resides in designing the optimal robotic hardware and human-suit

interface to effectively and comfortably transmit forces to the human body. The

difficulty is imposed by the scarcity of studies addressing the same issue and by

the unconventional fabrication techniques.

The control and validation work packages involved more methodological challenges.

The controller needs to move in concert with its wearer while providing assistance,

allowing for a comfortable, cooperative and sensitive interaction. These require-

ments are made more challenging by the non-linearities arising from the soft nature

of the device and the inefficiency of the transmission.

1.5 Outline of the thesis

Chapter 2 presents an historical digression on the development of wearable robots.

This section puts emphasis on the limitations of rigid exoskeleton and on the recent

introduction of soft robotics in the field of wearable assistive devices. The aim of

this chapter is to highlight the research gap that this thesis attempts to bridge.
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The rest of the thesis is structured around the three building blocks mentioned

in Section 1.4.2, with an additional chapter presenting an engineering solution to

reduce the weight and power consumption of the actuation stage.

Chapter 3 presents the design process of the suit. This starts with an analysis of the

requirements of the device, based on practical considerations, anthropometric data

an an inverse dynamic model of the human arm. The results are used to dimension

the actuation stage and the transmission. The design is further refined through a

data-driven approach to reduce friction and backlash, maximize the stiffness of the

suit and improve comfort.

Chapter 4 presents the design of the controller. The chapter introduces an overview

of the methods used for force control of compliant robots, with emphasis on the

constrains imposed by the non-backdrivability of the actuation stage. We evaluate

the tracking performance, bandwidth and report on the efficiency of the suit.

Chapter 5 evaluates the physiological and bio-mechanic effects of the assistance of

the exosuit on human movements. The testing is performed on a cohort of healthy

subjects, using the suit with the controller described in Chapter 4 to execute static

and dynamic tasks.

Chapter 6 present a method to reduce the weight, power consumption and volume

of the actuation stage of a soft exosuit. This involves the design and control

of a mechanism to independently move multiple degrees of freedom using a single

electric motor. This new paradigm is compared to the design proposed in Chapter 3

using the methodology outlined in Chapter 5.

The last Chapter draws general conclusions on the work, highlights our major

contributions and elaborates on the open questions and paths for future work.





Chapter 2

A brief history of wearable robots

This chapter aims at examining the literature of active wearable robots, with the

aim of highlighting the research gap that will be addressed in this thesis. This is

done through an historical excursus of the development of wearable robots, starting

from the visionary designs of the late 1960s, to the commercialized products avail-

able today. We here focused on exoskeleton technology, purposefully overlooking

end-effector designs, less likely to be used as portable assistive devices.

2.1 Early days

(a) (b) (c)

Figure 2.1: First exoskeletons. Among the first known designs of exoskeletal
robotic devices are Yagn’s spring-like structure, working in parallel with the
human legs [15], shown in (a), Mosher’s Hardiman [16], (b), and a tendon-driven
exosuit’s patent from 1919 [17]. From left to right, images from [15],[16] and
[17], respectively.

9
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In the never-ending quest to push the boundaries of their motor performance,

humans have designed a wealth of wearable robotic devices. In one of the earliest

recorded attempts to do so, in 1967, Mosher aspired to create a symbiotic unit that

would have the “...alacrity of man’s information and control system coupled with

the machine’s power and ruggedness ”[16]. His design of the Hardiman, although

visionary, ran into fundamental technological limitations.

Designing a robot that can successfully and effectively interface with the human

body is indeed not a trivial task. As a matter of fact, most of the known early

designs, dating back since 1890, never left the drawing board. The first design

sketch of an augmenting exoskeleton was proposed by Yagn in the last decade of

the nineteenth century [15], the system (shown in Figure 2.1.a) was a passive, bow-

like structure operating in parallel to the user’s legs, featuring a locking mechanism

that was engaged in the stance phase of walking but allowed the users’ leg to be

free in the swing phase.

In 1963 Zarodney, from the U.S. Army Exterior Ballistics Laboratory, proposed

a concept of possibly the very first powered exoskeleton conceived [18]. Although

being only a concept paper, the work by Zarodney addressed some of the major

issues involved in the design of a powered exoskeleton, namely the necessity of a

portable power supply, the difficulty in interfacing with the human body, the effect

on human motion kinematics and the fine sensing and control required.

The first powered prototype (shown in Figure 2.1.b) was brought from paper to

hardware in the late 1960s by General Electric Research. The device was designed

to drastically increase the wearer’s strength (by a factor of 25) but weighted over

600 kg [16]. Most of the issues with the first prototype were never solved.

In the 1980s Jeffrey Moore proposed the design of a wearable robot to augment

the capabilities of ground soldiers. This was most probably the work that planted

the seed that then grew into the DARPA Exoskeletons for Human Performance

Augmentation (EHPA) program.

Most of the state-of-the-art technology in exoskeletons was brought to us by the

EHPA program. Even though 2 of the 3 major contributors to the program focused

on lower limb exoskeletons, they highlighted some of the major limitations of rigid

exoskeletons.

The Berkley Bleex, the Sarcos and the MIT Exoskeletons, all designed to assist the

lower limbs, are the three most significant outcomes of the program launched in

2001. A key feature of the first two designs was to introduce energetic autonomy.
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Moreover, they were successfully tested in ground-level walking, with the BLEEX

having a power requirement of over 1300 W [19, 20] (compared to the 165 W of a

75 kg human adult).

The Sarcos was proven to be able to replicate complex actions such as kneeling,

squatting, and carrying over 80 kg at a walking speed of 1.6 m/s [21, 22]. The high

power requirements still clearly are a big limitation, even though their capabilities

and performance have massively been improved.

The approach used in designing the MIT exoskeleton was inherently different:

knowledge on the kinematics and bio-mechanics of human walking was used to

significantly reduce the power requirements of the assistive device. The exoskele-

ton described in [23] only uses passive elements, i.e. springs and variable dampers,

to assist walking, with a total weight of 11kg and an overall power consumption of

2 W. Nevertheless, wearing the exoskeleton resulted in a 10% increase in walking

metabolic cost [24].

A key point here is that the increase in metabolic cost was identified to be mostly

caused by the kinematic constrains imposed by the rigid linkage structure of the

robot on the human joints. These were interfering with the natural and efficient

dynamic of human walking, altering the metabolic cost of walking more than the

added mass was.

2.2 Recent exoskeletons

In the last decade, advances in materials science, electronics and energy storage

have enabled an exponential growth of the field, with state-of-the-art exoskeletons

arguably accomplishing Mosher’s vision [21]. Wearable robotic technology has

been successful in reducing the metabolic cost of human walking [25, 26], restoring

ambulatory capabilities to paraplegic patients [27], assisting in rehabilitating stroke

patients [28, 29], harvesting energy from human movements [30] and helping to

study fundamental principles underlying human motor control [31, 32].

The devices used to achieve these feats, some examples of which are shown in Fig-

ure 2.2, were all made of rigid links of metal and capable of accurately and precisely

delivering high forces to their wearer. While this is undeniably an advantage, it

comes at a cost: 1) a significant inertia, which affects both the kinematics of human

movement and the power requirements of the device; 2) the need for the joints of
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(a) (b) (c)

(d) (e) (f)

Figure 2.2: Rigid exoskeletons. Recently designed active exoskeletons are
far lighter and effective and have been use in a plethora of applications such as
rehabilitation, military augmentation and as tools to further our understand-
ing of human movement. (a) LokomatPro, pediatric stationary exoskeleton for
rehabilitation. Picture: Hocoma, Switzerland. (b) ReWalk personal 6.0 is a
portable exoskeleton for walking assistance. Picture: ReWalk Robotics, Is-
rael. (c) Lockeed-Martin ONYX helps soldiers carry heavier loads. Picture:
Lockheed-Martin, US. (d) ALEX, a lightweight, tendon-driven exoskeleton for
haptics and rehabilitation. Picture: PERCRO Lab, Scuola Superiore Sant’Anna,
Italy. (e) The Wristbot is a 3DoF stationary robot for rehabilitation and study of
proprioception. Picture from www.lorenzomasia.com. (f) ARMin is a station-
ary exoskeleton used for neurorehbilitation. Picture: SMS Lab, ETH Zurich,
Switzerland.

the robot to be aligned with the biological joints [33], resulting in increased me-

chanical complexity and size [34]; 3) a strong cosmetic impact, shown to be linked

with psychological health and well-being [35].

Despite the unquestionable progress of the last years, exoskeleton technology still

struggles to become ubiquitous part of our daily lives. These devices are confined in

research laboratories, expensive clinics and selected hospitals. The grates limitation

probably lies in their complexity, responsible for increasing cost, weight and size.

Part of this complexity comes from the need of a rigid exoskeleton to accurately

accommodate the intricate motions of the human limbs and joints.



Chapter 2. Background 13

2.3 Attaching a robot to the human body

(a) (b) (c)

Figure 2.3: Means of transmitting forces and torques to the elbow.
(a) The typical approach consists of using a rigid link, possibly aligned with the
human joints. (b) One can apply a torque to the joint by tensioning a flexing or
extending cable, attached on both sided of the joint using a clothing-like anchor
point. This paradigm allows to locate the actuation stage away from the limb.
(c) Pneumatic or hydraulic inflatable chambers, attached to the joint, can be
pressurized to flex or extend the elbow.

“The exoskeleton is an external structural mechanism with joints and links corre-

sponding to those of the human body.”[36]. One of the first definitions of exoskele-

ton, dating 2007, assumes that a wearable anthropomorphic robot can be perfectly

aligned with the joints and limbs of the human body (a schematic representation

of this idea for the elbow joint is shown in Figure 2.3.a). This soon turned out to

be a troublesome task.

Morphology of the human limbs and joints drastically varies between subjects and,

for a given subject, the joint kinematics are very complex and cannot be imitated

by conventional robot joints. Perfect alignment between the robot and the body is

not achievable. This kinematic incompatibility leads to the generation of unwanted

forces and torques at the Human-Robot Interface (HRI) that significantly affect

the device’s performance [37].

These parasitic forces can be reduced by trying to make the kinematics of the robot

adaptable in the directions where one does not want to apply forces. The most

common solution consists in adding passive degrees of freedom [34]. This comes at

the cost of increased mechanical complexity and movement inertia.

For this reason, when designing a rigid exoskeleton, one needs to face the daunt-

ing trade-off between avoiding misalignment and making the device simple and

portable enough to be used in daily scenarios.
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2.4 Stronger, smarter, softer

(a) (b)

Figure 2.4: Fluid-driven soft exosuits.(a) Soft exosuit for the shoulder,
driven by soft textile pneumatic actuators and (b) similar concept applied to
assist Spinal Cord Injury (SPI) patients in grasping. Pictures: Wyss Institute,
Harvard, US.

The recent introduction of soft materials to transmit forces and torques to the

human body [38] has allowed to design wearable robotic devices on the other side

of the spectrum: lightweight, low-profile and compliant machines that sacrifice

accuracy and magnitude of assistance for the sake of portability and svelteness.

Soft exoskeletons, or exosuits, are clothing-like devices made of fabric or elastomers

that wrap around a person’s limb and work in parallel with his/her muscles [39, 40].

Characteristic of exosuits is that they rely on the structural integrity of the human

body to transfer reaction forces between body segments, rather than having their

own frame, thus acting more like external muscles than an external skeleton. Their

intrinsic compliance removes the need for alignment with the joints and their low-

profile allows to wear them underneath everyday clothing.

Exosuits actively transmit power to the human body either using cables, moved by

electric motors (Figure 2.3.b), or soft pneumatic actuators (Figure 2.3.c), embedded

in the garment. The latter paradigm was probably among the first to be proposed

[41] and has been explored to assist stroke patients during walking [42], to increase

shoulder mobility in subjects with neuromuscular conditions [43], to help elbow

movements [44] and for rehabilitation purposes to train and aid grasping [45–47].

The devices detailed in [43] and [47] are shown in Figure 2.4.
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(a)

(c) (d)

(b)

(e)

Figure 2.5: Tendon-driven soft exosuits. (a) The Polyglove is a silicone-
based wearable robot that uses a Bowden cables and a flexible structure to assist
SPI patients in grasping. (b) The same group developed a fabric-based glove to
achive the same goal. (c)-(d)-(e) The Superflex from SRI, the exosuit from the
Wyss Institute at Harvard and the Myosuit from Myoswiss, shown from left
to right, all use electric motors, driving tendons routed in the fabric, to assist
locomotion.

Cable-driven exosuits (Figure 2.5), instead, include a DC motor that transmits

power to the suit using Bowden cables. This flexible transmission allows to locate

the actuation stage where its additional weight has the least metabolic impact on

its wearer. Using this paradigm to provide assistance to the lower limbs has resulted

in unprecedented levels of walking economy in healthy subjects [48] and improved

symmetry and efficiency of mobility in stroke patients [49]. Similar principles were

used to provide active support to hip and knee extension, reducing activation of

the gluteus maximus in sit-to-stand and stand-to-sit transitions [50].

Cable-driven exosuits seem to work particularly well for lower-limbs movements,

where small bursts of well-timed assistance can have a big impact on the dynamics

and metabolic cost of locomotion [51]. Yet, Park et al. have shown that they have

the potential for assisting the upper-limbs in quasi-static movements too: using a
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tendon-driving mechanism, a textile interface and an elastic component they found

a significant reduction in the activity of the deltoid muscle when supporting the

weight of the arm [52].

2.5 Research gaps

Considerable work has been done by the Harvard Biodesign Lab to engineer soft

exosuits for the lower limbs [53]. Walsh and colleagues have has defined a set of

principles to be used to successfully design a wearable, textile based robot for the

lower limbs. Similar work for the upper limbs has not yet been done, and is the

topic of Chapter 3.

The current soft robotics landscape lacks of methods for controlling these upper

limb exosuits. The device proposed by O’Neill et al. [43] and Park and colleagues

[52], for example, are tested in static configurations, with a fixed force delivered

by the suit’s actuators. In contrast to the abundance of algorithms to detect the

phase of walking and deliver assistive forces accordingly, the literature lacks of

ways to detect the user’s intention and move the device in a suitable way. This is

understandable if one considers the rhythmic nature of walking, that allows to an-

ticipate, with a good degree of accuracy, torques and joint trajectories. Addressing

this issue is the objective of Chapter 4.

Similarly, while there is extensive work on the analysis of the effects of wearing a soft

exosuit on the kinematics, energetics and muscular activation during walking [54],

the authors are unaware of comparable studies on movements of the upper limbs,

whose variety of volitional motions is fundamentally different from the rhythmic

nature of walking. This is the aim of Chapter 5.



Chapter 3

Design principles

This chapter presents the design of the suit. An overview of the complexity of the

elbow and the kinematic and dynamic requirements of the joint serve as basis for the

subsequent sections. These present, in detail, the design of the suit, transmission

and actuation stage of the device. The suit is then characterized and its materials

are chosen to achieve high efficiency, control performance and comfort.

3.1 Anatomy of the elbow joint

The elbow is a synovial joint between the humerus, in the upper arm, and the radio

and ulna in the forearm, that allows the forearm to be moved towards and away

from the body. The joint is made up of three junctures, namely the humeroulnar

joint, the humeroradial joint and the proximal radioulnar joint. To a first approxi-

mation, these are modelled as a simple hinge joint. Fairly recent studies, however,

have shown that the joint also includes laxity [55], that causes it to behave like a

loose hinge joint.

Over its range of motion, the elbow axis is not fixed but moves along the surface of

a double conic frustum (shown in Figure 3.1.b). The frustum’s vertex angles on the

frontal and horizontal plane, indicated in Figure 3.1.b by βu and βh, respectively,

vary among subjects and depend on the flexion mode, i.e. if the elbow is being

moved actively or passively, on the forearm position and any varus or valgus torque

on the joint. The frustum vertex angles βu and βh can assume values up to 10 deg.

17
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Figure 3.1: Anatomy of the elbow joint. Double conic frustum, spanning
the surface that the joint’s axis moves along during elbow flexion/extension.

In addition, the axis of rotation of the joint forms an angle of 80-92 deg with the

axis of the humerus Ah on the frontal plane and a varying angle of ±5 deg with

the medial-lateral anatomic axis Aml on the horizontal plane [55].

This complexity is usually overlooked when designing an exoskeleton robot that

assists the elbow, with the valid argument that pragmatism should be prioritized

over complexity. The work by Vitiello et al., however, uses a different approach

and accounts for the elbow’s laxity to avoid misalignment. This resulted in an

exoskeleton with 13 passive Degrees of Freedom (DoF) and 1 active one, to assist

elbow flexion/extension. Despite being an extreme case, this highlights the chal-

lenges of comfortably fitting a rigid robot to the human body, even for a simple

joint like the elbow.

When designing a soft wearable robot, on the other hand, one needs not worry

about these issues: by definition, the device does not have its own kinematic chain

and will rely on the skeletal structure of its wearer to transmit forces or torques to

the limbs and joints.

It is interesting to observe how the two main muscles moving the elbow joint,

namely the biceps and triceps brachii, transmit power to the skeletal structure. The

biceps originates proximally from the coracoid process and supraglenoid tubercle of
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the scapula. These two heads converge in a single tendon and attach to the radial

tuberosity distally. The triceps brachii originates in the the infraglenoid tubercle

of the scapula and the back of the humerus and converge to a single tendon to

insert onto the olecranon process of the ulna.

It is said of the 16th century polymath Leonardo Da Vinci, that “when he dissected a

limb and drew its muscles and sinews, it led him to also sketch ropes and levers”[56].

Indeed, skeletal muscles in our body work like an actuator-tendon couple.

3.1.1 On the choice of a tendon-driven design

This observation above was among the factors that led us to choose to design

a tendon-driven exosuit rather than a fluid-driven one (this distinction is shown

in Figure 2.3): tendon-driven transmissions seem to have survived the pitiless

selection of nature.

Unlike direct-drive setups, cables allow to locate the actuator away from the joint.

This has the advantage of reducing the added mass on the limb, without sacrificing

power. This is obvious, for example, if looking at the muscles that move our hands:

nearly all of them are placed in the forearm and transmit power to the fingers

through an intricate network of tendons. In a portable device and with the use of

Bowden cables, this further allows to choose the location of the actuation stage,

possibly where it least impacts on the metabolic cost of moving.

The third reason is that electric motors are more easily controllable than hydraulic

or pneumatic soft actuators. With off-the-shelves electronics and with now ubiqui-

tous and high-power-density Lithium polymer batteries, one can supply and control

high power motors in a contained volume and weight. A fluid-driven system re-

quires a source of pressure for the fluid, making it hard to satisfy the portability

requirements of a mobile platform.

3.2 Design requirements

Defining the requirements of soft wearable devices for clinical use is still an open

question. So far, exosuits have been proven to be effective increasing the efficiency
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Figure 3.2: Design requirements.

of movement in unimpaired subjects [48] and have shown to yield improvements

in key gait metrics in stroke patients [57, 58], but complications such as severe

spasticity and/or disuse osteoporosis–a localised bone loss condition due to reduc-

tion in mechanical stress, common in stroke patients– might cause such devices to

perform rather poorly.

In this study we thus assume that our elbow exosuit will be used for assisting peo-

ple suffering from muscle weakness but having no major spasticity or contractures

(Modified Ashworth Scale (MAS) 0-2). Figure 3.2 gives an overview of the require-

ments that a soft assistive device for assistance in ADLs needs to fulfill. Our design

objective are based on the average dynamic and kinematic requirements necessary

to perform ADLs (range of motion, torque, speed) alongside reasonable practical

considerations on the weight, size, adaptability and safety of the system.
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3.2.1 Dimensions and force and motion characteristics

Range of motion

It is, first of all, fundamental for the device to span the whole range

of motion (RoM) of the human joints. Magermans et al. [59] analysed

the range of motion of the elbow and shoulder in non-impaired subjects,

finding a mean of 146 deg (0 deg corresponding to the fully extended configuration)

for the elbow.

Kinetics and kinematics

Similarly, a wealth of studies have evaluated torques and average

speeds of human joints in ADLs. Elbow flexion can require up

to 4.45 N m, with a mean of 1 N m [60] for male adult. Average

peak velocities of movement are 126 deg/s [61], neglecting fast ballistic movements.

Assuming a sinusoidal motion with a peak to peak movement equal to the RoM,

these correspond to a frequency of movement of 1.2 Hz.

Assistance level

The suit was designed with the aim of supporting the aim of the forearm

in ADLs. To do this, the controller applies a position-dependent torque

equal and opposite to gravity. The mass of the forearm and hand of each

subject was, again, estimated from anthropometric data, from the wearer’s weight

(more details in Chapter 4). A knob was used to allow the user to adjust the

percentage of assistance received.

Weight

Being portability one of our main goals, we require the total weight

mounted distally to be negligible when compared to the limb’s weight

(on average,1.52 kg for females and 2.56 kg for males [62]); an acceptable

value would be 0.3 kg. This can be easily achieved if the motors, controller and
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battery are located proximally (i.e. in a backpack or on a belt at the waist) and

transmit forces to the joint via Bowden cables. A reasonable upper-limit for the

proximally-located part of the system, comprising the motor, controllers and power

supply, is 2.5 kg.

Safety

Because of the intrinsic compliance of its transmission, the suit bene-

fits from the features of traditional series elastic actuators: its elasticity

decouples the actuator’s rotor inertia from the limb, should an impact oc-

cur, and the low impedance is preserved even in case of failure. The low mass of the

device, moreover, practically eliminates inadvertent damage to the environment.

A second layer of safety should, nevertheless, be added in the controller, to prevent

the motor from exerting extremely high forces on the tendons or moving the elbow

at a high speed. This requires at least a force sensor, preferably located distally

(e.g. on the joint) and a position sensor to estimate the velocity of movement of

the limb.

Size

The size of the initial design was based on the 50th percentile of anthro-

pometric data of healthy adult males. The suit, however, was designed to

be adaptable, and should be replicated in at least threes sizes. Table 3.2

reports the anthropometric data used for the first design. Values were extracted

from [63], for combined sexes of healthy subjects above 18 years of age.

Table 3.1: Anthropometric data

Body segment [mm] Percentile
50th 95th

Upper arm length 318 344
Upper arm circumference 275 315
Forearm length 251 280
Forearm circumference 248 280
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Comfort

Schiele and colleagues found a correlation between the pressure of the

cuffs of an exoskeleton at the interface with the skin and a qualitative

measure of comfort [64]. Exoskeleton users preferred pressures between

10 kPa and 30 kPa and did not perceive any difference in comfort for values below

30 kPa. The authors inferred that a good attachment pressure should be around

20 kPa. Pressures above 50 kPa, moreover, should be avoided, as they can affect

blood circulation to the skin [65].

Technical

The suit has to fulfill all the technical requirements to allow it to be

functional, durable and effective. These include aspects of the hardware

as well as positioning of the sensors to allow the implementation of state-

of-the-art Human-Robot-Interaction (HRI) control principles:

– Design-load bearing components with a safety factor of 2 to achieve durability.

– Choose transmission materials that have low backlash.

– Choose transmission materials with low friction.

– Locate the actuation stage far from the limb to reduce inertia of moving

components.

– Locate sensors distally, to measure forces and positions after the transmission.

3.2.2 Modelling

Because of our choice of locating the tendon-driving motor distally, the dimension-

ing process of such motor requires to model the mapping between joint movement

and motor torque. We did so using an inverse dynamics, second-order model of the

elbow, and a simplified representation of the tendon-routing. The results provide

us with guidelines to choose the power, torque and velocity of the actuator and es-

timate the magnitude of the forces being transmitted through the tendons. These
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are used for choosing the hardware and materials that allow effective and safe use

of the exosuit.

To evaluate the actuator’s power requirements we use a bi-dimensional model of

the elbow on the sagittal plane. The elbow is modelled as a hinge joint, with the

forearm thus being a simple pendulum, as shown in Figure 3.3, and assuming the

arm to be aligned with the direction of gravity.

Starting from the Lagrangian form one can derive the dynamics of the elbow in

the joint space:

Mθ̈ + Cθ̇ +N(θ) = τ (3.1)

where M is the inertia of the forearm, C is defined as the Coriolis matrix and

N(θ) is a column vector that takes into account gravitational forces. The vector τ

expresses the external torques applied on the joints which, in our case, results from

the force applied by the artificial tendons routed in the suit as shown in Figure 3.3.

Although the suit is meant to work in parallel with its wearer’s muscles, we hereby

neglect the muscular torque and analyse the worst-case scenario where only the

robot is providing energy.

A mapping from the tension in the tendons to the torque on the joints can be

derived using geometrical considerations on the tendon’s routing; referring to Fig-

ure 3.3, we can derive the extension function h(θ), projecting the elbow’s joint

angle to a corresponding displacement of the tendons:

hf (θ) = 2
√
a2 + b2 cos

(
φ+

θ

2

)
− hf0 (3.2)

he(θ) = Rθ. (3.3)

Where hf is the extension function for the flexor and he for the extensor tendon, a

is half the width of the arm, b is the distance of the anchor point from the joint’s

centre of rotation, φ = arctan(a/b) and R is the radius of the joint. The constant

hf0 assures that the extension functions are null when the arm is fully extended.

Using the principle of conservation of energy, the function h(θ) = [hf (θ), he(θ)]
T

can be used to find a Jacobian-like matrix P (θ), which we shall call coupling matrix,

mapping tension in the tendons to torques on the joint:

τ = P (θ)f (3.4)
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Figure 3.3: Planar model of the elbow on the sagittal plane

P (θ) =
∂h

∂θ

T

(θ) =

[
−
√
a2 + b2 sinφ+

θ

2
, R

]
(3.5)

where f = [ff , fe] is the tension on the flexing ff and extending fe tendons.

By substituting (3.4) in (3.1) we obtain:

Mθ̈ + Cθ̇ +N = Pf, (3.6)

where we have removed the dependency on θ for the sake of conciseness.

Finally, we include a term modelling losses due to friction, not negligible in Bowden

cable systems. The main parameter affecting the entity of such losses is the bending

angle of the outer housing. Assuming that the contact between the inner cable and

the outer sheet can be modelled as the sliding of a cable over a fixed cylinder, the

force transmission efficiency becomes:

fin/fout ≈ e−µφ, (3.7)

with µ being the friction coefficient between the cable and the outer sheet, φ the

total wrap angle of the outer sheath of the Bowden cable, and fin, fout the tension

in the cable before and after the transmission respectively. Assuming the actuator

to be carried in a backpack, a reasonable and abundant estimate of the wrap angle

is π. Using a teflon-steel static friction coefficient yields to an efficiency of ≈ 40%.

The requirements are summarised in Table 3.2.
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Figure 3.4: Solution to the dynamics of the elbow joint for varying
velocity of movement. (a) Equation 3.6 was solved for minimum-jerk trajec-
tories requiring 5,4,3 and 2 s to cover the whole range of motion of the elbow
joint. (b) Torques on the elbow joint required to follow the corresponding trajec-
tory of the joint. (c) Tension in the flexor tendon of the soft exosuit for varying
velocity of the elbow joint. (d) Motor power consumption for varying velocities
of the elbow joint, accounting for the losses in the transmission due to friction,
as described by Equation 3.7.

3.3 Design description

3.3.1 Suit

The exosuit for assistance of the elbow joint presented in this thesis (shown in

Figures 3.5.a,b) comprises of three fabric straps: one around the forearm (distal

anchor point), one around the arm (proximal anchor point) and a shoulder harness,

connected to the arm strap via adjustable webbing bands. Buckles, velcro straps

and a Boa lacing system allow to tighten the suit.

A pair of Bowden cables transmits power from an actuation unit to the anchor

points. The Bowden cables sheaths (Shimano SLR, � 5 mm) are attached to the

arm strap, while their inner tendons (Dupont, Black Kevlar Fiber, 136 kg max

load) to the forearm strap. When either of the two tendons is shortened, it pulls

together the two anchor points, applying a flexing or extending moment on the

elbow.

The shoulder harness is connected via inextensible webbing bands to the arm strap,

covers the shoulder and encircles the chest; its purpose is to prevent the arm strap
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Table 3.2: System requirements

Requirements Characteristics

Force/Motion:[59–61]

Range of motion [deg] 146
Joint torque [N m] 4.45
Peak velocity [deg/s] 126
Cable tension [N] 100
Motor power [W] 50

Practical considerations:[62]

Distal frame weight [kg] 0.7
Proximal pack weight [kg] ≤2.5

Safety

Compliance
Torque limit
Speed limit
Stop button

Size 50th percentile healthy male
Comfort Pressure peaks ≤ 30 kPa

Technical

Safety factor = 2
Low friction
Low backlash
Proximal motor
Non collocated sensors

from migrating towards the center of the joint by relying on reaction forces from

the shoulder and ribcage. The same is achieved for the forearm strap by tightening

it with a boa lacing system, the conic shape of the forearm contributes to prevent

slippage.

The proximal and chest straps were made by modifying a commercially available

passive orthosis (Master-03, Reh4mat). Their substrate is made of a 3-layered fab-

ric: an external layer used to attach hard components (buckles and webbing strips),

an intermediate ethylene-vinyl acetate (EVA) foam to avoid peaks of pressure and

an internal 3D polyamid structure to provide air permeability. The distal anchor

point consists of a flexible plastic sheet, lined with ballistic nylon and covered by

a 3 mm-thick layer of polyethylene (PE) sponge at the interface with the skin. A

load cell (Futek, LCM300), secured on the distal anchor point, measures the tension

in the flexing tendon and an absolute encoder (AMS, AS5047P, 1000 pulses/rev),
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Figure 3.5: Design of the soft exosuit for the elbow. The exosuit com-
prises three straps that wrap around the shoulder, arm and forearm, highlighted
in blue, orange and green, respectively. The last two act as anchor points: the
Bowden cables’ outer sheath is attached to the arm strap and the inner tendons
to the forearm strap. A load cell and an encoder sense the interaction force and
the elbow position.

mounted on a 3D-printed joint (Shapeways, versatile plastic) between the arm and

forearm straps, senses the angular position of the elbow. The plastic joint, featur-

ing a rotational Degree of Freedom (DoF) at the elbow and a translational DoF

at the distal anchor point, bears no loads and does not transmit torque. It thus

serves the purpose of a goniometer without altering the fundamental characteristic

of an exosuit: to rely on the structural integrity of the human joint to transmit

forces between body segments.

3.3.2 Tendon-driving unit

The unit actuating the Bowden cables is shown in Figure 3.5.c. It consists of a

brushless electric motor (Maxon, EC-i 40, 70 W) in series with a planetary gear-

head (Maxon, GP 32, 55:1), capable of delivering up to 8.5 N m of continuous

torque at the elbow joint (sufficient for activities of daily living [60]), and whose

angular position is monitored by an incremental encoder (Scancon, 2RMHF, 5000

pulses/rev).
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Figure 3.6: Exploded view and photo of the actuation stage.

The gearhead’s output shaft drives a pulley around which the two tendons are

wrapped in opposite directions, in an antagonistic fashion. The pulley is enclosed

in a plastic casing; three ball bearings between the pulley and the plastic prevent

the tendons from derailing when they are slack.

3.4 Electronics

The suit is controlled through a modular and scalable system architecture called

FlexSEA, depicted in Figure 3.7, and positioned in a plastic casing, worn as a

backpack. The FlexSEA controllers allow faster prototyping and easy scalability

compared to commercially available motor drivers [66].

The system is composed of a low-level layer devoted to motor control and power

management and a high-level layer for data storage, streaming and high-level con-

trol strategy settings. The low-level layer includes the FlexSEA Execute and the

FlexSEA Battery boards.

The Execute board drives the brushless motor at a frequency of 10 kHz, taking

care of motor commutation, data acquisition (motor encoder, stretch sensor and

load cell) and it runs the gravity compensation control proposed in this work at

a frequency of 1 kHz. The entire system is powered by a 22.2 V LiPo Battery,

interfaced via a FlexSEA Battery board, that controls the battery’s voltage level,

preventing damages due to under-voltages and limiting the output current.
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The high-level layer is composed by the FlexSEA Manage and the BeagleBone

Black Wireless (BBBW) boards. We use the FlexSEA Manage simply as as a

communication bridge between the Execute and the BBBW for this application, yet

the Manage allows to connect up to 4 Execute boards, hence scaling the architecture

for controlling more DOFs very efficiently.

The BBBW has two main functions: wireless streaming of data to a portable PC

and management of control parameters.

Figure 3.7: Diagram showing the embedded modules used to control
the soft exosuit. The FlexSEA controllers, design specifically for wearable
robotic applications, are modular boards that enable fast prototyping and easy
scalability [66]. A commercially-available single board computer (Beaglebone
Black Wireless) allows to wirelessly interface the exosuit with a portable PC, for
data logging and tuning of control parameters.

3.5 Characterization

3.5.1 Suit stiffness

The suit’s straps, the Bowden cables and the soft human tissues introduce a fair

amount of elasticity in the transmission of power between the motor and the user’s

skeletal structure (Figure 3.8.a). Elastic interfaces absorb and release energy, af-

fecting the phase and magnitude of the power transferred to the user [68]. Char-

acterizing this stiffness is both important for quantitatively assessing the effect of

design changes on the suit’s performance and has valuable implications for control.
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Figure 3.8: Suit stiffness. (a) Simplified schematics of the transmission of
forces from the suit to the human body. Upon tensioning the suit, reaction forces
from the body mostly occur at the distal anchor point, in the shear direction,
on the shoulder and along the chest strap. All these points are not directly in
contact with the bones. The soft underlying tissues introduce compliance. (b)
Model of the transmission of forces from the motor to the human skeleton. The
two main sources of elasticity are the suit and the human tissues, modelled here
as two linear springs in series. This configuration closely resembles the working
principle of Series Elastic Actuators (SEAs). (c) Suit’s (red) and human+suit’s
(blue) stiffness, measured using the methodology describe in [67].

Quinlivan and colleagues proposed a method for assessing the stiffness of the exosuit

and of the underlying human tissue [67]. The procedure consists in assuming the

compliance between the motor and the user’s skeletal structure can be modelled

as two linear elastic elements in series (Figure 3.8.b), one given by the suit ks, i.e.

Bowden cables and fabric straps, and the other one accounting for the compliance

of soft human tissues kh. The hypotheses of linearity and pure elasticity are weak

ones, but sufficiently approximate for the purpose of this analysis.

One can separate these two by first finding ks alone, when the suit is worn by a

rigid mannequin, and then estimating kh from a similar analysis on human subjects.

Figure 3.5.c shows a characterization of the exosuit’s stiffness on a rigid mannequin

(red) and on a subject (blue), using the methodology described in [67]. The stiffness

can be derived by commanding the suit’s motor to apply a linearly increasing force

form 0 N to 100 N (mannequin) and 50 N (human) and back, on the flexing and

extending tendons of the suit, and measuring its displacement with the encoder on

the motor’s axis. This was done on a rigid fiberglass mannequin (red) and on 5
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human subjects (blue), performing 10 cycles of loading-unloading, with the elbow

fully extended.

Force tracking was achieved using an indirect force control paradigm, described

in Chapter 4. Data acquisition and high-level force control were implemented in

Matlab Simulink (Mathworks, MA, USA) on a real-time acquisition board (Quanser

QPIDe) at a sampling frequency of 1 kHz. Low-level velocity control was run on

an EPOS2 50/5 motor controller (Maxon Motor, CH), at a refresh rate of 1 kHz.

The suit has a quasi-linear behaviour in the loading phase and a non-linear be-

haviour when unloaded, in both flexion and extension. A least-square linear ap-

proximation of its stiffness yielded a value of 3.3 N/mm on the mannequin and

0.91 N/mm as a mean over subjects, on the human body. This means that, in the

tested configuration, ks=3.3 N/mm and kh=0.71 N/mm.

It is interesting to note that, since the two springs are in series, the equivalent

resulting elasticity will be governed by the most compliant one. This has interesting

implications for the design of the exosuit: although it is desirable, for efficiency and

position-control performance, to have an as-stiff-as-possible suit in the direction of

transmission of forces, any effort to do so will be invalidated by the low compliance

of the underlying tissues.

While on one hand this series-elasticity is an undesirable property because it lowers

transmission efficiency and position-control bandwidth, on the other it introduces

well-known advantages in terms of safety and force control accuracy and stability

[69].

3.5.2 Bowden cables

Bowden cables provide a flexible means of locating the motor away from the joint.

This is a key feature of the exosuit and what allows it to be lightweight and

ergonomic. However, Bowden cables introduce a range of non-linear phenomena

in the transmission. These include losses due to friction, stick-slip phenomena,

backlash and compliance. These non-linearities introduce significant tension losses

across the cable and give rise to motion backlash, cable slack, and input-dependent

stability of the servo system [70, 71]
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Figure 3.9: Characterization of the friction, backlash and stiffness of
different Bowden cables.(a) Setup used to study the amount of friction and
backlash of in the Bowden cables. A drivng motor was controlled in velocity for
the friction study and position for the backlash one, while a driven motor applied
a load of 50 N on the cables. To find stiffness, the driven motor was replaced with
a load cell. (b) Friction curves for the Bowden cables, shown for the color-coded
constructions above. (c) Backlash-hysteresis curves for a cyclical displacement of
the cable of 7 cm. (d) Stiffness of the Bowden sheaths, measured as the relation
between tension in the inner cables and displacement of the driving motor. The
Bowden sheath construction with steel strands oriented along its axis exhibited
the best performance.

A common approach, and one that our research group has previously explored [72,

73], consists in identifying the characteristics of such phenomena and compensating

them in the implementation of the controller. A range of analytical methods have

been proposed to model the nonlinear characteristics of Bowden cables [74]. These

non-linearities, however, are known to be dependent on the total wrap angle of

the outer sheaths of the Bowden cables that, in our application, continuously vary.

This is true for both backlash hysteresis, friction and variations in stiffness. In

previous work, we had addressed this issue rigorously with an adaptive controller
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that learned and compensated for these phenomena continuously, during operation

[72]. The resulting controller, although effective, was extremely complex. In this

thesis we use a different approach (detailed in Chapter 4), and focus on optimizing

the hardware.

We characterized four commercially available outer Bowden cables sheaths, shown

in Figure 3.9, differing by the construction of the structural layer and the thickness

of the inner Polytetrafluoroethylene (PTFE) lining. All cables had the same inner

and outer diameters and were tested with a Dupont, Black Kevlar Fiber inner

tendon. The four types of cables were characterized for friction, backlash and

stiffness for a fixed wrap angle of the Bowden sheath and a fixed load on the

inner tendon, with the aim of finding the one with the best performance, i.e. low

backlash, low friction, low stick-slip phenomena and high stiffens [75].

The friction and backlash characterization was done using the setup shown in

Figure 3.9.a: the Bowden cable guided the tendons from a driving to a driven pul-

ley, both connected to DC motors (Maxon, EC-i 40, 50 W with a 5:1 reduction),

equipped with incremental encoders on their axis. The wrap angle for the ca-

bles was 180 deg controlled through custom-designed 3D printed path guides. The

driven motor was set to apply a fixed 50 N load on the tendons, to test a condition

close to that of the application.

Friction was evaluated by controlling the driving motor in velocity, and measuring

current (∝ torque) on the motor’s windings. This was done for 35 different ve-

locities in each direction, held for 3 s each, equally distributed between 0 rpm and

6450 rpm, corresponding to a speed of the cable of up to 8.4 m/s. A similar experi-

ment was performed to measure backlash, where the driving motor was controlled

in position, to displace the tendon by 7 cm for 10 cycles.

Lastly, to compare the stiffness of the difference sheaths constructions, we replaced

the driving motor with a more powerful Maxon, EC-i 40, 70 W with a 55:1 planetary

gearhead, and the driven motor with a single axis load cell (Futek, LCM300), fixed

on one side on the frame and on the other to the tendon. The motor was controlled

to deliver 10 linearly-increasing loading and unloading cycles between 0 N and 120 N

on the load cell, using the indirect force control paradigm detailed in Chapter 4.

The displacement of the cable was measured by the encoder on the motor’s axis.

The inner velocity/position loop ran on a motor controller (Maxon, EPOS2 50/5)
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and the outer loop on a real-time data acquisition board (Quanser, QPIDe), both

at a sampling rate of 1 kHz.

Figure 3.9 shows the friction, backlash and stiffness results for the four tested types

of Bowden cables constructions. Almost all sheaths presented a Coulomb-type fric-

tion profile, with a slightly higher static friction value and a typical Stribeck effect

around zero velocity. The lowest values were found for the Bowden cable construc-

tion having strands of steel around the sheath’s circumference, along its main axis.

The backlash hysteresis profiles varied, with a difference between the input and

output displacement of the cable ranging between 0.15 cm (axial construction) and

0.55 cm (nokon). Similarly, the sheath with the axial construction presented the

highest stiffness.

3.5.3 Padding material and comfort

“It is extraordinary to me that the most mature and old technology in the human

timeline, the shoe, still gives us blisters. How can this be? We have no idea how

to attach things to our bodies.” [76]. These words clearly point out a critical yet

underrated issue in wearable robots: designing a comfortable mechanical interface

between the device and its wearer.

As the field of wearable robots rapidly grows and assistive devices promise to

soon become part of our daily lives, it is key to face the challenge of finding a

comfortable mechanical means to attach robots to the human body. This is all the

more important for devices intended for users with sensory impairment, where the

lack of feedback could lead to pressure ulcers or local blood flow obstruction.

Extensive research exists on the assessment and optimisation of the design of pros-

thetic sockets [77]; comfort is strongly correlated with the magnitude of pressure

peaks and shear forces at the interface between the socket and the skin, although

various other factors, such as temperature and perspiration, can play a role. Sig-

nificantly less work exists for exoskeletons. De Rossi et al. proposed an apparatus

to monitor the distribution of pressure at the human-robot interface of a lower-

limb exoskeleton during gait training [78]. Using a similar approach, Levesque et

al. identified areas exhibiting peaks of pressure on the attachment points of an

active orthosis for gait assistance [79]; their findings suggest that the distribution
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of pressure is affected more by the stiffness of the padding material than by its

thickness.

This data-driven approach to guide design choices is a promising path: Quinlivan

et al. used the same paradigm to optimise the topology and material composition

of the attachment points of a soft exosuit for the lower limbs [67]. This work

highlighted the importance of the geometry of the interface (larger areas lead to

higher comfort) as well as advising the use of fabric materials that better conform

to the human body.

Being for exoskeletons or exosuits, materials such as neoprene or polyethilene (PE)

sponge are common choices for cushioning the human-robot interface, yet there is

no data-supported knowledge to justify the choice of one over others. In this work,

we evaluate the pressure distribution between the skin and the anchor points of

a soft exosuit for different cushioning materials. We test foams and rubbers com-

monly used for padding sports equipment and orthoses and quantify their comfort

by measuring peaks of pressure at the interface with the skin.

When the tendons of our exosuit are tensioned, to apply a torque on the elbow,

the proximal and distal strap tend to migrate towards the center of the joint. To

reduce the amount of movement, the proximal strap is connected via inextensible

fabric to a harness that redistributes forces on the torso; the large contact area

with the body ensures a comfortable wear. The distal strap is where the highest

pressures are applied, hence where cushioning properties of different materials will

be more evident.

The distribution of pressure around the forearm was acquired using a pressure mat

(NexGen Ergonomics, BT5010, 28 cm×28 cm) consisting of an array of 256 pressure

sensors, sampled at 100 Hz. The pressure mat was wrapped around the surface

of the forearm and secured using double-sided tape to prevent displacement. One

subject was asked to performed three sessions of three flexion/extension movements

between 0 deg and 90 deg (0 deg being full extension) with the arm fixed on the

side of the trunk, doffing and donning the exosuit between sessions. This was done

for each of the five materials listed in Figure 3.10.b: each material was cut in a

3 mm-thick layer and used to line the internal surface of the distal strap. The

exosuit provided an assistance equal and opposite to gravity, running the gravity-

compensation algorithm described in Chapter 4.
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(a) (b)

Figure 3.10: Characterization of the pressure distribution at the
human-suit interface. The pressure at the interface between the body and
the suit on the distal anchor point was measured with an array of 256 pressure
sensors, with the elbow bent at 90 deg and its weight entirely supported by the
suit. This was done with 5 different, commonly used, padding materials.

Unsurprisingly, the highest peaks in pressure were found when the elbow was flexed

at 90 deg, i.e. when the component of gravity acting on the arm reaches its maxi-

mum value, on the posterior side of the forearm. Figure 3.10.a shows the distribu-

tion of pressure in this configuration when the distal strap was lined with nitrile

foam (top) and with polyethylene sponge (bottom), the former showing higher

peaks and a less homogeneous distribution. Figure 3.10.b shows the peak values

of pressure for each of the nine repetition (transparent dots) and the mean over

repetitions (opaque dots). PE sponge is the material exhibiting the best behaviour

while rubber-based materials showed higher local peaks of pressure.

It is worth noting that obtained pressure profiles were due to the subject’s weight

only; it would be interesting to examine how they vary as the wearer lifts extra load.

Moreover, a more thorough study to measure comfort would include an estimate of

shear forces on the skin and examine how the force profiles change across subjects

with different muscle tone. This data, correlated with physiological measures such

as subcutaneous blood flow, could be used to drive the design of optimal interfaces

for wearable robots and would provide interesting insights on their usability in

daily life scenarios.
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Table 3.3: System characteristics

Characteristics Requirement Achieved

Force/Motion:

Range of motion [deg] 120-140a 3

Joint torque [N m] 8.5 3

Peak velocity [deg/s] 84 7

Cable tension [N] ≈ 250 3

Motor power [W] 70 3

Practical considerations:

Distal frame weight [kg] 0.71 3

Proximal pack weight [kg] 2.2 3

Safety

Compliance ≈ 0.91 N/mm 3

Torque limit 3

Speed limit 3

Stop button 3

Size M 3

Comfort ≤30 kPa 3

Technical

Safety factor = 2 3

Low friction 3

Low backlash 3

Proximal motor 3

Non collocated sensors 3

avariation is caused by the placement of the anchor points.

3.6 Suit’s characteristics

The characteristics of the suit are summarised in Table 3.3. By comparing it with

Table 3.2, one can see that the requirement for speed was not achieved. This was

noticeable only when testing the design on human subjects. A more thorough

discussion on this point is highlighted in Chapter 4.



Chapter 4

Admittance controller for gravity

compensation

This chapter presents the design of the controller for the soft exosuit. We start with

an introduction to the control of compliant robots, highlighting the advantages and

disadvantages of having elasticity in the transmission and justifying the choice of

an admittance control scheme. We propose an indirect force control paradigm to

both assist the user and allows the suit to move in concert with his/her movements.

Finally, we evaluate the accuracy of the controller, the bandwidth of the human-suit

system and the efficiency of the device.

4.1 Impact of gravity on post-stroke reaching

Reaching movements performed by stroke survivors exhibit an extreme sensitivity

to mechanical loading [80]. This causes gravity-loaded reaching movements, very

common in activities of daily living, to be uncoordinated and limited in speed and

range of motion [81].

When the weight of the arm supported by an external device, most stroke survivors

are able to perform reaching movements with surprising skill [82]. Figure 4.1 shows

the results obtained by Sukal et al. [83], where the authors used a rigid admittance-

controlled robotic arm to provide increasing levels of assistance to the paretic and

non-paretic arms of chronic stroke patients, and asked them to reach as far as they

39
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Figure 4.1: Effect of gravitational support on reaching movements.
Comparison of the workspace of the healthy (left) and paretic (right) arm
for varying level of gravity compensation, delivered through an admittance-
controlled robot. The workspace of the paretic arm increases as the device
increasingly supports the weight of the limb. Image adapted from [83].

could on the horizontal plane. While the healthy limb showed no difference across

levels of assistance, the paretic limb’s workspace was positively correlated with the

level of support.

These results suggest that a simple gravity-compensating controller, implemented

on a wearable device such as the exosuit presented in Chapter 3, could be enough to

significantly broaden the range of tasks that he or she can perform. Over the tech-

nically more challenging options of compensating for inertia, velocity-dependent

and gravity-related torques at the elbow joint, we thus decided to only address the

last ones.

4.2 Control objectives

The control paradigm was designed for the dual purpose of:

– Providing assistance in daily activities by compensating for the gravitational

force acting on the forearm.

– Not obstructing natural movements, i.e. allow the robot to move in concert

with its wearer with minimal interaction force between the two.

The first objective requires the ability to track a position-dependent force profile

equal and opposite to the gravitational force acting on the forearm.
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The second objective requires transparency of the suit to the user’s movements, in

other words backdrivability. This cannot be achieved mechanically because the high

reduction ratio of the motor’s gearhead increases the reflected motor impedance

and the Bowden cables make the transmission inefficient. We need to achieve

backdrivability by control.

Before describing the design of the controller, we will provide a brief introduction

of the control paradigms used for force control of compliant robots.

4.3 A brief introduction to compliant control

The antithesis between compliant and stiff control of robots only came about in

the last twenty years [84],[85]. Traditional robotic devices, born for fast and precise

tasks in assembly lines, were designed to be as stiff as possible, to increase their

position/velocity control accuracy and bandwidth. These design choices, however,

had negative consequences on their force-control performance: high stiffness caused

high force modifications for small displacement errors, resulting in instability and

unsafe interaction.

A substantial number of works, starting from the early 80s, proposed to achieve

safety in physical HRI by means of active force controllers. Hogan’s impedance con-

troller [86] and Salisbury’s stiffness control [87] are probably the most well-known

attempts of getting a heavy, rigid, electro-mechanical system to behave gently as it

interacts with the environment. Despite leading to pioneering results, these early

studies also highlighted the limitations of “virtual” compliance: the impedance

characteristics are limited in bandwidth by the performance of the controller and,

since the hardware is intrinsically rigid, they are not robust to failure [88].

Later, Pratt et al. proposed to intentionally introduce mechanical compliance

in the design [69]. Placing an elastic element between the actuator and the load

effectively decouples the actuator’s rotor inertia from the links, whenever an impact

occurs. The authors indeed showed that, using this paradigm, one can increase

shock tolerance and reduce inadvertent damage to the environment. Furthermore,

Series Elastic Actuators (SEA) feature improved stability and accuracy of force

control compared to rigid transmissions. Indirect force controllers, encompassing

impedance and admittance architectures, are a common choice for compliant robots
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Explicit Implicit Explicit Explicit Explicit

Impedance Admittance
admittance

ImpedanceCollocated

Compliant
control

Figure 4.2: Compliant control. Compliant control for soft and stiff robots,
using the taxonomy formulated in [89]. Compliant control and indirect force
control are used as synonyms. Explicit and implicit refer, respectively, to the
need or not of a sensor to measure the interaction force between the robot and
the environment. The blocks highlighted in blue indicate the chosen controller.
Image adapted from [89].

to safely interact with human beings [89]. This is because imposing a relation

between force and velocity, unlike direct force paradigms, allows to control the

power transfer between the device and its user [86].

The taxonomy described in [89] and represented in Figure 4.2, nicely sums up the

options for indirect force control of compliant robots (path highlighted in blue). A

compliant transmission always requires a force sensor at the interface between the

robot and the environment/user, to observe what is happening between the two

(this is not the case in rigid backdrivable transmissions, where one can infer the

interaction force from the current on the motor’s windings, e.g. [86]).

Both the impedance and admittance controllers are viable options but the former

is more prone to stability issues, whilst the latter is more robust thanks to the

inner position/velocity-control loop.

4.4 Admittance control for the rich and lazy

In [90], the same research group that introduced SEAs proposed to control a SEA-

powered legged robot with an admittance control scheme that closed the internal

velocity/position loop on the motor’s sensor (collocated) rather than on the joint’s.

The authors found that a high gain for this internal loop allowed to stably reject
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non-linearities in the transmission, such as static friction-related effects and back-

lash, while allowing the outer force control loop to operate at a slower refresh

rate.

This type of admittance control, baptized by Calanca and colleagues [89] “col-

located admittance control”, allows to use a high-gain position/velocity feedback

loop instead of complex backlash- and friction- compensating models (such as the

one we used in [72]). This “lazy” approach is not principled buy pragmatic and

effective.

Paradoxically, moreover, this method works better with a highly reduced actuator,

because its non-backdrivability reduces the effect of external forces (e.g. friction)

on the inner position/velocity loop. It thus nicely agrees with the high torque

requirements of the application.

4.5 Controller design

The controller we propose for the soft exosuit for the elbow is shown in Figure 4.3.a

It comprises an outer torque loop and an inner velocity loop. The outer loop

(indicated by the red arrow in Figure 4.3.a) is responsible for tracking a position-

dependent torque profile at the elbow, equal and opposite to gravity, and makes

use of the model of the elbow presented in Chapter 3:

τg = mglc sin θ, (4.1)

where, with reference to Figure 4.3.b, θ is the elbow angle, obtained from an

incremental encoder positioned on the joint (0 deg corresponding to the elbow

being fully extended on the side of the trunk), m the mass of the forearm, lc the

distance of the forearm’s and hand’s centre of mass from the axis of rotation of the

elbow and g = 9.81 m/s2 the gravitational acceleration.

The assistive torque is estimated from the tension measured by load cell on the

suit’s tendons. Figure 3.3.b shows a schematics of the suit’s tendon routing. Using

trigonometric relations, one can derive the mapping from a displacement of either

tendon to a joint rotation; we call these extension functions, hf (θ) for the flexor
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Figure 4.3: Schematics of the admittance controller for transparency
and gravity compensation. An outer torque loop (red) tracks a reference pro-
file equal and opposite to gravity, computing a motion reference as an interaction
torque is sensed, according to the admittance specified by a PID controller. The
inner velocity loop (light blue) is tuned to be as stiff as possible, to reject force
disturbances like stiction and backlash. The green arrow indicates a positive
feedback path, introduced to improve transparency.

and he(θ) for the extensor:

hf (θ) = 2
√
a2 + b2 cos

(
tan−1

(a
b

)
+
θ

2

)
− 2b (4.2)

he(θ) = Rθ (4.3)

where a is half of the width of the arm, b is the distance from the joint centre of

rotation to the anchor points and R is the radius of the elbow joint.

From the two extension functions h(θ) we can compute the position-dependent

moment arm of the cables’ tension on the elbow’s axis of rotation:

P (θ) =
∂h

∂θ

T

(θ) =

[
−
√
a2 + b2 sin

(
φ+

θ

2

)
, R

]
(4.4)
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where h =
[
hf (θ) he(θ)

]T
represents the vector of cable extensions. The estimated

assistive torque delivered at the joint is obtained by the equation:

τexo = P (θ)f (4.5)

where f is the measured cable tensions obtained by the load cell.

Note that the null-space of P (θ) is given by the span of all vectors of the form[
R/(
√
a2 + b2 sin (φ+ θ/2), 1

]T
, this condition, however, implies co-contraction of

both of the suit‘s tendons, which cannot be achieved with one motor in the current

configuration. This model assumes that the position of the anchor points is fixed.

It neglects deformation of the fabric and soft tissues upon the application of a force

from the tendons.

The difference between τg, calculated from Equation 4.1, and τexo, calculated from

Equation 4.1 , is converted in a velocity for the motor, ωd, by an admittance of the

form (in the Laplace domain):

Y (s) =
ωd

τg − τexo
= P +

I

s
+Ds, (4.6)

with the P, I and D constants governing the characteristics of the relation between

the interaction force and the motor’s velocity [91].

A low-level, PI velocity loop (blue arrow in Figure 3.3.a) tracks the desired velocity

on the motor’s axis. Note that this speed loop is closed on the motor’s sensor

rather than on the elbow’s. This approach, known as collocated admittance control

[89], has been shown to robustly deal with force disturbances such as stiction and

backlash, while guaranteeing stability even for low sampling rates of the high-level

feedback loop [90].

Finally, a positive feedback term is added to the desired velocity (shown in Fig-

ure 3.3.a in green), to increase the controller’s sensitivity to the user’s movement:

the faster the user moves, the faster the motor will. This strategy is commonly used

to compensate for stick-slip friction phenomena, but it here facilitates initiation of

movement, making the exosuit more transparent [19]. The final desired velocity,
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tracked by the low-level motor driver, has the form:

ωd(s) = P (τg − τexo) +
I

s
(τg − τexo) +Ds(τg − τexo)︸ ︷︷ ︸

PID Admittance

+ ksθ︸ ︷︷ ︸
Positive feedback

. (4.7)

With τg being the gravitational torque acting on the joint, τexo the assistive torque

delivered by the suit, k the positive feedback gain and θ the joint angle.

The distance of the center of mass of the forearm and hand from the axis of rotation

of the elbow, the mass of the hand and forearm and the radius of elbow are all

derived from the body mass and height of the suit’s wearer, using anthropometric

tables [62, 92].

nRMSE = 8.7%

nRMSE = 2.8%

(a) (b)

Figure 4.4: Tracking accuracy of the collocated admittance controller.
(a) Accuracy of the outer torque loop in tracking a desired profile during motion
of the elbow joint. The root mean square error (RMSE) is 8.7% of the range of
the desired torque. (b) Accuracy of the inner velocity loop. The RMSE is 2.8%
of the range of the desired velocity.
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Figure 4.5: Experimental setup. Subjects were asked to follow a reference
trajectory displayed on a screen in the form of a moving elbow, the position of
their own arm was superimposed to provide visual feedback. This was done in
both the powered and unpowered conditions, while monitoring the elbow angle
and interaction force.

4.6 Control performance

4.6.1 Accuracy

To evaluate the control accuracy, we performed a preliminary testing on 2 subjects.

The experimental setup is shown in Figure 4.5. Participants, wearing the exosuit on

their left arm, had to follow a reference movement performed by a dummy character

on a screen. The position of their own elbow was displayed as a superimposed

translucent replica of the reference one to provide visual feedback. To ensure that

they were moving at the desired velocity, participants were asked to match the

movement of the character on the screen as accurately as possible.

The reference motion consisted of series of Minimum Jerk Trajectories (MJT),

known to correspond well to the movements of healthy subjects [93], at a peak

velocity of 84 deg/s.

The accuracy of the admittance controller in tracking the position-dependent grav-

ity profile is fundamental for the performance of the suit.
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Figure 4.4 shows the desired and measured profiles of both layers of the admittance

controller. Figure 4.4.a displays the tracking accuracy of the outer torque loop

(orange in Figure 3.3.a), for one subject, moving with assistance from the exosuit

at movements with a peak velocity of 84 deg/s.

The reference trajectory is a position-dependent estimate of the torque acting on

the elbow because of the weight of the forearm. The controller shows overshoots in

the rising transient region and before the downwards motion. The RMSE, averaged

over 2 subjects, repetitions and velocities, was found to be 8.7 % of the range of

desired torques.

Figure 4.4.b, shows the accuracy of the inner velocity loop (blue arrow in Fig-

ure 3.3.a), tracking the speed of the pulley on the motor’s shaft, for the same

repetitions. This PID was tuned to be as stiff as possible, to stably reject nonlin-

earities in the transmission. The RMSE, over subjects and velocities, was found to

be 2.8 % of the range of desired motor speeds.

4.6.2 Bandwidth

To identify the controller’s bandwidth, the same 2 subjects who performed the

experiment detailed in Section 4.6.1 were asked to perform a dynamic task, using

the same protocol described in Section 4.6.1 but following sinusoidal trajectories in

wide range and with finer intervals of velocities. Each subject performed the task

in two conditions: without receiving assistance from the device (unpowered) and

with assistance (powered).

The reference trajectory consisted in a sinusoidal signal of the form:

θd(t) = A0 + A sin(2πf(t)t) (4.8)

with A0 = A = 40 deg, chosen to cover a range of motion typical of ADLs, and f

being a step-wise varying frequency in increasing steps of 0.05 Hz, between 0.05 Hz

and 0.9 Hz. These values were chosen as they correspond to movements with a

peak velocity between 12.5 deg/s and 226 deg/s, equivalent to 10% to 180% of the

speed of the elbow in daily tasks [61]. Each frequency value was held for 20 s;

the first 5 s of each window where discarded to allow evaluation of the response
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at “steady state”. We collected kinematic data (AMS, AS5047P, 1000 pulses/rev)

and tension on the exosuits’ flexing tendon (Futek, LCM300).

Figure 4.6.a shows the reference, unpowered and powered trajectories for one sub-

ject and eight different velocities of movement. In the unpowered case, the partic-

ipant could easily follow the reference signal. Such was not the case for powered

movements, showing a net deterioration in tracking accuracy above 75 deg/s. For

each frequency/velocity of the powered case we evaluated the ratio between the

Fourier coefficients of the first harmonic of the measured and desired elbow angles:

H(f0) =
C1(θm)

C1(θd)
. (4.9)

The magnitude and phase of H(f0) were calculated to derive a Bode plot of the

human-suit’s position tracking accuracy, shown in Figure 4.6.b. Finally, to display

the effect of velocity on the level of assistance provided by the device, we estimated

the biological torque exerted by the wearer in percentage of the total torque re-

quired for movement (τbio/τtotal × 100, where the human torque is estimated using

the procedure described in Chapter 5). This is shown in Figure 4.6.c.

Our system has a bandwidth, defined as the first frequency where the gain drops

below −3 dB of its steady-state value, of 0.35 Hz, corresponding to a peak velocity

of movement of 88 deg/s. This is highlighted in red in Figures 4.6.b, where it

corresponds to an average phase of 40 deg, ≈0.3 s of delay. In Figure 4.6.c, the

drop in performance is clear, with the biological torque increasing to values above

70% of the total torque for speeds above the bandwidth.

4.6.3 Power consumption

Figure 4.7 shows the typical appearance of the electrical power consumed by the

motor and the output power delivered at the elbow joint for a flexion/extension

movement of the elbow. The gray shaded area shows the mechanical power deliv-

ered by the exosuit at the elbow, computed as the product between the assistive

torque of the exosuit and the rotational speed of the elbow: Pelbow = τexoθ̇. This

quantity reaches a maximum of 4 W and has a symmetrical behaviour in the as-

cending and descending phases. The electrical power consumed by the motor,

computed as Pmotor = IV , with I and V being the current and voltage on the
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(a) (c)

(b)

Figure 4.6: Tracking and assistive performance of the suit for varying
movement velocities. (a) Reference (dashed), unpowered (gray) and powered
(black) trajectories of the elbow for 8 of the 18 tested velocities of movement,
shown for 10 s and one subject. (b) Bode plot of the estimated transfer func-
tion in Equation 4.9, between the measured and desired elbow position, in the
powered condition. The human-suit system has a bandwidth of 0.35 Hz, high-
lighted by the red dashed line. Different markers correspond to different subjects.
(c) Biological torque, in percentage of the total torque required for movement
(τh/τtotal × 100). Above the bandwidth (red dashed line), the effort that the
wearer needs to exert to move increases steeply.

motor’s windings, is shown in grey. It reaches a peak around 15 W just before

motion inversion, it then drops to zero and shows a small negative contribution in

the descending phase, induced by the counter-electromotive force due to gravity.

The big mismatch between Pelbow and Pmotor highlights the low efficiency of the

device, an average over repetitions and subjects just below 20%.
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Figure 4.7: Electrical power consumed by the motor and mechanical
power delivered at the elbow joint. Typical power profile at the elbow
and on the motor’s windings, for sinusoidal movements of the joint, for one
subject. The electrical power consumed by the motor, shown in gray, reaches
peaks between 15-20 W, when the elbow is at 90 deg, and small negative values
in the descending phase. The power delivered at the elbow is a fraction of the
one consumed and slightly out of phase, due to losses and viscoelasticity in the
transmission.

4.7 Closing remarks

The admittance controller proposed in this Chapter showed to have the valuable

ability to deal with friction and backlash in the transmission, as shown by the good

tracking accuracy of the velocity loop, without the need for complex feedforward

models. The lower performance of the force controller was expected and is probably

caused by the non-linear characteristics of the suit and human tissue compliance.

The presence of friction, backlash and non-linear compliance in the transmission

resulted, however, in a low bandwidth (0.35 Hz at an amplitude of 40 deg) and low

efficiency (≈20%). The first approach to improve performance would be through

hardware changes. A good starting point is the work from Schiele and colleagues

[75], where the authors give some practical suggestions to improve efficiency and

force-rendering performance of Bowden cable actuators:

– Use friction couples with a very small friction coefficient, PTFE on PTFE is

well suited. In our device, we did use PTFE coating on the inner lining of

the Bowden sheath, but not on the cable, made of braided Dyneema wire.
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– Use friction couples whose coefficient of friction increases with speed. This

avoids stick-slip phenomena and would not only improve efficiency but also

force rendering bandwidth. Again, the best choice would be PTFE on PTFE,

which we did not have.

– Use cables and sleeves with high stiffness. In Chapter 3, Section 3.5, we

tested the stiffness of Bowden sheaths with different constructions and chose

the one with the highest stiffness. When compared to a 7×7 stainless steel

wire rope, braided Dyneema (used here) has a stiffness only 8% lower but

weighs 80% less.

– Forces from the suit to the human body should be transmitted along paths

that are as stiff as possible. In this work, we used inextensible webbing bands

as load paths but we did not optimize the choice of materials. The work from

Quinlivan et al. [67] shows an elegant procedure to choose the best garments

and orientation of the fabric fibers to increase stiffness. The authors also

suggest to try to load bony prominents of the human body and pre-compress

soft tissues, to reduce compliance of the human-suit interface.

– Finally, choosing a motor with a higher nominal torque would allow to use a

gearhead with a smaller reduction ratio, hence higher efficiency.

Further improvements could be achieved through enhancements of the controller.

Lee et al. [94] showed how including a stiffness model of the suit and of the limb

being assisted (the thigh in their case) improved the bandwidth of an admittance

controller very similar to the one presented here, by over 100%. A motor with

higher nominal speed would also be needed, in our case.

The performance of the outer torque loop is, moreover, strongly dependent on the

gains of the admittance block, whose values, in this study, were tuned heuristi-

cally. This was done for each subject during a familiarisation phase, prior testing

the performance of the device. In [91], the authors propose a similar PID admit-

tance controller for a 7-DoF upper extremity exoskeleton. Their parameters regula-

tion procedure consists of a method similar to the Ziegler-Nichols and Cohen-Coon

methods, where the control parameters are tuned based on the identified character-

istics of the plant. This, however, requires knowledge of the mechanical impedance

of the human arm, which is known to continuously vary depending on the task

being performed [95, 96] and across subjects.
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A different and fairly new approach consists in automatically tuning the control

parameters online, so as to maximise a performance (or safety) index of the exosuit.

Recently published results suggest that this process could be addressed systemat-

ically and automated through optimization techniques. Zhang and colleagues [97]

have shown how a control paradigm that modulates the assistance characteristics,

in order to minimize the metabolic cost of human walking, can accommodate the

large diversity among subjects and significantly improve performance. Ding et al.

[98] have shown equally encouraging results using a Bayesian optimization tech-

nique to modulate the force profile of a soft exosuit to assist hip flexion. This gives

us reason to believe that identifying a suitable cost function for the device pre-

sented here and using it to optimize its control parameters, could lead to improved

safety, quality of assistance and intuitiveness of use.

The major drawbacks identified in this preliminary evaluation of the performance

of the device are the low bandwidth and efficiency.

The suit has an efficiency below 20%. This was, to some degree, expected, due to

the high reduction ratio of the motor’s gearhead, friction losses in Bowden cables

and viscoelastic properties of the suit and human tissue. The suit has a bandwidth

corresponding to a peak velocity of of the joint 88 deg/s; we expect this to affect

the kinetics and kinematics of natural human movement. This evalutation, as well

as an in-depth analysis of the activation of the muscles working in parallel with

the suit, will be the topic of Chapter 5.





Chapter 5

Physiological and kinematic

effects on human movements

This chapter examines the effect of the exosuit on the kinematics and kinetics

of human movements and on the pattern of activation of the muscles involved in

flexing and extending the elbow, directly addressing the three hypotheses outlined

in Chapter 1. The validation is done on eight subjects in a static and dynamic task.

The former to verify the effectiveness of the exosuit in delaying the onset of fatigue

and the latter to assess its transparency. The chapter ends with a discussion on

the implications of our findings for the use of the suit in ADLs and a comparison

with similar state-of-the-art devices.

5.1 Experimental protocol

The aim of the evaluation procedure was to assess the effect of the exosuit on human

kinematics and biomechanics. To do so, we compared smoothness and accuracy of

movement, biological torque and muscular activation patterns of healthy subjects

performing controlled motions of the elbow, with and without assistance from the

suit. The testing was done on 8 male subjects (average age 29.2±1.4) presenting no

evidence or known history of skeletal or neurological diseases, and exhibiting intact

joint range of motion and muscle strength. At the beginning of each experimental

session the participants were informed of the procedure and they signed an informed
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consent. The procedures, in agreement with the Declaration of Helsinki, were

approved by the Institutional Review Board at Nanyang Technological University.

The experimental setup is shown in Figure 5.1. Participants, wearing the exosuit on

their left arm, had to follow a reference movement performed by a dummy character

on a screen. The position of their own elbow was displayed as a superimposed

translucent replica of the reference one to provide visual feedback. To ensure that

they were moving at the desired velocity, participants were asked to match the

movement of the character on the screen as accurately as possible.

This was done by each subject in two conditions: with and without assistance

from the device, we shall refer to these as powered and unpowered conditions,

respectively. In the latter case the exosuit’s tendons were unhooked from the distal

anchor point and the motor’s power source was turned off. The sequence of the two

conditions was randomly assigned to each participant to mitigate potential order

effects. In the powered condition, subjects were asked to relax and rely on the

suit to support their limb’s weight.

The reference motion consisted of series of Minimum Jerk Trajectories (MJT),

known to correspond well to the movements of healthy subjects [93], at varying

peak velocities, chosen to be fractions of the average elbow speed in activities of

daily living (ADLs), i.e. 126 deg/s [61]. The evaluation comprised three sessions:

a familiarisation phase, a dynamic and an isometric task.

5.1.1 Familiarisation

The familiarisation was performed with assistance from the exosuit so that the

participant could get accustomed to using the device and we could fine-tune the

gains of the PID admittance controller. The participant was asked for his weight

and height, used to evaluate the geometrical and physiological parameters used in

Equations 6.6-6.7 and 5.1, from anthropometric tables [62, 92].

The reference motion consisted in a series of MJTs between 0 deg and 30 deg, 60 deg

or 80 deg, each amplitude repeated 8 times in a random order, for a total of 24

movements. A typical reference signal is shown in Figure 6.12.a. The peak velocity

of movement was chosen to be 50% of the average elbow speed in ADLs. Neural

control of muscles was inferred by recording surface EMG.
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5.1.2 Dynamic task

The dynamic task was used to assess the effectiveness of the exosuit in both shad-

owing the wearer’s movements and compensating for gravitational forces.

Subjects were asked to hold a mass in their hand and follow the reference trajectory

displayed on the screen; this was done both with and without assistance from the

exosuit and for three different velocities of movement, for a total of 6 sessions. All

sessions of the same condition were performed on the same day, with a 30 min break

between them. Powered and unpowered bouts were conducted on separate days

to avoid fatigue. The mass consisted in a 1 kg plate, used to increase muscular

activation in both conditions and enhance the signal-to-noise ratio of the data

collected using surface electromyography.

The reference MJT motion was the same as the one for the familiarisation phase

(an example of which can be seen in Figure 6.12.a) but performed in three dif-

ferent sessions at three different peak velocities: 42 deg/s, 84 deg/s and 126 deg/s,

corresponding to 33%, 67% and 100% of the average elbow speed in ADLs.

We recorded the angular position of the elbow, the tension on the exosuit’s flexing

tendon and the electromyography (EMG) of the biceps brachii and the long head

of the triceps brachii, responsible for flexing and extending the elbow, respectively.

The skin was cleaned and the electrodes (Delsys Trigno IM) were placed according

to the SENIAM standards [99]. At the beginning of each session we performed

a manual test for maximum voluntary contraction (MVC), subsequently used to

normalise the muscular activity, allowing comparison across subjects. The test

was repeated two times per muscle, with a break in-between to avoid fatigue. All

data was acquired at a sampling frequency of 1 kHz through a Quanser QPIDe

acquisition board.

5.1.3 Isometric Task

The goal of the isometric task was to assess the impact of the exosuit on muscle

fatigue.
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Figure 5.1: Experimental setup. Subjects were asked to follow a reference
trajectory displayed on a screen in the form of a moving elbow, the position
of their own arm was superimposed to provide visual feedback. This was done
in both the powered and unpowered conditions, while monitoring the elbow
angle, the interaction force (only powered) and EMG activity of two antagonistic
muscles driving the joint.

While holding a load, subjects were asked to repeatedly maintain the elbow in a

fixed position. The load was chosen to be a mass equivalent to 3% of the par-

ticipant’s body weight, corresponding to approximately 15% of his MVC, held at

90 deg for three fatiguing repetitions of 40 s each, separated by 20 s of rest. This

was done both for the powered and unpowered condition, in a randomized order

and on different days. Although fatiguing protocols often involve higher loads and

isometric contractions until voluntary exhaustion [100], our suit was not designed

to transmit heavy weights to the human body. This combination of magnitude and

timing of exercise was chosen as a reasonable compromise between intensity and

comfort.

We recorded EMG of the biceps brachii and the long head of the triceps brachii

using the same procedure adopted for the dynamic task. One subject was dropped

out of the fatigue evaluation due to incorrect placement of the electrodes.
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5.2 Data Analysis

Raw data from the suit’s absolute encoder and load cell was low-pass filtered (sec-

ond order Butterworth filter, 10 Hz cut-off frequency) and segmented to isolate the

24 movements comprising each session.

The accuracy of movement was quantified by evaluating the coefficient of determi-

nation (r2) between the measured and reference trajectory. Time delays between

the reference and measured trajectories were estimated by finding the time lag

corresponding to a peak in the cross-correlation between the two signals.

Smooth movements are a characteristic feature of healthy, efficient and well-trained

motor behaviour [101] and an external assistive device should not make them less

so. To quantify kinematic smoothness, we used the SPectral ARC length (SPARC)

index proposed in [102]. This required an additional event-based segmentation to

isolate epochs where subjects were actually moving from those of static holding,

which we did using a lower threshold on the absolute velocity of 2.5 deg/s. The

SPARC index was estimated on the norm of the elbow’s speed.

The measured force on the flexing tendon was mapped to a torque on the joint using

Equation 6.7, this was used as an estimate of the assistive moment delivered by

the exosuit, τexo. The total torque required to perform the movement was derived

from the inverse dynamics of the human elbow, represented as a simple pendulum

using a second order model of the form:

Iθ̈ +Bθ̇ + τg = τ, (5.1)

with I being the moment of inertia of the forearm and hand, B takes into ac-

count the viscosity of the elbow joint (we used a value of 0.2 Nms/rad according to

the values reported in [103]) and τg is the gravity-dependent torque, presented in

Equation 6.6. The norm of the difference between the total and assistive torque,

τbio = τ − τexo, was used to estimate the remaining biological torque exerted by

the subject to perform the movement or hold the position. The absolute value of

the biological torque |τbio| was used as a cost index (the higher the worse) of the

performance of the device.
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The output EMG signal of the Delsys Trigno system (pre-conditioned with a band-

pass Butterworth filter between 20 Hz and 450 Hz) was processed to extract its

linear average envelope using the procedure suggested in [104]: this included noise

filtering, rectification, smoothening using a moving-average filter (0.2 s window)

and normalisation by the MVC. The root mean square (RMS) of the processed

EMG signal was used as index of the level of activation of a muscle.

Finally, the EMG data gathered from the isometric task was used to evaluate the

effect of the exosuit on the onset of fatigue. Myoelectric manifestations of muscle

fatigue appear both in the time and frequency domain as an increase in the EMG

amplitude or as a shift towards lower frequencies of the signal’s power spectral

density function [105]. We used the median frequency (MNF) of the EMG’s power

spectrum and the average rectified value (ARV) of its amplitude as indexes of

fatigue, evaluated on epochs of 3 s during the last isometric repetition. The rate of

change of these values during the 40 s of isometric contraction were used to quantify

fatigue. We calculated their slope by fitting a first order model with a least square

method: a steeper positive slope for the ARV and a steeper negative one for the

MNF indicate a faster onset of fatigue.

5.2.1 Statistical analysis

We checked that the metrics were normally distributed using a Shapiro-Wilk test

with a significance level of α =0.05. All metrics were normally distributed except

for the elbow’s smoothness (SPARC index) and coefficient of determination (r2)

between the reference and measured trajectories.

Non normally-distributed metrics were evaluated by a non-parametric Wilcoxon

signed-rank test between the powered and unpowered conditions, our null hypoth-

esis being that both samples came from distributions with equal mean. Normally-

distributed metrics were statistically compared with a paired t-test (α = 0.05)

between the powered and unpowered conditions. Outliers were removed before any

further analysis using a Thompson Tau test.

Reported values and measurements from here onwards, in both graphs and text,

are presented as mean ± standard error of the mean (SEM).
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5.3 Results

5.3.1 The exosuit reduces movement accuracy and smooth-

ness

Figure 6.12 shows the effect of the exosuit on the trajectories of the elbow. As

shown in Figure 6.12.b, as the velocity of movement increased, the tracking accu-

racy of the powered condition worsened when compared to the unpowered one. The

average accuracy, measured by the coefficient of determination between the mea-

sured and reference trajectories, for the powered and unpowered conditions were

0.91± 0.02 and 0.80± 0.06, respectively. A Wilcoxon signed-rank test between the

two confirmed that wearing the exosuit significantly reduces the ability to track a

reference trajectory (p = 8× 10−5).

This deterioration in tracking accuracy is a consequence of both a delay introduced

by the suit in the initiation of movement and its inability to track high velocities.

The former effect is shown in Figure 5.3.a, highlighting that the suit offset reaction

times by approximately 200 ms, independently of movement speed. Figure 5.3.b

shows that wearing the suit slowed down human movements. Although this was

observed overall, averaging over velocities and subjects, it did not apply to low

velocities (42 deg/s), where the opposite was true.

Similarly, the smoothness of movement was affected by the exosuit’s assistance,

with the difference in SPARC index [102] between the two conditions increasing

for increasing movement velocity. The overall smoothness, averaged over velocities

and subjects, was −1.76 ± 0.10 (unpowered) and −1.82 ± 0.14 (powered). The

latter being significantly lower than the former (p = 2× 10−13).

5.3.2 The exosuit reduces muscular effort

As the suit provided a force against gravity to support the weight of the forearm, it

reduced the amount of effort that the flexor muscle needed to exert (p = 5×10−15).

Figure 6.14.a shows a representative case of the activity (raw and its envelope) of

the biceps brachii and long head of the triceps brachii during five consecutive

movements of the elbow, in both the powered and unpowered conditions.
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(b)(a)

Figure 5.3: Effect of the exosuit on delay and peak velocity of move-
ment. (a) Wearing the exosuit introduced a time lag between the reference tra-
jectory and the wearer’s movement. The average delay, over subjects, is 200 ms
higher than the one observed in the unpowered condition, independently of the
target velocity. (b) Assistance from the exosuit slowed down human movement
for velocities higher than 42 deg/s. This is most most probably a corollary of
the limited bandwidth of the device.

The net change in the biceps brachii muscular effort (Figure 6.14.b), evaluated as

the difference in the EMG’s RMS between the powered and unpowered cases, was

significantly smaller than 0 for all velocities (p = 1×10−3 for 42 deg/s, p = 1×10−3

for 84 deg/s, p = 8 × 10−3 for 126 deg/s). Such was not the case for the triceps

brachii, whose activity’s net change between the two conditions cannot be said to

differ from 0.

Figure 6.14.c shows the change in activity of the biceps brachii expressed as per-

centage of its activity in the unpowered condition. Similarly to what happened

to the accuracy and smoothness of movement (Figure 6.12), the performance of

the suit degraded for higher velocities. Wearing the exosuit resulted in a signifi-

cant reduction of the biceps muscle effort, averaged over subjects and velocities, of

64.8± 7.66% (p = 5× 10−15).

5.3.3 The exosuit reduces the biological torque

Figure 5.5.a shows the total torque required to perform the movement (grey),

the one provided by the exosuit (black) and the estimated biological torque (in
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(c)

(a) (b)

Figure 5.4: Changes in muscular activation. (a) Raw signal and envelope
of the electromyography (EMG) of the biceps brachii and long head of the triceps
brachii during five consecutive movements, performed in the powered (black)
and unpowered (grey) conditions. (b) Net change (powered - unpowered) of
the root mean square of the EMG signal of both evaluated muscles, for the
three velocities. Translucent circles are the values for each individual subject,
opaque contoured circles indicate the mean over subjects. Circles in grey are
outliers, identified through a Thomson tau analysis. Asterisks indicate significant
difference from 0. (c) Change in the activity of the biceps brachii, expressed as
percentage of its activity in the unpowered condition (net change/unpowered).
Assistance from the exosuit singificantly reduces muscular effort (64.8±7.66 %,
p = 5×10−15). Error bars show the standard error of the mean.
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green), for one subject, averaged over repetitions for the three tested velocities

of movement. The exosuit supports large part of the total torque but introduces

negative biological moments, especially when initiating the downwards motion.

Figure 5.5.b shows the average over subjects and repetitions of the total, the exo-

suit’s and the biological torque in the powered condition (in the unpowered condi-

tion τbio = τtotal). The figure shows that when the exosuit is assisting the subject,

the biological torque is only a fraction of the total one but, as the velocity increases,

the wearer needs to exert higher positive and negative torques.

The overall gain, shown in Figure 5.5.c, was, nevertheless, favorable, with the

percentage change of the absolute biological torque (|τbio|) between the powered and

unpowered conditions being significantly lower than 0 for all individual velocities

(p = 3× 10−6 for 42 deg/s, p = 4× 10−5 for 84 deg/s, p = 3× 10−4 for 126 deg/s)

and overall (−59.20± 5.58%, p = 9× 10−14 ).

5.3.4 The exosuit delays the onset of fatigue

The isometric contraction task, performed with aid from the exosuit, showed a

slower onset of fatigue in the biceps brachii compared to the unpowered condition

(p = 0.03 for the ARV and p = 0.01 for the MNF).

Figure 5.6.a-b show the raw and envelope of the biceps’ EMG signal, and the trend

of the average rectified value (ARV) and median frequency of the EMG’s spec-

trum (MNF) for both the powered and unpowered conditions of one representative

subject. Values over the 40 s contraction window are reported in percentage of

the initial value, discarding the first 3 s after reaching the target position of the

elbow. A steeper positive slope for the ARV and a steeper negative one for the

MNF indicate a faster onset of fatigue.

The mean slope and its standard error over subjects are shown, for both metrics

and conditions, in Figure 5.6.c
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(c)

(a) (b)

Figure 5.5: Changes in biological torque. (a) Total, assistive torque pro-
vided by the exosuit and biological torque (total-exo) for one subject, averaged
over repetitions, for all three velocities of movement (from top to bottom: 42,
84 and 126 deg/s). As the velocity of movement increases, the magnitude of the
biological torque increases, mostly around the transient regions. Shaded areas
indicate the standard deviation around the mean. (b) Average over subjects of
the total, assistive and biological torques. The exosuit compensates for most of
the positive (flexing) torque but introduces a negative (extending) component.
(d) Change in biological torque, expressed as percentage of the total torque in
the unpowered condition (|biological powered| /total unpowered). Translucent
circles are the values for each individual subject, opaque contoured circles in-
dicate the mean over subjects. Asterisks indicate significant difference from 0.
Wearing the exosuit significantly reduces the magnitude of the torque that the
wearer needs to exert to move (-59.20± 5.58%, p = 9×10−14 ). Error bars show
the standard error of the mean.
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(a) (b)

(c)

Figure 5.6: Fatigue analysis. (a) Raw signal and envelope of the electromyo-
graphy (EMG) of the biceps brachii of one subject, during the isometric task, for
both the unpowered and powered condition. (b) Trend of the average rectified
value (ARV) and median frequency (MNF) of the EMG signal of one subject,
during the last isometric contraction. Indexes are expressed in percentage of
their initial value. A steeper positive slope for the ARV and a steeper negative
one for the MNF indicate a faster onset of fatigue. (c) The slope of the ARV and
MNF, averaged over subjects. Both indexes confirm that wearing the exosuit
significantly reduces the onset of fatigue (p = 0.03 for the ARV and p = 0.01 for
the MNF). Error bars show the standard error of the mean.
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5.4 Discussion

5.4.1 On the changes in muscular contraction

Moving with assistance from the powered exosuit lowered the muscular effort by

an average of 64.8 ± 7.66%. This is probably a direct corollary of the observed

significant reduction in biological torque between the powered and unpowered con-

ditions.

These findings are in line with what we detected in a preliminary evaluation of the

exosuit on two subjects, described in Chiaradia et al. [106], and show a higher

benefit when compared to our very first evaluation of an assistive sleeve, reported

in Dinh et al. [72].

The results in [72] (48.5% reduction in muscular effort) are only indicatively com-

parable to the ones presented here. The difference is partly caused by a refinement

of the hardware and partly by considering that the control approach presented in

Dinh et al. was aimed at assisting impaired subjects and designed to automatically

tailor the level of assistance to the ability of movement of its wearer.

A systematic comparison of our work with existing literature is not yet possible

because of the absence of a standard assessment procedure. Figure 5.7, however,

highlights recent works that specifically report biomechanical and muscular effects

of wearing a soft exosuit on joints that, like the elbow, are involved in gross lifting

tasks. The figure puts emphasis on sample size and population type.

Four of the studies listed in Figure 5.7 use the reduction in magnitude of the

EMG activity as a performance index. Kim et al. [107] report changes in muscular

activation when wearing a cable-driven exosuit assisting shoulder and elbow flexion.

During a static task, one subject showed an average of 49.4% and 68% reduction

in the biceps brachii and the anterior deltoid, respectively.

Similarly, O’Neill et al. [43] present a wearable robot for the shoulder that uses

soft textile pneumatic actuators to assist the joint in abduction and horizontal

flexion/extension. The device, evaluated on three healthy participants, reduced the

activity of the medial deltoid (63.89%) and infraspinatus muscles (34.03%) when
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abducting the shoulder and that of the pectoralis major (23.20%) and posterior

deltoid (70.09%) during horizontal flexion/extension.

Abe et al. present a suit made of pressurised muscle textile; they evaluated it on

one subject and reported a reduction in the EMG activity of the biceps brachii of

33% and an increase in that of the triceps brachii of 35% [108].

Li and colleagues [109] use a paradigm similar to the one presented here to assist

healthy subjects and stroke patients in flexing the shoulder and elbow. They

recorded a reduction in the activity of the biceps brachii of a healthy individual of

58.17% and an increase in the range of motion of chronic stroke patients of up to

174%.

Two more studies evaluate the effect of exosuits on the movements of the upper

limbs of impaired participants. Dinh et al. [72] use the residual EMG activity

of a severe brachial plexus injury patient to initiate a flexing movement of the

elbow. Kadivar et al. [110] explore the feasibility of introducing a similar device

for the shoulder and elbow in a rehabilitation procedure of a traumatic brain injury

patient. None of these two studies, though, report changes in muscular activity.

It is worth highlighting that all the results listed in Figure 5.7 were obtained with a

procedure fundamentally different from the one used in this study: the admittance

controller that we propose allowed the suit to continuously move in concert with its

wearer while delivering an assistive torque. The other studies listed here lacked an

intention-detection strategy. The robot was triggered to apply a predefined torque

or trajectory, regardless of the intention of the wearer: during the evaluation the

subject was simply asked to relax.

5.4.2 On the changes in biological torque

Moving with the exosuit reduced the biological torque by an average of 59.20 ±
5.58%. The device could compensate the forearm’s weight nearly entirely while

holding a static position but the wearer still had to make a significant effort at

initiation of movement (see the positive peaks of biological torque in Figure 5.5.a).

This limitation was most likely caused by the flexing tendon slacking when the arm

was fully extended; assistance was not delivered at initiation of movement until the

slack was recovered. A simple solution to this problem could be to pre-tension the
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tendons. This, however, might negatively impact on comfort, especially during

prolonged use.

Moving with the exosuit increased the extending biological torque at the elbow

compared to the unpowered condition (+0.39 N m). Participants needed to slightly

push to initiate the downwards motion when the elbow was flexed (see the peaks

of negative torque in Figure 5.5.a). This unwanted interaction torque was caused

by the impedance of the controller and can be used as an index of the transparency

of the exosuit: increasing the admittance of the controller would reduce this effect

but would make the device less stable.

Surprisingly, the increase in negative torque was not accompanied by a significant

increase in the activity of the extensor muscle. One plausible explanation could

be the subtle change in the activation of the triceps brachii was not sufficient in

magnitude to be detected with surface EMG. Further investigations, looking, for

example, at the muscular response while holding heavier weights, could help to

clarify this point.

During isometric tasks our exosuit delayed the onset of fatigue. This result is most

likely a corollary of the observed reduction in biological torque. A similar finding is

described in [52], where a cable-driven suit for the shoulder is shown to reduce the

fatigue in the anterior and medial deltoid of five healthy subjects. Unfortunately,

a quantitative comparison here is not possible because of the different metrics used

to assess fatigue in [52].

5.4.3 On the changes in kinematics

Moving with assistance from the exosuit significantly reduced the accuracy of move-

ment. This deterioration in accuracy was caused by the powered movements being

slower than the unpowered ones. Figure 6.12.b shows a clear delay between the

reference and measured trajectory of the elbow in the powered condition, quanti-

fied in Figure 5.3.a. Wearing the exosuit introduced a delay in the reaction time

of approximately 200 ms. An analysis of the peak velocities of the elbow between

the two conditions (Figure 5.3.b) confirms these observations: wearing the exosuit

reduces the peak velocity of the elbow by an average of 9.4±4.4%. This slowing

down of movements is consistent with previous findings investigating the effects of
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Figure 5.7: Studies evaluating the effect of soft wearable robots on
the biomechanics of the upper limbs.

interactions with an exoskeleton on human motion [111], but its underlying cause

is not entirely clear. We think that one or a combination of two mechanisms may

be at play here: (1) Desmurget et al. [112] have shown that movements constrained

by contact with an external body (in this case the exosuit), involve a fundamen-

tally different control strategy from unconstrained movements, which can affect

their duration. (2) Movements are slowed down by technological limitations of

the device: deformation and migration of the fabric, friction and backlash in the

Bowden cables and slack in the tendons introduce latency and affect the transient

behaviour of the controller.

There is compelling evidence that smooth movements are characteristic of efficient

and well-trained motor behaviour [101] and an assistive device should not alter this.

Yet we found that wearing the exosuit significantly reduced movement smoothness.

Encouragingly, the difference between the mean values of the SPARC index was

fairly low: −1.76 ± 0.10 (unpowered) and −1.82 ± 0.14 (powered), corresponding

to only a 3.4% drop.

Unfortunately, no investigation performing such assessment on soft exosuits exists

in literature, but our results echo the findings from Jarassé [113] and Pirondini
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[114], reporting an increase in movement jerk and number of peaks, respectively,

when subjects were assisted by a rigid exoskeleton.

The deterioration in smoothness and accuracy of movement are both imperfections

in the transparency of the exosuit. They suggest that care should be taken if using

the device as an assessment tool, since powered movements may not reflect the

characteristics of natural movements. It should be noted, however, that partici-

pants used the device for less than 10 min, in total. It would be interesting to verify

if additional training results in a mitigation of these unwanted effects. Previous

studies confirm that the initial disruption of natural kinematics of movement, often

seen when one first wears an assistive robotic apparatus, progressively diminishes

as the subject learns to use the device [115].

The time lag, introduced by the suit, between the intention and the initiation

of movement, may affect one’s feeling of being in control of his/her own actions,

known as sense of agency. Previous work has shown that a longer interval between

actions and their effects is associated with a lower sense of agency [116]. This idea

applies to the temporal relation between motor and sensory signals too: temporally

matched intended movements and proprioceptive feedback seem to be essential

for promoting intuitive control and body-ownership [117]. Investigating how the

kinematic imperfections of the suit impact on the user’s subjective perception of the

device would be of great interest. This is especially true for clinical applications,

where the strong connection between the robot and body perception, often termed

“embodiment”, is a crucial factor for functional recovery [118].

5.4.4 Limitations of the experimental protocol

Finally, we should spend a word on the device’s safety. Because of the intrinsic

compliance of its transmission, the suit benefits from the features of traditional

series elastic actuators: its elasticity decouples the actuator’s rotor inertia from

the limb, should an impact occur, and the low impedance is preserved even in case

of failure. The low mass of the device, moreover, practically eliminates inadvertent

damage to the environment. The admittance control adds an additional layer of

safety. This is because by imposing the relation between force and velocity, unlike

direct force or position control schemes, allows to constrain the power transfer

between the device and its user [86]. The major limitation lies in the low efficiency
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of the actuation stage, caused by the high reduction ratio needed to deliver the

range of forces required by the suit. This results in low backdrivability when power

is off.

Although this study demonstrates encouraging results, we acknowledge that there

are a number of limitations to this work. Firstly, this study involved a small and

relative young cohort of participants; this reduces the strength of the statistical

findings. The participants, moreover, were all males of similar height (178±0.8 cm)

and weight (77.8±2.1 kg). This choice was forced by the size of the available

prototype of the exosuit. We have no reason to believe that the results would

change for a female population or for individuals of different physical structure, if

they wore a suitably-sized device.

In this study, the baseline condition for comparison was an unpowered condition

and not a no-suit condition. We chose this configuration to reduce the length of

testing sessions and to avoid doffing and donning the suit during bouts, which could

have led to increased variability in the kinematic data.The wearable component,

attached to the forearm, moreover, weighs only 170 g, distributed close to the center

of the elbow joint; becuase of this, we speculate that the unpowered condition would

differ very little from a no-suit condition.

Another limitation of our study is that the current version of the exosuit uses a

quadrature encoder, mounted on a 3D printed link, to measure the elbow angle.

The linkage structure transmits no torques and bears no loads, but it only mea-

sures the true elbow angle if aligned with the biological joint. We took care of

ensuring this was the case during the donning procedure but we cannot exclude

that movement of the fabric may have slightly shifted its position during opera-

tion. We believe that two of the outliers in Figure 6.14.b may have been caused by

incorrect measurement of the joint angle. We estimated that migration of one of

the anchor points, along the main axis of the forearm/arm, between 3 mm-9 mm,

can result in a maximum error in measuring the joint angle between 8 deg-14 deg.

We did not observe systematic displacement for the range of forces used in this

study. However, for the sake of robustness, it would be appropriate to replace the

encoder with a more robust sensing strategy (e.g. inertial measurement units).

In order to evaluate the effects of the device solely on elbow movements, we per-

formed the experiment in a very controlled setting. Subjects were asked to keep
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the arm aligned with gravity, only move the forearm and the range of motion was

limited to 90 deg for safety. We have no reason to doubt that the results obtained

in this study will not generalize to functional movements, but further investigations

are needed to verify this hypothesis.

The present study only evaluated the performance of the exosuit when assisting its

wearer in lifting a single, relatively low weight. The dynamic tasks were performed

with a 1 kg mass, held in the participants’ hand, and the static task, used to assess

fatigue, were performed with a load equal to 3% of the wearers’ body mass. It

would be interesting to investigate the performance of the device for varying loads.

We expect the limiting factor here to be comfort rather than the maximum rated

torque of the actuation stage.

Last, the admittance controller used anthropometric data to estimate the assistive

torque required by each participant, based on their body mass and height; be-

cause of physiological differences among subjects, a fine tuning of the parameters,

performed in the familiarization phase, was required to personalize the controller.

The tuning was based on qualitative feedback from the participant and was by no

means optimal.

Recently published results suggest that such individualization process could be

addressed systematically and automated through optimization techniques. Zhang

and colleagues [97] have shown how a control paradigm that modulates the assis-

tance characteristics, in order to minimize the metabolic cost of human walking,

can accommodate the large diversity among subjects and significantly improve per-

formance. Ding et al. [98] have shown equally encouraging results using a Bayesian

optimization technique to modulate the force profile of a soft exosuit to assist hip

flexion. This gives us reason to believe that identifying a suitable cost function for

the device presented here and using it to optimize its control parameters, could

lead to improved quality of assistance and intuitiveness of use.

5.5 Conclusion

An analysis of the biomechanical and kinematic effects of the soft exosuit presented

in Chapter 3 and controlled using the paradigm describe in Chapter 4, tested on

healthy subjects, showed that: (1) the device is not exactly transparent, affecting
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the speed and accuracy of movements; (2) it works in parallel with the human mus-

cles, significantly reducing their magnitude of activation in dynamic movements;

(3) assistance from the exosuit in static tasks delays the onset of muscular fatigue.





Chapter 6

Addressing the curse of

dimensionality in wearable robots

The size, weight and power consumption of wearable robots rapidly scale with their

number of active degrees of freedom. While various underactuation strategies have

been proposed, most of them impose hard constrains on the kinetics and kinematics

of the device. In this chapter, we propose a paradigm to independently control mul-

tiple degrees of freedom using a set of modular components, all tapping power from

a single motor. Each module consists of three electromagnetic clutches, controlled

to convert a constant unidirectional motion in an arbitrary output trajectory. We

detail the design and functioning principle of each module and propose a principled

approach to control the velocity and position of its output. The device is character-

ized in free space and under loading conditions. Finally, this Chapter’s digression is

reconnected to the topic of the thesis by evaluating the proposed actuation scheme

to drive the soft exosuit for the elbow joint, using the methodology proposed in

Chapter 5. We compare the new actuation design with the performance obtained

using a traditional DC motor and an unpowered-exosuit condition.

6.1 Introduction

One of the earliest attempts to develop a wearable robotic device to assist human

motion, dating back to 1967, failed because of the excessive weight and size of the

system [119]. Since then, advancements in material science, power supplies and

77
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computing power have fundamentally broadened the boundaries of what we can

achieve.

Exoskeletons have been used for a plethora of applications, ranging from perfor-

mance augmentation in industry [120] to neuro-rehabilitation in medicine [121].

Despite exciting achievements, there are still substantial technical limitations pre-

venting wearable powered devices from becoming a ubiquitous part of our daily

lives. Among others, power requirements and weight of the actuation stage play

a key role, confining most of the existing exoskeletons to research laboratories or

specialized clinics.

A significant step forwards in this direction has been recently taken by using fabric

and polymers to transmit forces and torques to the human body. Soft materials

limit the magnitude and accuracy of assistive forces but allow to engineer lighter,

less power-demanding and svelter exoskeletons, resembling our everyday clothes

more than the rigid machines portrayed by science-fiction movies [53].

Although fundamental research is being carried out to design efficient, controllable

and robust new actuators [122], most exosuits are powered by traditional electric

motors, transferring power to the joints through flexible transmissions [40]. Using

one motor to assist each Degrees of Freedom (DoF) of the human body is the

most common design choice. However, this strategy is easily scalable to complex

systems: the human arm alone has at least 7 DoFs and the complexity, size and

weight of a device using such a high number of motors would make it impractical.

A common way to address this problem is to use fewer motors than DoF: underac-

tuation strategies include differential mechanism [123], mechanical implementation

of kinematic synergies [124] and routing of the driving cables along multiple joints

[125]. However, these approaches impose hard constrains on the kinetics and/or

kinematics of the wearer, allowing only a finite number of predefined moving pat-

terns. This idea is conceptually shown in Figure 6.1.a, where multiple DoF are

mechanically coupled to be driven by a single motor.

An interesting, yet less investigated, method involves using a set of modules, each

one moving a DoFs, that all tap mechanical energy from a single drive. In literature,

this paradigm is known as One-To-Many (OTP) [126], Unidrive [127] or Single-

Motor-Driven (SMD) system [128].
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Figure 6.1: Underactuation mechanisms and One-To-Many (OTM)
paradigm. (a) Typical underactuated mechanisms rely on some form of me-
chanical coupling between degrees of freedom (DoF), imposing a hard constrain
on the kinematics and/or dynamics of the system. (b) The OTM paradigm
consists in actuating many DoF, each tapping power from the same drive but
controlled independently by a local module.

The idea of having a prime mover delivering motion to many subunits is gracefully

illustrated in Dante Alighieri’s picture of the structure of the universe: he imagined

the existence of an outer rotating spheric “sky” that generates energy and transfers

it trough its motion to its inner circles, each rotating at a fraction of its speed:

“Non suo moto per altro distinto,

ma li altri son mensurati da questo,

s come diece da mezzo e da quinto.” 1

A One-To-Many transmission is the mechanical equivalent of this idea: one elec-

tric motor, that we shall call prime mover, transfers power to many modules, each

driving a DoF. This paradigm is shown in Figure 6.1.b. The prime mover rotates

at a constant speed and the trajectory of each DoF is modulated locally by its

corresponding module. Such a setup, unlike underactuation mechanisms, allows

1“Its motion is not measured by another, but all the others are by this, as ten is measured by
its half and by its fifth.”[129]
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Figure 6.2: OTM actuator to power two elbow exosuits with one
electric motor. This system, that we proposed in [131], consists in one prime
mover, transmitting power to two clutchable DOF Modules connected to two
elbow exosuits via Bowden cables. Each module independently controls the
position of its corresponding DoF.

independent control of each DoF and scales nicely with increasingly complex sys-

tems.

The challenge when designing an OTM system comes down to engineering a module

that is smaller and less power-consuming than a motor but can control the position,

velocity and/or torque of a joint just as well.

Performance-wise, Infinite variable transmissions (IVT), allowing to continuously

modulate their transmission ratio within a range of positive and negative values,

are the ideal candidates for an OTM module. The input velocity remains constant

while the output velocity of each DoF can be modulated and even reversed by

changing the transmission ratio of each IVT. The recently-published work from

Kembaum et al. proposed a novel compact design [130], but traditionally, the size

and mass of IVTs would not justify their use over a simple additional motor.
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Hunt et al. proposed an OTM system where each module consisted of a linear

spring and a clutchable ratchet, the former used to store energy and the latter to

selectively release it [126].

The group led by Kermani [132, 133], proposed a mechanism employing magneto-

rheological (MR) clutches to design a 2 DoF manipulator for safe human-robot

interaction. A single electric motor was placed a the base of the robot, providing

power to both joints, while three MR clutches were controlled to limit the output

torque’s magnitude and direction at each joint. The authors showed that this

Distributed Active-Semi Active (DASA) actuation paradigm can achieve smooth

and accurate tracking of joint positions while benefiting from key advantages of

MR clutches such as backdrivability and low impedance.

Finally, a handful of research groups have presented designs based on a similar and

powerful principle: the module consists of at least two gears, constantly rotating

in opposite directions, and the output is coupled with either one of them using

ElectroMagnetic (EM) clutches, or locked using a brake [127, 134]. The group led

by Xie was probably one of the first to propose such arrangement to drive a 9

DoF robotic hand [128] and a 6 DoF serial manipulator [135] with a single electric

motor.

The encouraging results of OTM systems, applied to drive manipulators and robotic

hands, led us to investigate their feasibility in the field of wearable assistive devices,

increasingly in need of novel, efficient actuation paradigms. We previously proposed

an OTM system, consisting of 2 clutchable modules, to actuate the tendons driving

a soft exosuit for the elbow joints [131], shown in Figure 6.2.

In this Chapter, we propose a refined version of our module’s design and present

a PID-modulated Pulse-Width Modulation (PWM) controller to finely adjust the

velocity of each DoF. We characterise the system on a test-bench and then use it

as the low-level layer of an admittance-based scheme to control our soft exosuit.

The performance of the new actuation unit is finally compared to that of a tradi-

tional DC motor by assessing their impact on kinetics and kinematics of human

movement. This human-in-the-loop validation highlights the limitations of our

approach and points out avenues for improvement.
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Figure 6.3: Working principle of a DOF module. ElectroMagnetic (EM)
clutches are used to convert a unidirectional input to a bidirectional output by
coupling an output shaft with either one of two counter-rotating gears; a brake
locks the output in place. Black lines in the plot show the ideal behaviour of
the clutches, gray lines the actual one, caused by a delay in engagement and
disengagement of the armature and rotor.

Table 6.1: Possible states of the module

State
Forward
clutch

Reverse
clutch

Brake

Free

Forward

Reverse

Lock

6.2 OTM Design and Control

The working principle of the clutchable OTM module is shown in Figure 6.3. The

device consists of 3 EM clutches (SO11, Inertia Dynamics, 5 W) used for coupling

the output to either a forward-rotating gear (red), a reverse-rotating gear (blue)

or to lock it (black). Depending on which clutch is engaged, the module works in

4 possible states:
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Figure 6.4: Mechanical design of a One-To-Many (OTM) module.
Each module receives power from the prime mover through a pinion, connected
to two, opposite-facing, bevel gears that rotate in opposite directions. Each bevel
gear can be coupled to the passing countershaft by engaging an ElectroMagnetic
(EM) clutch, selectively rotating it in either direction. A third EM clutch can
connect the countershaft to the frame, acting as a break. The shaft drives a
pulley housing the antagonistic Bowden cables that actuate the soft exosuit.

– Free: when all the clutches are disengaged, the output velocity at the pulley

is undefined, the output is back-drivable.

– Lock: when the brake is engaged.

– Forward: when the “forward” clutch is engaged, the output velocity equals

the input velocity times the reduction ratio between the input and output

ports.

– Reverse: when the “reverse” clutch is engaged, the output velocity equals

the reverse of the input velocity times the reduction ratio between the input

and output ports.

Table 6.1 summarizes the states of the module, where the engagement of each clutch

is represented by a binary variable. Any other pattern of activation is avoided as

it would result in mechanical stall of the prime mover.
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Figure 6.5: Assembled of a single DOF Module.

6.2.1 Mechanical Design

Figure 6.4 shows an exploded view of the functional components of the module. A

pinion is continuously rotated by the prime mover and meshes orthogonally with

two bevel gears facing each other. Thanks to this arrangements, the bevel gears

rotate in opposite directions. An aluminium link couples each gear to the armature

of an EM clutch, whose rotor is rigidly linked to a passing countershaft. When

power is applied to either one of the EM clutches, the armature is coupled to the

rotor, thus effectively linking the countershaft to either one of the gears. A third,

identical clutch, acts as a brake, locking the countershaft in a static position by

coupling it with the frame. A flexible coupling joins the countershaft to a pulley

(the output of the module); the pulley houses two cables wrapped in opposite

directions and is used to transmit motion to the exosuit through flexible Bowden

cables. Figure 6.5 shows a photograph of an assembled module, enclosed in a 3D

printed casing.

6.2.2 Control

Figure 6.3 shows that the module has 3 working states: forward, reverse and brake.

In [131], we proposed a heuristic control approach that consisted in a feedback

state machine to keep the measured trajectory as close as possible to a reference

profile. This strategy, although being simple, presented fundamental limitations in

accuracy and stability.
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In this work, we propose a more principled paradigm to control this discrete system,

based on the work of [127]. The controller is based on Pulse Width Modulation

(PWM) of the three discrete states of the OTM, regulated by a feedback PI con-

troller, to continuously adjust the average velocity of the module’s output. The

non-linear PI controller translates a difference between the desired and actual ve-

locity of the module to a rectangular pulse signal, having value -1 (reverse clutch),

0 (brake) or 1 (forward clutch), whose duration in time is dependent on the mag-

nitude of the error.

In the next sections we describe how a tracking error is converted to a discrete

control signal for the clutches for an ideal PWM-regulated system.

Using a state-space representation, we can describe a non-linear PWM-controlled

system with the following equations:

dx
dt

= u(t)ωin

y(t) = x(t)

e(t) = r(t)− y(t)

u(t) = PWM(e(tk))

where

– u(t) is the control signal for the clutches, bonded to have values -1,0 or 1.

– x(t), the state variable; in out case, the angular position of the module’s

pulley, θ.

– e(t) is the error between the reference r(t) and the output y(t).

– ωin is the fixed input velocity of the module.

– tk represents the instant of initiation of the k-th PWM period (Figure 6.6,

top).

– PWM(e(tk)) is the PWM control operator, defined as:

PWM =sgn(e(tk)) for tk ≤ t ≤ tk + α

0 elsewhere
(6.1)
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Figure 6.6: PI-regulated PWM control of the clutchable module. The
error between the desired and measured position of the countershaft is passed
through a traditional PI controller in cascade with the PWM function defined in
Equation 6.1. This sets the control signal to 1 or -1 for a fraction of the PWM
period that depends on the magnitude of the error. 1 engages the forward clutch,
-1 the reverse clutch and 0 the brake.

where we have used α = τ(e(tk))TPWM , for simplifying the notation, with

τ(e(tk)) being the duty ratio function and TPWM the period of the PWM

signal.

The PWM operator basically sets the control signal to 1, 0 or -1 for a period of

time defined by τ(e(tk)).

This duty ratio function, τ(e(tk)), needs to output a value between 0 and 1, repre-

senting the ratio for which the control signal will be equal to the sign of the error.

Sira-Ramirez suggests the following as a good choice for non-linear systems [136]:

τ(e(tk)) =

β|e(tk)| for |e(tk)| ≤ 1/β

1 for |e(tk)| > 1/β,
(6.2)

that makes the duty ratio proportional to the magnitude of the error if the error is

relatively small (smaller than a threshold 1/β) and saturates it to 1 if the magnitude

of the error is larger than the threshold.
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The big assumption of this controller is that the clutches behave like ideal switches,

i.e. the output velocity of the module instantaneously equals a multiple of the

input velocity when the clutch is engaged (Figure 6.3, black). In practice, this is

not the case: the clutches have an intrinsic delay when engaging (shown in gray

in Figure 6.3) and the velocity of the output decays in an exponential-like fashion

when the clutch is disengaged [127].

[137] and colleagues have shown that such phenomenon can be mitigated with the

addition of an integral feedback term. Adding this to Equation 6.2 makes the

output of the duty ratio function, in the region |e(tk)| ≤ 1/β, proportional not

only on the magnitude of the error but also to its history, effectively behaving like

a non-linear PI controller.

6.2.3 Performance

We characterised the performance of the DOF module for varying control param-

eters and tested its limits in speed and torque transmission.

Specifically, we evaluated the ability of the controller to modulate the output veloc-

ity for varying PMW periods TPWM , we tested its ramp response and bandwidth

for varying input velocities of the prime mover and, lastly, its maximum load rat-

ing. The DOF module was equipped with an incremental encoder (AMS, AS5047P,

1000 pulses/rev), monitoring the position of the cable pulley.

6.2.3.1 Velocity modulation

Figure 6.7 shows the ability of the PWM controller to adjust the velocity of

the module as its duty cycle changes. The plot shows the normalised velocity

(ωout/ωin), for varying duty ratio of the PWM signal, where the duty ratio ex-

presses the percentage of time in TPWM , where the control signal is non-zero, i.e.

1 or -1. Lines of different color represent different frequencies of the PWM signal.

The TPWM should be set as small as possible, to ensure stability, but bigger than

the time delay δ, necessary for the clutches to physically engage once powered.

Indeed, very high frequencies of the PWM do not result in a higher ability to

modulate the output velocity. This is caused by the intrinsic delay, δ, necessary
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forwardreverse

Figure 6.7: Choosing the period of the PWM signal. Velocity of the
output shaft, normalised by the input speed, versus the duty ratio of the PWM
signal controlling the forward and reverse clutches. Different colors show different
PWM frequencies. For high frequency, low and high duty ratios do not affect
the output velocity.

(a) (b)

Figure 6.8: Ramp response. (a) Tracking performance of the DOF module
with the PI-regulated PWM control. Ramp response for velocities between 10%
and 100% of the input velocity. (b) RMSE between the desired and measured
positions of the module’s output, for desired output velocities between -ωin and
ωin (x-axis) and different input velocities (grayscale). The behaviour of the
controller is symmetric, with increasing error for higher absolute velocities.

for the rotor and the armature of the EM clutches to engage upon the application

of power. We chose TPWM = 0.20 s, being the highest PWM frequency showing a

near-linear trend.



Chapter 6. Addressing the curse of dimensionality 89

(a) (b)

Figure 6.9: Sinusolidal tracking and Bode plot. (a) Sinusoidal tracking
accuracy of the OTM module with the PI-regulated PWM control described
in Section 6.2.2, shown for six equally-spaced frequencies, between 0.15 Hz and
0.4 Hz. (b) Bode plot of the transfer function between desired and measured
position of the module’s output, shown for three different velocities of the prime
mover. The system has a cut-off frequency of 1.26 Hz, 1.51 Hz and 1.30 Hz, for
a speed of the prime mover of 35 rad/s, 45 rad/s and 55 rad/s, respectively.

6.2.3.2 Ramp Response

Figure 6.8.a shows the tracking ability of our PID-modulated PWM controller

to track a ramp position profile of increasing slope, between 10% and 100% of

the input velocity, in steps of 10%. The experiment was repeated for three fixed

input velocities and showed a consistent behaviour, with the tracking ability of the

controller deteriorating as the normalised speed approached one.

6.2.3.3 Bandwidth

Figure 6.9 shows the tracking of sinusoidal trajectories and Bode plot of the module

with the controller proposed in Section 6.2.2. The module was commanded to follow

a sinusoidal trajectory of the form:

θdout(t) = A sin(2πf0t) (6.3)

with A corresponding to the amplitude required for a flexion/extension motion of

the elbow of 90 deg and a frequency f0 evaluated between 0.01 Hz and 1.51 Hz,

in incremental steps of 0.02 Hz. For each frequency we collected data for 20 s

at a sampling rate of 1 kHz; the first second was discarded for further analysis
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Table 6.2: Technical Specifications

Characteristics Values
Module
Weight [Kg] 0.534
Dimensions [cm] 15× 6× 5

35 rad/s 45 rad/s 55 rad/s
Bandwidth [Hz] 1.26 1.51 1.30
Assembly
DOF 2
Weight [Kg] 2.2
Dimensions [cm] 26× 18× 12
Motor Power [W] 90
Max Torque a [Nm] 3.4
Max Velocitya [deg/s] 424

aat the elbow joint

to evaluate the performance of the system at steady-state. This procedure was

repeated for three different input velocities of the prime mover 35 rad/s, 45 rad/s

and 55 rad/s.

For each frequency we performed an analysis in the Fourier domain to evaluate the

amplitude ratio and the phase lag between the desired s(t) and the measured θout

signal. The nth complex coefficient of the Fourier series has the form:

Cn =
f0
N

∫ N
f0

0

s(t)e−j2πnf0tdt (6.4)

where f0 is the sampling rate and N is the number of cycles whereby the signal

is repeated. For each driving frequency we evaluated the response as the ratio

between the coefficients of the fundamental frequency of the measured and desired

signals:

H(f0) =
Cmeasured

1

Cdesired
1

. (6.5)

Figure 6.9.b shows a Bode plot of the system, representing the transfer function

between the measured and desired position of the module. The device and con-

troller show a cut-off frequency of 1.26 Hz, 1.51 Hz and 1.30 Hz, for a speed of the

prime mover of 35 rad/s, 45 rad/s and 55 rad/s respectively. We chose a velocity of

45 rad/s for all following tests.
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motor
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(a) (b)

Figure 6.10: Performance testing under load. (a) Testbench used for
assessing the performance of the DoF while moving a load. The Bowden cables,
driven by the module, were attached to a second DC motor that applied a
resistve torque. (b) Tracking accuracy of the OTM module, controlled with the
PI-regulated PWM controller, under increasing load. The top plot shows the
desired (gray) and measured (coloured) position of the module’s output as the
load increases between 0 N m and 0.68 N m. The clutches start to slip just before
0.6 N m, as quantified by the increase in RMSE shown in the bottom plot.

6.2.3.4 Loaded behaviour

Finally, we tested the tracking accuracy of the module in the presence of a load.

For this testing, we attached the Bowden cables on a second pulley, driven by a

DC motor (Maxon EC-i 40, 70W, 3.7:1 reduction ratio), to apply a load on the

end-effector (shown in Figure 6.10.a).

The module was set to follow a sinusoidal trajectory while the load linearly in-

creased between 0 N m and 0.68 N m (maximum rated torque for the EM clutches).

The test was repeated 5 times. Indeed, the clutches started slipping, causing a

steep deterioration in tracking accuracy, around 0.6 N m (Figure 6.10.b). This is

lower than their rated value, probably due to friction losses in the transmission.
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Figure 6.11: Soft tendon-driven exosuit for the elbow joint. The suit is
driven by Bowden cables, that allow to locate the actuation stage far from the
limb.

Table 6.2 summarizes the technical characteristics of our OTM module assembly

shown in Figure 6.2, where the maximum rated torque and velocity have been

mapped to the elbow joint.
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6.3 Testing on Human Movements

To test the feasibility of the OTM mechanism for assistive purposes, we compared

the performance of an exosuit driven by the OTM mechanism to that of the exosuit

driven by a traditional DC motor. The performance of the device was assessed

through its effect on the the kinematics and muscular activity of its wearer.

6.3.1 Exosuit design and control

The exosuit used for testing this paradigm is thoroughly described in Chapter 3,

using the control presented in Chapter 4. For the ease of reading, we here give an

overview of its working principle.

The suit is shown in Figure 6.11.a. The device consists of a frame of soft material

that wraps around the arm and forearm and transmits torque to the elbow through

artificial tendons. A pair of Bowden cables transmits power from the actuation unit

to the joint.

The suit is equipped with a force sensor (Futek, LCM300), secured on the distal

anchor point, that measures the tension in the flexing tendon, and an absolute

encoder (AMS, AS5047P, 1000 pulses/rev), mounted on a 3D-printed joint between

the arm and forearm straps, that monitors the angular position of the joint.

The device provides assistance to its wearer through an admittance-based con-

troller, detailed in Chapter 4. The control paradigm is designed to have the dual

purpose of compensating for gravitational forces acting on the forearm and allowing

the exosuit to move in concert with its wearer.

A schematic diagram of the controller is shown in Figure 6.11.b. It comprises an

outer torque loop and an inner position loop. The former is responsible for tracking

the position-dependent torque profile at the elbow, equal and opposite to gravity.

A PID-admittance converts the error between the desired and assistive torque at

the elbow to a position reference for the actuation stage.

The torque acting on the elbow joint as a result of gravity is estimated using a

simple single-joint model and assuming that the arm is adducted on the side of the
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trunk:

τg = mglc sin θe, (6.6)

with m being the combined mass of the forearm and hand, lc the distance of the

center of gravity of the forearm and hand from the center of rotation of the elbow

joint, g the acceleration of gravity and θe the elbow angle, assumed to be zero in

the fully-extended configuration.

The assistive torque is estimated by multiplying the tension measured by the load

cell, f , by its moment arm P (θe) (refer to [138] for a full formulation):

τexo = P (θe)f. (6.7)

Using the notation shown in Figure 6.11.c, the difference between τg and τexo is

converted to a reference position for the actuation stage, by a specified admittance.

The admittance assumes the form of a PID controller [91]:

Y (s) =
θe

τg − τexo
= P +

I

s
+Ds, (6.8)

with the P, I and D constants governing the characteristics of the relation between

the interaction force and the exosuit’s kinematics. An additional positive feedback

term, proportional to the speed of the elbow joint, increases the sensitivity of the

device to its wearer’s movements.

6.3.2 Experiments and data analysis

The aim of this experiment was to compare the effect on human movements of the

exosuit driven by an OTM module to that of the exosuit driven by a traditional

DC motor. We included a third condition, consisting in unpowered movements,

to have a physiological baseline. In all three conditions, we evaluated smoothness

and accuracy of movement, biological torque and muscular activation patterns of a

healthy subject performing controlled movements of the elbow. The experimental

procedure ia similar to the one we describe in Chapter 5, to quantify the effects of

a soft wearable exosuit on movements of the upper limbs.

The testing was done on one male subject presenting no evidence or known history

of skeletal or neurological diseases, and exhibiting intact joint range of motion and
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muscle strength. The participant had to follow a reference movement performed

by a dummy character on a screen. The position of his own elbow was displayed

as a superimposed replica of the reference one to provide visual feedback. In the

unpowered condition, the exosuit’s tendons were unhooked from the distal anchor

point and the motor’s power source was turned off.

The reference motion consisted of series of 10 Minimum Jerk Trajectories (MJT),

known to correspond well to the movements of healthy subjects [93], with amplitude

of 80 deg and a peak velocity of 60 deg/s, corresponding to approximately 50% of

the average speed in activities of daily living [61].

Raw data from the suit’s absolute encoder and load cell was low-pass filtered (sec-

ond order Butterworth filter, 10 Hz cut-off frequency) and segmented to isolate the

10 movements comprising each condition. The accuracy of movement was quan-

tified by evaluating the Root Mean Square Error (RMSE) between the measured

and reference trajectory.

To quantify kinematic smoothness, we used the SPectral ARC length (SPARC)

index proposed in [102]. The SPARC index was estimated on the norm of the

elbow’s speed.

The measured force on the flexing tendon was mapped to a torque on the joint using

Equation 6.7, this was used as an estimate of the assistive moment delivered by the

exosuit, τexo. The total torque, τ , required to perform the movement was derived

from the inverse dynamics of the human elbow, represented as a simple pendulum

using a second order model. The difference between the total and assistive torque,

τbio = τ − τexo, (6.9)

was used to estimate the biological torque exerted by the subject to perform the

movement or hold the position.

The output EMG signal of the Delsys Trigno system was processed to extract its

linear average envelope using the procedure suggested in [104]. The Root Mean

Square (RMS) of the processed EMG signal was used as an index of the level of

activation of a muscle.
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(a) (b) (c)

Figure 6.12: Characteristics of the kinematics of the elbow joint for
the three tested conditions. (a) Trajectories of the elbow when wearing the
exosuit in the three tested conditions: unpowered (gray), powered by the OTM
module (red) and powered by a traditional DC motor (blue). (b) Smoothness
of movements as measured by the SPARC coefficient in the three tested condi-
tions. Translucent dots are individual values over the 20 sub-movements of the
task, while opaque dots show their mean. (c) Accuracy in tracking the reference
trajectory, measured by calculating the RMSE, for the three conditions. Move-
ments assisted by the OTM module have similar accuracy to movements assisted
by a traditional DC motor.

6.3.3 Results

Figure 6.12 compares the characteristics of the elbow’s trajectory for the three

tested conditions. In (a), the zoomed-in area shows the overlapping trajectories for

the unpowered (gray), powered by an OTM module (red) and powered by a DC

(blue) cases: the second condition clearly being more jerky than movements with

the DC motor. This is confirmed by a quantitative analysis of the smoothness of

movement, evaluated through the SPARC index and shown in Figure 6.12.b.

Figure 6.12.c shows the mean and standard error of the mean of the root mean

square error between the reference MJT trajectory and the measured one, in the

three conditions. When assisted by the exosuit, whether using the OTM module

or a traditional DC motor, movements are less accurate. A smaller difference in

mean values exists between the OTM and DC motor cases. An analysis of the

forces transmitted by the exosuit during movement gives further insight on the

performance of the OTM module. Figure 6.13 shows the profile and average values

of the biological torque, calculated using Equation 6.9. In the unpowered case, the

entire moment required for movement is exerted by the subject; in the OTM case,
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(a) (b) (c)

Figure 6.13: Comparison of the biological torque among the three
tested conditions. (a) Average (solid) and standard deviation across repe-
titions of the biological torque profiles for the unpowered (gray) condition, for
the powered by an OTM module (red) and powered by a traditional DC motor
(blue). (b) Mean and standard error of the biological torque, averaged across
repetitions, for the three tested conditions. (c) Change in the overall biological
torque required for lifting the arm when assisted by the exosuit. Values are in
percentage change of the unpowered case.

the positive torque required for movement is reduces, but the exosuit introduces a

substantial negative component in the descending phase (Figure 6.9.a).

Figure 6.9.b shows the mean and standard error of the mean, for the positive and

negative biological torques exerted in the three conditions. Wearing the exosuit

introduces a negative component, required to initiate the downwards motion, both

when powered by the DC motor and OTM module. In the latter case, however, the

magnitude of negative torque is substantially higher. Overall, the OTM reduces

the biological torque at the joint of 46.2%, compared to the unpowered condition,

while the DC motor achieves an average -86.3% change.

Finally, Figure 6.14 analyses the activity of the two major antagonistic muscles

involved in delivering power to the elbow joint, namely the biceps brachii and the

long head of the triceps brachii. An average and standard deviation of the profile

of activation of these muscles is shown in Figure 6.14.a, for the three conditions.

When the suit is unpowered, the biceps brachii reaches a peak activation of 7%

of his MVC, while the triceps muscles is relaxed for most of the duration of the

movement. When the exosuit, powered by a traditional DC motor, assists its

wearer, the activation of the biceps muscles is substantially reduced, with a peak

activation during the transient lifting phase. When the device is powered by the
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(a) (b)

Figure 6.14: Muscular activation of the biceps brachii and long head
of the triceps brachii. (a) Average (solid) and standard deviation (shaded)
across repetitions of the muscular activation profile during one lifting repetition
of the forearm, shown for the unpowered condition (gray), for the exosuit pow-
ered by the OTM condition (red) and the exosuit powered by a traditional DC
motor (blue). (b) Percentage change in the RMS of the muscular activity of the
antagonistic muscles, averaged over repetitions.

OTM module, the agonist muscle’s activity is lower than the unpowered condition

but presents a slightly different activation pattern, while the triceps shows a peak

during the descending phase.

Figure 6.14.b shows the average over repetitions and time, of the RMS of the

activity of both muscles for the OTM and DC conditions, expressed in percentage

change of the unpowered case. Using a traditional DC motor to actuate the exosuit

reduces the activation of the biceps muscle by 57.1% and increases that of the

triceps muscle of 8.84%. When the OTM powered the suit, the activation of the

biceps muscle was reduced by an average 30% while its antagonist increased by

74%.

6.4 Discussion

Power consumption, weight and size of wearable robots have a fundamental im-

pact on their performance. Soft exosuits, adopting clothing-like materials instead
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of rigid frames, represent a significant step towards making assistive wearable de-

vices ubiquitous in the near future. Yet, because of the unparalleled complexity

of our bodies’ biomechanics, we are bounded to either use a high number of mo-

tors or underactuation solutions that constrain the natural kinematics of human

movements.

The implementation of an actuator that can exploit, in a power-efficient manner,

the torque generated by a single motor to drive multiple DoF would cut down cost,

weight and size of the actuation module, reducing the complexity of the control

and increasing the overall autonomy of device.

In this study we presented the design and control, and proposed a human-in-the-

loop validation of a clutchable modular unit to implement the OTM paradigm for a

soft exosuit. The following subsections discuss the implications of our findings first

by looking purely at the technical performance of the device and then evaluating

its effects on human biomechanics.

6.4.1 On the performance of the PWM controller

Figure 6.7 shows that as the frequency of the PWM controller increases, the output

velocity stays null for low duty cycles and saturates to the input velocity earlier,

effectively reducing the range of duty cycle where one can modulate the output

velocity. This effect is caused by the delay δ, necessary for the armature and rotor

of the EM clutches to engage/disengage upon the application of power. Our re-

sults are consistent with the observations of [127], who found a similar behaviour

with wrap-spring clutches: when increasing the PWM frequency, the period TPWM

decreases and, for small duty-ratios, ∆t becomes smaller than δ, effectively causing

the clutch never to engage. For high duty ratios, on the other hand, the disengage-

ment time, TPWM −∆t is smaller than the minimum time required for the clutch

to disengage, causing a permanent engagement.

The bandwidth of each module, with a PI-regulated PWM controller, varied for

input velocities of 35 rad/s, 45 rad/s and 55 rad/s, with the maximum 1.51 Hz ob-

tained for 45 rad/s. This result echoes our previous findings, where [131] tested the

same device for higher input velocity and found a saturation effect of its bandwidth

for higher velocities of the prime mover. This suggests that the limiting dynamic
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at high frequencies is not given by the rotating speed of the prime mover but by

the engaging dynamics of the clutches [127].

Assuming a sinusoidal motion of the elbow with a peak to peak movement of

90 deg, 1.51 Hz corresponds to a maximum velocity of the joint of 426 deg/s, which

is sufficient for everyday tasks such as drinking from a glass (269 deg/s), eating

with a spoon (126 deg/s) and pouring from a bottle (92 deg/s), but not for more

demanding working tasks such as hammering (842 deg/s) [61].

The maximum load that each module can handle is bounded by the maximum

rated torque of the EM clutches. This can be mapped, using Equation 6.7, to an

estimated average torque at the elbow joint of 3.4 N m, which is just above the

torque required to keep an the average human male forearm in a static posture of

90 deg.

It is worth comparing the performance achieved here with EM clutches with the

results reported in [132], using Magneto-rheological ones. Yadmellat and colleagues

present custom-built clutches, each able to transmit a maximum torque of 15 N m

and shown to accurately track a 2 Hz sinusoidal trajectory. Their clutches weigh

2.2 kg each, with a volume of over 650 cm2 but, unlike EM cluthces, allow to achieve

a smooth and continuous regulation of the output torque, solving the problem of

jerky movements typical of discrete systems.

6.4.2 On the effect on human movements

It is increasingly important to evaluate novel wearable assistive technologies based

on their effect on the end-user. We believe that this human-in-the-loop validation

approach can provide important insights on the limitations and advantages of the

innovation, allowing a data-driven design process.

In this work, we compared the performance of of the OTM module with that of a

traditional DC motor by looking at its effect on the kinematics and physiology of

healthy movements.

Overall, when driven by the OTM module, the assistive device provided fewer

benefits in terms of muscular activation and had a more marked effect on movement

kinematics than when driven by a traditional DC motor. Specifically, wearing
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the exosuit powered by the OTM module resulted in more jerky movements, as

measured by the SPARC index. This is probably a direct consequence of the

discrete nature of the mechanism, driving the assisted joint with small step-like

motions along the desired trajectory (see Figure 6.8 or Figure 6.9). These fast-

changing dynamics are filtered by the compliant transmission between the pulley

and the joint but still affect the wearer’s movement. We believe that switching to

particle-based megneto-rheological clutches, that allow a continuous modulation of

the torque being transferred between their input and output shafts, would attenuate

or even solve this problem. Previous studies support this proposition [132].

Movements assisted by the OTM module resulted in an overall 46.2% reduction

in biological torque, versus an 86.3% reduction achieved with a traditional DC

motor, when compared to the unpowered case. This poorer performance of the

OTM module is partly caused by: (1) the upper torque limit of the EM clutches,

restraining the magnitude of assistance that the actuation can provide; (2) the

lower bandwidth of the module, that does not allow it to move fast enough to

accommodate the user’s intention. This last point is clearly visible in Figure 6.13,

in red, where the biological torque shows a significant negative peak during the

descending phase of the joint: the user had to push down against the exosuit to

extend the elbow.

A corollary of the increase in negative torque, when using the OTM actuation

module, is an increase in the activation of the long head of the triceps brachii.

Figure 6.14.a shows a peak in the activation of the extensor muscle (bottom plot,

in red), of up to 2% of the MVC, during the descending phase of movement. This

peak is present also in the other two conditions, but with much smaller amplitude.

Overall, the activity of the triceps brachii increased notably when wearing the

exosuit powered by the OTM module, while the biceps brachii was reduced by

30%, when compared to the unpowered condition.

It is useful to compare the technical characteristics of the proposed OTM system

with the traditional approach of using one motor per elbow. In the latter case one

would require at least a 70 W motor with an appropriate reduction stage and a

motor controller per DoF, which would result in no more than 600 g and 560 cm3

per DoF (e.g. Maxon EC-i 40, 70 W, 2-stage planetary gearhead and an ESCON

50/5 module motor driver). Figure 6.15 shows how the volume and weight of the

actuation stage scale with increasing DoF, for a typical one-to-one paradigm and
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Figure 6.15: Scalability of the OTM design proposed herein, com-
pared to a traditional one-to-one approach. Volume and weight of the
actuation strategy using an OTM paradigm, compared to a setup having similar
torque and velocity rating but using one electric motor per DoF.

for the OTM strategy proposed here. With the current hardware, the actuation

stage would weigh less only for 4 or more DoF. It is worth highlighting, however,

that the OTM system only requires one motor controller overall and three simple

relay switches per DoF, thus reducing the cost and idle power consumption of the

electronics compared to the traditional approach. There is, moreover, ample room

for improvement of the size and weight of the OTM modules. In the present work

we explored the potential of an OTM module and compared its performance with a

direct drive DC motor, using a wearable device as a test bench for human testing.

The DC motor showed higher benefits in assisting human kinematics thanks to

its higher bandwidth and smoother motion. However, the OTM paradigm lends

itself well to scalable applications, that require independent control of multiple

DoFs. This is a common problem in wearable technology, where the complexity

of human biomechanics results in an increase in weight, power consumption and

control intricacy of the device. If on one side the OTM startegy showed limitations

in trajectory tracking, on the other, multiple OTM modules can be driven using

a single drive and their control strategy might be optimized reducing the task

manifold.

The OTM paradigm was tested only on one human participant. This was done
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because the focus of the evaluation was on the technical capabilities of the device

rather than its effect of human movement. However, we acknowledge that testing on

a larger group of subject might reveal subtle yet critical insights into the feasibility

of using this technology for human motion assistance on which. This would be an

interesting point to address for future work.

In our experiment we used a wearable device for upper limb, and it is known

that replicating the dexterity of a human arm is a complex task; we believe that

with further improvement on the hardware design, the OTM paradigm has the

potential to allow independent control of multiple DoF in a power- and size-effective

manner. A different result, for example, might be obtained for well-defined tasks

with periodic velocity profiles such as walking, where joint coordination can be

achieved by means of synergistic and intermittent assistance on each leg [125].





Chapter 7

Conclusion and outlook

7.1 General conclusion

This thesis presented the design, control and validation of a soft robotic exosuit

for the elbow. The robot was designed as a mobile tool for rehabilitation and

asssitance in ADLs for subjects with neuromuscular disorders.

In the Introduction to our work, in Chapter 1, we listed our main objectives and

presented three hypotheses, regarding the feasibility of using a soft device to as-

sist movements of the upper limbs. These objectives were addressed in the main

work packages of the thesis, with Chapter 5 directly seeking an answer to our re-

search questions. The following sections list again the aims of each Chapter, with

concluding remarks on whether these they were achieved.

7.2 Major contributions

7.2.1 Design principles

Aim: Design of the exosuit – Design and realization of a soft, lightweight

and comfortable robotic garment, able to support and assist arm move-

ments.

105
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The Chapter described the process of designing the suit, with a thorough descrip-

tion of the actuation stage and the wearable component. The procedure included

identifying some of the major technical and practical requirements of the device,

achieved by a combination of scrutinizing biomechanical and ergonomic studies

on human movements and proposing a simple dynamic model of the elbow. The

suit was then characterized to verify that it matched the previously-stated require-

ments. We did reach most of them, except for the bandwidth of the suit, found to

be lower than the one rewuired for ADLs. This is a technical problem that could

be solved by choosing a different actuation stage.

This Chapter only tells part of the story of the design, presenting it as a rigorous

data- and requirement-driven, rigorous process. In reality, maybe because of the

novelty of the system, maybe because of my inexperience (more likely), it was more

of a painful trial-and-error procedure.

7.2.2 Controller

Aim: Control of the exosuit – Implementation of a control paradigm

that allows the suit to move in concert with its wearer, while providing,

in whole or in part, the power needed to perform the task.

This Chapter detailed the choice and working principle of the algorithm used to

provide gravity compensation assistance to the exosuit’s user. Unlike existing

paradigms and our previous works [72], the controller stands out for simplicity

and robustness. This Chapter also presents a preliminary evaluation of the accu-

racy and bandwidth of the controller. The experimental data gathered was used

to assess the efficiency of the device.

The proposed paradigm indeed allowed the suit to provide part of the power re-

quired to perform a task but allowed the suit to move in concert with its wearer

only for movements up to 88 deg/s. Although this is acceptable for most of the

ADLs, it is below the set requirements of the device.
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7.2.3 Effects on human movements

Aim: Validation of the exosuit – Design of an experimental protocol and

performance indexes to evaluate the bio-mechanical and physiological

response of the suit’s wearer. This work package directly addresses H1-

H3.

With H1-H3 being:

– H1: We hypothesize that an exosuit working in parallel with the human

muscles can reduce the effort that its wearer needs to exert to perform the

movement and hold a position.

– H2: We hypothesize that an exosuit working in parallel with the human

muscles can delay the onset of fatigue.

– H3: We speculate that the low inertia and intrinsic compliance of the suit

will allow its wearer to move without significantly affecting his/her natural

kinematics.

The work described in this Chapter is, to our knowledge, the first that evaluates

the effect of a soft exosuit on the characteristics of human movement of the up-

per limbs. The proposed experimental protocol comprised a thorough assessment

of the kinematic (delay, peak velocity of movement, smoothness and accuracy of

movement), dynamic (estimate of the change in biological torque) and physiological

(muscular activation pattern) changes caused by the assistance from the exosuit.

These indexes provide useful insights in how an assistive device affects natural

movements, with implications for their use in rehabilitation, assistance and aug-

mentation. Moreover, they could be used as a benchmark to evaluate the impact

of hardware and software changes on the performance of the device. While similar

studies have been carried out for locomotion, the authors are unaware of compa-

rable work for the upper limbs, where most of the existing devices are validated

using control strategies that do not account for the wearer’s intention.

In this Chapter, we also showed that H1 can indeed be accepted; by working in

parallel with the human muscles, the tendon-driven exosuit reduces the amount of
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biological torque required for movement and, as a corollary, diminishes the activa-

tion of the involved muscles. H2 was verified in a static task, where we found a

significant reduction in parameters measuring the onset of muscular fatigue, when

subjects wore the device. Finally, wearing the exosuit did alter the kinematics

of movement, affecting smoothness, accuracy and delay in initiating a movement.

H3 is to be rejected. We think that better results could, however, be achieved by

choosing an actuator with a higher velocity rating.

7.2.4 The One-to-Many actuator

Chapter 6 was a technical challenge to try to address one of the major obstacles

that prevents wearable assistive devices from becoming a ubiquitous part of our

daily life. Our aim here was to design an actuation paradigm that allowed to

exploit the mechanical power generated by one electric motor to independently

drive multiple DoFs.

We thoroughly tested the technical performance and proposed a controller for a

module that employs electromagnetic clutches to convert a unidirectional motion

from the main drive in an arbitrary trajectory. We compared the performance of

the suit, powered using this paradigm, with its performance using a simple DC

motor, using the methodology outlined in Chapter 5.

Assistance using the one-to-many actuator resulted in a deterioration of movement

smoothness and accuracy, a reduction in assistive torque and abnormal patterns of

co-contraction of the antagonistic muscles when compared to the DC case. How-

ever, the overall effect was beneficial when compared to a no-exosuit case. This

work highlighted the need for technical improvement in this technology but showed

its promising potential in mobile wearable technology.

7.3 Open questions and future work

One main weakness of this work is that the exosuit and the proposed controller were

only evaluated on a cohort of young, healthy participants. Although the obtained

results are positive, we can only speculate on the outcome that such a technology

could have on a population of subjects with neuromuscular impairments. It would
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Physical therapy Activities of daily living

Figure 7.1: Clinical testing. Unlike rigid robots, that, because of their
complexity are confined to specialized clinics and hospitals, exosuits would allow
training and assistance at home, in a daily environment.

be interesting to examine the effects on patients with different pathologies and

at a different stage of recovery. The work outlined in this thesis set a basis for

addressing this question but did not venture in that direction.

While extensive work has been done to prove the effectiveness of rigid robots as

automated tools for rehabilitation, it would be interesting to test the effect of the

exosuit for the same purpose. Unlike rigid robots, exosuits would allow training

and assistance at home, in a daily environment, thanks to their portability (this

idea is shown in Figure 7.1). This work was started in the context of this thesis,

by formulating the following hypotheses and preparing an experimental protocol

for addressing them.

– We hypothesize that exosuits, like rigid robots, can be used as tools for clinical

rehabilitation of stroke patients. We have partially started to address this

idea in Appendix A.2.

– We hypothesize that exosuit-training better generalizes to ADLs: While rigid

exoskeletons primarily allow for training only in virtual environments due to

their size and weight, the mobility of an exosuit allows for (occupational)

training in “real” scenarios, e.g. dummy kitchens or living rooms. We spec-

ulate that such paradigm would more effectively generalize to ADL.

– We hypothesize that the assistance of an exosuit can increase independence in

ADLs: a functional suit that compensate for gravitational forces and assists
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in reaching movements could partly compensate for the lack of dexterity

and/or strength of its wearer, enabling him/her to independently perform

daily tasks that could not, otherwise, be completed. This also has significant

implications for the patients mental well-being and overall quality of life.

– We hypothesize that the assistance from the exosuit can have knock-on ther-

apeutic effects: by encouraging independent completion of a higher number

of tasks and promoting a more active life-style, using an exosuit in ADLs

could result in long-term therapeutic effects.
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A.2 Rehab-Exos and exosuit: a preliminary com-

parison

In an elegant comment on the growth and outlook of this field [139], one of its

pioneers rightly underlines that soft wearable robots are complementary and not

substitutive to their rigid counterparts. The weakness of soft devices stands in

their very same strength: the use of soft materials greatly limits the amount of

forces/torques that the device can transmit to the human body and the velocity

that it can move at. This makes them suitable only for applications that require

small levels of assistance, with the wearer having no bone or joint conditions.

Rigid exoskeletons, on the other hand, can deliver higher forces more quickly and

accurately, and their linkage structure allows to do so even in the extreme case of

paralysis of the user.

The objective of this study is to quantify this complementarity by highlighting the

strength and weaknesses of rigid and soft wearable robots. To do so, we compare

the technical characteristics of a soft exosuit and a rigid exoskeleton and measure

their biomechanical and physiological effect on the elbow movements of healthy

subjects. Both devices provide assistance by compensating for the gravitational

force acting on the arm and shadow the wearer’s motion using a force/torque

sensor.

force sensor

(b)

joint 1

joint 2

joint 3

joint 4

joint 5

torque sensor

(a)

joint

Figure A.2: Rehab-Exos, the rigid exoskeleton for the upper limbs (a) and the
soft exosuit for assistance of the elbow joint (b). In this study we only provide
assistance through joint 4 (elbow) of the Rehab-Exos.
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(a) (b) (c)

Figure A.3: Comparison of the assitive torque and percentage reduction in
muscular activity when wearing the rigid exoskeleton and soft exosuit. (a) The
rigid exoskeleton provided nearly the entire torque required to support the elbow
position; the torque that the wearer needed to exert was higher when wearing
the exosuit. (b) Amplified electromyography from the biceps brachii, comparison
between the case of no assistance and assistance with the exosuit. (c) The
bar plot presents the reduction in muscular activity resulting from wearing the
exoskeleton or exosuit.

The Rehab-Exos is an active robotic exoskeleton (Figure A.2.a) that exhibits a

serial architecture, isomorphic with the human kinematics, it comprises 3 actu-

ated DOF for the shoulder joint, an active elbow joint and a passive wrist prono-

supination joint [140]. Its joints embed a brushless motor, a torque sensor and a

compact harmonic drive (100:1 reduction).

The exosuit for assistance of the elbow joint (Figure A.2.b) consists of three wear-

able components (i.e. a chest, an arm and a foream strap) and an electric motor

(Maxon EC-i 40, 70W, 55:1 reduction), driving a pair of tendons to assist in both

flexion and extension of the joint. The suit is equipped with a load cell in series

with the flexing tendon and an absolute encoder to monitor the elbow’s position.

Each device’s control algorithm is designed so that it can move in concert with its

wearer with minimal interaction forces between the two. The Rehab-Exos control

is based on a direct force feedback loop and a full-state observer that estimates

the interaction torques [141]. The soft exosuit implements an admittance-based

control to compensate for the arm’s gravity with an internal velocity loop [106].

To evaluate the biomechanical and physiological effect on the elbow movements of

the two device, 2 healthy subjects were asked to perform repetitive flexion/exten-

sion movements, while holding a 1.25 Kg load in their hand. A reference trajectory

was shown on a screen in order to standardize the range of motion and speed. The
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experiments were conducted in three distinct phases, randomised to avoid potential

order effects: with the exoskeleton, with the exosuit and without any assistance.

We monitored the assistive torque and estimated the muscular effort from the Root

Mean Square (RMS) of the Electromyography (EMG) of the biceps brachii.

Figure A.3.a shows the effect on the torque required to flex the elbow resulting

from wearing either the Rehab-Exos or the soft exosuit. Values are reported in

percentage of the total torque required to perform the movement. The Rehab-Exo

provides a slightly higher assistive torque, relieving its werarer from a greater part

of the effort required to flex the joint.

Similar considerations were obtained from analysing the EMG activity of the bi-

ceps brachii by comparing it with the no-assistance case. Figure A.3.b shows the

muscular activity when flexing the elbow both with and without the soft exosuit,

the difference between them is used to compute the % reduction of effort from

wearing the device. A similar analysis for both systems, averaged across repeti-

tions and subjects, is shown in Figure A.3.c: both produce an average reduction in

the activation of the biceps brachii, of -61.63% and -63.97% for the rigid and soft

device respectively.

Table A.1 summarises some of the key aspects that characterise rigid and soft

wearable robots. While the exosuit stands out for its low weight and power con-

sumption, making it ideal for mobile applications, the rigid device has higher torque

rating, bandwidth and efficiency.

As expected, the Rehab-Exos provides a higher part of the torque required to move

the arm but this did not result in a greater reduction of muscular activity. A higher

sample size, an investigation of the effect on the triceps muscle and an analysis of

the effect of each device on the kinematics of movement would provide further

interesting insights.
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Table A.1: Performance of the exoskeleton versus the exosuit

Rigid Soft
Characteristics:
Frame material aluminium fabric
Motor location joints waist
Weight [Kg] 17 1.2
DOF 5 1
Maximum torque [Nm] 150 10
Bandwidth [Hz] 39.7 1.1
Power Consumption [W] 25.65 13.71
Efficiency 0.26 0.14
Physiological effects (% of the no-exo case):
Muscular activity -61.63 -63.97
Human torque -97.05 -76.63
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